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Foreword 
The European Federation of Biotechnology established the European Section on Biochemical 
Engineering Science (ESBES) in August 1995 by interlinking the Working Parties on Bioreactor 
Performance, Downstream Processing and Measurement and Control. The Section aims to involve 
as many researchers as possible in its activity and has decided to promote and organise the ESBES 
Symposium Series. ESBES-1 took place in Dublin, in 1996. Now in Porto, ESBES-2 will have the 
very same aim of bringing together both young and established researchers from universities, 
research institutes and industry to discuss the various subdisciplines of biochemical engineering.  
For producing our food, improving our health and keeping our environment clean we increasingly 
rely on the processes studied and designed by biochemical engineers. Food, Health and 
Environment are the core areas of the forthcoming EU Framework V programme. The choice of the 
Symposium theme, Biochemical Engineering Science for the Quality of Life, as well as the 
comprehensive programme selected by the Scientific Committee, result from the influence of such 
directions of public concern, providing a timely opportunity to discuss new initiatives in European 
collaboration under Framework V or other programmes.  
The present Proceedings contain the scientific contributions to be presented in the symposium. 
This offers for 3 days, from the 17th to the 19th of September, 7 plenary lectures, 26 oral 
presentations distributed by 2 parallel sessions and 6 sessions for viewing of 164 posters. Each day 
will address contributions made by biochemical engineering science in two of the three application 
areas. The opening session on the evening before, on Wednesday the 16th,  will be open to a wider 
public, with the opening lecture addressing the contribution biotechnology can make for the 
quality of life. In the closing session the relationship between universities and industries will be 
examined. Several group meetings will also take place between Wednesday and Saturday. 
During this week of, hopefully, bright September, more than 200 researchers from 27 countries will 
converge to Porto. On the secluded environment of Seminário de Vilar, overlooking the River 
Douro and in the shadow of the Port Wine soul, there will be the time and mood for discussion 
and relaxation, for exchange of views, for strengthening friendships and for making friends.  
It has been a privilege for us to contribute for ESBES-2 to take place. We wish to thank the Authors 
of all scientific contributions which led to this publication. For sure they will constitute a reference 
for both the scientific and industrial communities in the coming years. We are grateful to the 
ESBES-2 sponsors who decisively contributed for the event. We specially acknowledge the 
contribution of Fundação Calouste Gulbenkian for the publication of these Proceedings. We extend 
our gratitude to all those who, through their personal commitment, helped us in this task. In 
particular, we would wish to single out the work of Ms. Joana Azeredo and of Mr. Nuno Faria of 
the ESBES-2 Secretariat.  
On behalf of the Scientific and of the Organising Committees we wish you a rich scientific, cultural 
and social stay in Porto and in Portugal.  
 
Porto, September 1998 

S. Feyo de Azevedo  E.C. Ferreira  K.Ch.A.M. Luyben P. Osseweijer 
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The benefits of modern biotechnology in closed systems has become obvious in the last 10 years. 
Hundreds of pharmaceuticals, vaccines and diagnostics made by biotechnology are on the market 
and many more are in the pipeline. Less visible, but none the less real, is the fact that many food 
additives like vitamins, and processing aids such as enzymes are produced industrially using 
recombinant microorganisms or cell cultures. 
 
The benefits of biotechnology to agriculture and to environmental protection are not yet so obvious, 
which has led many people to worry more about potential risks rather than look for the probable 
benefits. In general, the acceptance of a new technology depends, amongst other things, on what the 
risks and benefits are, and above all, how they are subjectively perceived. In this presentation I 
would like first to give a brief overview of applications of biotechnology in open systems and then 
turn to public perception. 
 
Agriculture has always, over the last 10’000 years, depended heavily on plant and animal breeding. 
For millennia this was done by trial and error and since the beginning of this century on a scientific 
basis, using Mendelian genetics. In the past 20 years the tools of molecular biology have opened up 
new possibilities, particularly in crop development. 
 
In animal breeding, recombinant DNA technology, transferring specific genes, is unlikely to be of 
much importance for directly improving productivity of milk and meat, although the use of markers 
helps animal breeders. In the longer run, it may be possible to remove viral and bacterial receptors 
from farm animals, thereby making them resistant to specific infectious diseases. What is coming, 
though, is the use of transgenic cows, goats and sheep to produce pharmaceuticals. This may be a 
very real alternative to cell culture in those cases where highly glycosylated proteins are required 
for specific medical purposes. The first few compounds isolated from milk are already in phase III 
clinical trials and the companies producing them hope to get the products on the market in a year or 
two. 
 
In plant breeding the situation is totally different. Products from transgenic crops are already on the 
market. This is true for maize and soya, as you all know, but also for rapeseed (canola), potatoes, 
tomatoes, papaya, squash and cotton. More plants are added to this list every year and it is estimated 
that transgenic crops are grown on some 20 million hectares world-wide this year. Our main staples, 
wheat and rice, will follow in perhaps five years. Their transformation already works well. 
What are the breeding aims of modern biotechnology in the plant sector? They concern either 
agronomic traits or product quality. 
 
Let us look at the agronomic traits first. With RR soya, the transgenic soya of Monsanto, for 
instance, the farmers increased their yields by 5%, but, more importantly, they reduced their 
herbicide input by 20 - 40%. It is this saving of agrochemicals, that made the soya farmers return to 
buy this new seed year after year: the sums saved may be considerable, if you consider that US soya 
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farmers single-handedly tend 100 - 300 ha. In the case of maize that has been made resistant to the 
European cornborer, it is the reduction in insecticide use that makes it attractive to the farmer 
despite the fact that this seed is more expensive than traditional varieties.  
 
New traits, important for world food security, are for example drought tolerance, metal tolerance 
and flooding tolerance. Here plant biochemistry and plant breeding open up new avenues. Can 
tropical areas be made more productive, without cutting down masses of tropical rain forest, world-
wide the most important source of biodiversity? These are vital issues in a world with a population 
increase of 90 million per year, largely in developing countries. Many countries will need to double 
their food production in 30 years: this cannot be done without increasing yields. 
 
It is unfortunate that of the newly developed crops none show significant product improvements 
that are obvious to consumers buying food in the supermarket. As you are all aware, there is the so-
called Flavr-Savr tomato which can be left on the plant longer and supposedly tastes better. There 
are also some canola varieties with an improved fatty acid composition. These, however can hardly 
be considered spectacular benefits. More significant is rice with an increased vitamin content and 
maize which has more methionine and lysine, both highly important for countries where food is 
very scarce. I would like to urge plant breeders to develop crops that have obvious advantages for 
the general public. 
 
The study of potential ecological risks of growing transgenic crops has attracted much attention in 
the last few years. The general conclusion is that transgenic plants are not risky per se, because they 
are transgenic. The impact of any newly developed plant should be studied, when it is brought for 
the first time into a new ecosystem. This holds for plants imported from somewhere else on the 
globe, as well as for any new plant variety made by traditional or molecular breeding. The planting 
of new varieties in the field should be followed on a case by case, step by step basis. It is the 
phenotype of a new plant that is decisive, not the way it was made. Unfortunately European 
legislation is far too much process-oriented, rather than product-oriented, as legislation is in North 
America. Horizontal and vertical gene transfer have always existed, also transposition of genes in a 
genome.  
 
Crops can be used for many other purposes than producing food. Here modern biotechnology offers 
numerous new possibilities. Human therapeutic proteins such as immunoglobulins, have for 
instance been produced in large amounts in tobacco. Another possibility is to make organic 
molecules for chemical processes in plants. An example here is the potato that has only one kind of 
starch. Plants have also been developed that make biodegradable plastic, which otherwise would 
come from bacterial production in a closed system. 
So there are clearly many innovative ways to use transgenic plants as production facilities for 
highly desirable products. Why are they not used more extensively? One reason is that the 
technology is still in its infancy: another, that we are not so aware of this research, since much more 
of it is being done in the US and in Canada, rather than in Europe. Here there is more reluctance to 
use any kind of product from transgenic plants than there is on the other side of the Atlantic - a fact 
leads into the area of public perception. 
New technologies have always met with resistance. Consider the first smallpox vaccination, where 
Dr. Jenner, an English country physician, scratched lymph of infected cows onto the arm of a few 
people. The recipients were horrified. Yet, smallpox vaccination has been one of the most useful 
medical innovations of the last 200 years. The reaction of many people in Europe to so-called 
“gene-food” comes quite close to what I would call hysteria. 
Let us look at one public opinion survey, several others give similar results. The EFB Task Group 
on Public Perception has been involved in preparing and evaluating the Eurobarometer studies, as 
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far as they were concerned with biotechnology. It is clear that most medical applications of gene 
technology (except xenotransplantation) are looked at favourably, even the use of gene technology 
in agriculture gets good marks. However, with food it is different. Although people don’t think it’s 
morally wrong, they consider the risks outweighing the advantages. What risks are people thinking 
of? It cannot be the environmental risks, otherwise agriculture would not get such good marks. So it 
has to be risks to themselves that people are thinking of. This implies that we as scientists have to 
consider what is bothering people and address their worries. The keywords which can easily be 
addressed by us are things like nutritional content, allergenicity, toxicity etc. We can do this and it 
will help, but it is not easy. I would like to draw your attention to the fact that nearly half the people 
in this and other surveys said that normal tomatoes contain no genes, only transgenic tomatoes have 
genes. This means that there is very little knowledge on biology to build upon: science education 
does not seem to be brilliant. 
 
In addition, we have to realise that food is not just calories and nutrients, but also the carrier of 
cultural and emotional messages. People will say “I only eat natural food”, not realising that nearly 
none of us would be alive if we had to depend on hunting and gathering truly “natural” food. Many 
people have a romantic view of nature, thinking our environment has not been changed by human 
hand. There is no such thing as natural farming: agriculture is part of our culture. However, there is 
one very important issue about farming that needs to be addressed more vigorously in future, that is 
sustainability. Farming practices should be such that the soil does not get eroded, that groundwater 
is not contaminated by chemicals, that not more water is consumed than is returned to the aquifers 
by rainfall etc. etc. Here modern biotechnology offers new solutions to old and important problems, 
for instance by supplying new crop varieties that require less insecticides or allowing the 
development of a revolutionary new farming technique, called no-till-agriculture, where the soil is 
never turned with a plough, thereby reducing erosion and the loss of water and nutrients. 
 
Providing open, honest and balanced information on biotechnology is crucial for promoting 
understanding and acceptance. This should be done by different groups, industry, scientists, 
government, consumers, environmentalists etc. Very important are journalists and the media as 
gatekeepers to the public. Here are a few examples of different forms of communication that have 
had some positive impact. In Switzerland we recently had a referendum on whether to ban all 
transgenic animals for medical research as well as all releases of transgenic crops. It helped that 
scientists were willing to demonstrate in the streets, stand up to public debate on TV and talk about 
their research in simple terms. Fortunately we won by a 2:1 majority. On the European scene, the 
Task Groups of the EFB has put out many Briefing Papers, other publications and we have 
organised many workshops and conferences. To give just one concrete example, in December we 
are running a conference for science journalists celebrating the 25th anniversary of the start of the 
recombinant DNA technology, which we call the “Silver Splicer”, like a Silver Wedding. New 
forms of communication are useful in our knowledge-based society, such as consensus conferences. 
In England such a conference came to the sensible conclusion that use of transgenic crops for food 
production has many desirable applications and some that don’t make sense.  
 
Let me finish by urging you all, whether you are in government, industry or university to stand up 
and explain to your neighbours what science and in particular life science is about. We need the 
public’s understanding as much as society needs science. 
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Ligand Engineering Using Combinatorial Protein Chemistry 
 
P.A. Nygren and M. Uhlén 
Dept. of Biotechnology, Royal Institute of Technology (KTH), S-100 44 Stockholm, Sweden 
(perake@biochem.kth.se) 
 
Keywords: Affibody, bioseparation, phage display. 
 
 
Small protein domains, capable of specific binding to different target proteins have been selected 
using combinatorial protein chemistry  approaches. These binding proteins, here called affibodies, 
were designed by randomization of 13 solvent-accessible surface residues of a stable a-helical 
bacterial receptor domain Z, derived from staphylococcal protein A.  
 
Biopanning of the phage libraries against various target proteins including Taq DNA polymerase, 
human insulin, a viral (RSV) protein and a human apolipoprotein A-1 variant, showed that in all 
cases specific binding molecules were obtained. Selected clones were subsequently expressed in E. 
coli and used for functional and structural studies. The binding domains were used for affinity 
chromatography and the use of cleaning in place (CIP) conditions involving high concentrations of 
NaOH were shown to be possible. The biotechnological use of these small, folded protein domains 
with novel binding specificities will be discussed. 
 
References 
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Nygren, P. and Uhlén, M. (1997) "Scaffolds for engineering novel binding sites in proteins" 
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Abstract 

Industrial aerobic bioreactors of size 12-30 m3 are characterized with respect to fluid dynamics, 
concentration gradients, metabolic and stress responses in E. coli glucose limited fed-batch processes with 
and without production of protein ZZT2 and tryptophan, respectively. Measurements, simulations and 
experiments in scale -down reactors support the hypothesis of moving high-glucose zones that at high cell 
density also create corresponding oxygen limitation zones and that the cells respond to such concentration 
gradients by means of as well physiological stress responses as switching between production and 
consumption of acetate or mixed acid fermentation products. These physiological responses are supposed to 
account for the observed low biomass yield at scale -up. The present report is a status report from an on-going 
EC project. 

1. Introduction 

The traditional strategy for scale-up of aerobic fermentation processes is mainly based on physical 
parameters like power input, aeration rate, KLa, mixing time, etc. The result is often difficult to 
predict, since there is no common view on how the microorganisms respond to the changes in the 
micro-environment around the cells that are imposed by the scale-up conditions. 
A working hypothesis is that substantial high concentration zones with respect to the fed substrate 
(often glucose at 500 g/L) and pH are created in large-scale fed-batch bioreactors. In the dynamic 
situation in the bioreactor such zones would not be expected to be stationary but rather moving 
which complicates the analysis. A fed-batch culture is characterised by a gradually declining 
limiting substrate concentration in the order of magnitude below the saturation constant, i.e. in the 
range 10-100 mg/L for most substrates and organisms.  
 
Glucose concentrations higher than about 30 mg/L (strain dependent) cause acetate formation by 
overflow metabolism in E. coli and ethanol formation in Saccharomyces cerevisiae. At higher cell 
densities, such high-glucose zones may also induce oxygen limitation, since one of the main reasons 
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of using the fed-batch technique is to keep the substrate concentration low enough to prevent 
oxygen limitation. In E. coli this would result in induction of mixed-acid fermentation, which 
includes products like acetate, lactate, formate, ethanol, hydrogen and carbon dioxide. However, 
data on the short-term kinetics of the metabolic responses in such hypothetical zones were not 
available. 
 
Rapid metabolic responses are based on already present enzymes and changed environmental 
conditions but changes in the environment may also induce other proteins like stress proteins. Stress 
proteins is a class of proteins including chaperones and proteases, components that may be 
important for the outcome of a process, especially a recombinant protein process. Much interest has 
been focused on the induction and regulation of stress as a means for survival of microorganisms in 
Nature, but in this project we also investigate the possibility of stress responses in industrial 
bioreactors. 
 
The dynamic situation that a single cell is exposed to in a large bioreactor is a consequence of 
mixing mass transfer and microbial reaction. Fluid dynamics and mass transfer are therefore 
necessary components in a study of this kind. In the project measurements of the liquid velocities, 
gas hold-up and mixing are used to improve modelling of the fluid dynamics. The ultimate goal is 
to develop knowledge and techniques to integrate the kinetics of the key microbial reactions with 
the fluid dynamics to provide concentration maps for different process conditions. 
 
The goal of this EC funded project is to  
- Characterize two industrial bioreactors with respect to fluid dynamics and concentration 

compartments 
- Identify and quantify physiological stress responses in large-scale bioreactors 
- Quantify and model metabolic responses of the cells passing through compartments with 

high/low glucose/oxygen concentrations 
- Integrate fluid dynamics and biokinetics in simulation programmes. 
- Suggest a scale-up strategy including fluid dynamics and physiological responses. 

2. The processes 

Three types of processes are investigated. 
i) Production of just cells of E. coli W3110 in lab scale, 20-22 m3 scale in a 30 m3 bioreactor. In 

the first of this experiments the glucose solution was fed at the top. In the second set of 
experiments SCABA impellers will be used, with feeding at two different locations. 

ii) Intracellular production of protein ZZT2 (16 kD) controlled by the tryptophan promoter in E. 
coli W3110. Rushton impellers were compared with SCABA impellers at 6-7 m3 scale in a 12 
m3 bioreactor and proteolysis and inclusion body formation were monitored. 

iii)  Production of tryptophan with E. coli W3110 with a plasmid encoding over-production of 
enzymes of the tryptophan biosynthesis. This will be done at 20 m3 scale. 

 
The large-scale processes are compared with two types of lab scale processes performed in a 
homogeneous standard lab fermenter and in a scale-down fermenter with a high-glucose 
concentration zone that also induces oxygen limitation (Fig 3). 
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3. Physiological responses by the cells 

Three types of physiological responses are investigated: i) Metabolic responses in high-glucose 
concentration zones with concomitant oxygen limitation, ii) Induction of mRNA of stress proteins 
in zones as above and iii) Membrane damages caused by high-pH zones and mechanical shear. 
‘High glucose concentration’ here means that the concentration is high enough to result in 
maximum sugar uptake rate or at least high enough to result in overflow metabolism, i.e. about 50-
1000 mg/L. Fig 1 below shows how the glucose concentration in the top compartment of a 20m3 
fed-batch bioreactor oscillated in this range when the ‘mean concentration’ in the reactor was about 
20 mg/L and no acetate accumulated. Two approaches are used to study the short-term kinetics of 
the energy metabolism when the cells are subjected to sudden pulses of high glucose 
concentrations. In one approach cells from chemostat cultures are mixed with a glucose solution 
and passed through a tubing with multiple outlets at which the cell metabolism is rapidly quenched. 
This method permits analysis of the different intermediates and co-enzymes of the glycolysis and 
the intracellular fluxes can be measured and modelled with time resolution in the milli seconds 
range. The other approach utilises a two-compartment scale-down reactor (Fig 3) composed of a 
homogeneous STR, simulating the well mixed compartments of the large reactor, and an aerated 
PFR through which the broth is recirculated with a residence time of about 50 seconds, simulating 
loops with high or low concentrations of glucose and oxygen. High glucose effects, and if wanted 
also resulting oxygen limitation effects, are studied by feeding the sugar at the PFR inlet, while 
glucose starvation effects are investigated by feeding in the STR. Fig 2 shows a simulation of the 
rate by which glucose is exhausted in a loop without glucose input. At high cell density it is a 
matter of seconds but the consumption rate is also strongly dependent on the saturation constant for 
the substrate uptake system. 
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Fig 1. Glucose concentration fluctuations at two 

positions in the top compartment of a 20 m3 
bioreactor. The insert shows the feed point, stirrer 
rotation and the sampling points 0.5 m  above the 
top stirrer. 

Fig 2. Simulation of the time it takes to consume 
the substrate from a concentration S=Ks to a 
level corresponding to the maintenance uptake 
rate, assuming Monod kinetics with 
qSmax=1.6 g/(gh) and qm=0.05 g/(gh). 

 
However, results show that when the cell enters a high glucose zone the glucose uptake rate is not 
constant and does not follow Monod kinetics. The initial rate may be much higher than the 
maximum value under batch conditions but it levels off after about 10-20 seconds. If the cell 
density is high enough, the high metabolic rate also creates oxygen limitation and this is observed 
as an onset of mixed-acid fermentation. Lactate, acetate, formate and ethanol are then produced also 
by aerobically grown cells. However, it is mainly formate that accumulates in the reactor since 
acetate, lactate and ethanol were readily re-assimilated in the oxygen sufficient zone. Thus, a 
considerable part of the sugar may be metabolised via the mixed-acid fermentation products in an 
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insufficiently mixed bioreactor and formate accumulation can be used as an indicator of the 
existence of local oxygen limitation zones (in E. coli processes). 
 
Effects of exposures to extreme pH are studied by means of a similar scale-down reactor using flow 
cytometry as an analytical tool for assessing the cell membrane integrity. With this method is was 
also shown that the shear forces that are relevant for bioreactors do not influence the cell membrane 
integrity. However, during the gradually increasing degree of energy limitations the cells are 
exposed to in a high cell density fed-batch culture, the population segregates into at least three sub-
populations (normal cells, cells with non-pumping membrane and dead cells with permeabilised 
membrane) that can be discriminated by flow cytometry, as reported elsewhere in this symposium 
by C. J. Hewitt and co-workers. This segregation seems to correlate with the observed rapid loss in 
colony forming units in high cell density cultures. 
 
The possible induction of general and specific stress responses due to the conditions in the 
concentration gradients are investigated on the messenger RNA level, a method that gives a faster 
response than measurement on the protein level. The general stress induced genes dnaK (a 
chaperone) and clpB (part of a protease) and the specific stress genes pfl (oxygen limitation), proU 
(osmotic stress), ackA (oxygen limitation) and frd (oxygen limitation) all responded to the high-
glucose/oxygen-limitation conditions in the PFR part. In some cases the level was doubled within 
14 seconds. The relaxation time was only a few minutes since no accumulation of mRNA was 
found in the STR compartment of the scale-down reactor, where the mean residence time was 9 
minutes (Fig 3). 
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Fig 3. The scale down reactor (centre part) for mimicking a zone with high glucose concentration 
and resulting oxygen limitation in a large reactor (left). The diagram to the right shows the result of 
analysis of mRNA of proU at different levels, corresonding to 0-56 seconds exposure of the cell in 
the zone. (Data from T. Schweder et al. 1998). 
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4. Fluid dynamics: measurements and simulation 

Three approaches are used to simulate the fluid dynamics of the reactors: the compartment approach 
(CMA), computational fluid dynamics (CFD) and CFD using Large Eddy Simulation (LES). As a 
basis for these simulation an number of parameters have been determined in the large scale reactors 
under different conditions: power input, mixing time, liquid flow rate and direction, gas hold-up and 
bubble gas composition. The CMA is based on prior knowledge of the global flow pattern while 
these properties are calculated in CFD. A kinetic model for energy metabolism including over-flow 
metabolism and growth of E. coli is integrated with the CMA for simulation of substrate 
concentration distribution in the reactor. The CFD modelling has been extended to a three 
dimensional liquid-gas model. Fig 4 shows a simulation of the gas phase distribution of the 30 m3 
fermenter. 
 
The LES technique is the most power demanding, but a powerful tool to simulate the liquid velocity 
fluctuations. Fig 5. shows the results of a simulation of glucose concentration fluctuations due to 
dilution at the feed point in the 30 m3 bioreactor. 
 
Special attention has been made to formulate a theoretical basis for control of foaming by means of 
proper design of the liquid flow pattern at the surface. By means of this SAFD (Stirring As Foam 
Disruption) technique, considerably increased broth volume can be obtained by  
retrofitting the upper stirrer. 
 

 
 

Fig 4. CFD simulation of gas bubble  dispersion in a 30 m3 bioreactor with 4 Rushton turbines. The right hand 
figure shows a top view at the level of the 3rd impeller from bottom. (Data from Friberg and Hjertager 1998). 
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5. The large-scale experiments 

Large scale experiments have been performed with the plain W3110 strain in a 30 m3 STR fitted 
with 4 Rushton turbines and fed with the glucose solution at the top. (Further experiments will be 
performed with a set of SCABA stirrers, that gave much shorter mixing times when measurements 
were made in the same bioreactor with water.) Two series of rapid sampling (300 samples in 3 
minutes) at two positions under the surface of the reactor revealed that the glucose concentrations in 
this compartment oscillated rapidly between concentrations that causes overflow metabolism and 
concentrations at which acetate is re-assimilated. The biomass yield was dramatically lowered 
compared to the homogeneous lab scale process. The yield in the scale-down reactor was 
intermediate. Measurement of mixed acid products and mRNA from stress induced genes clearly 
indicated that the reactor harboured zones in which the cells were induced to stress of the types 
studied with the scale-down reactor: When the cell density reached about 30 g/L dry weight, 
formate suddenly accumulated without any considerable accumulation of the other mixed-acid 
fermentation products. Thus, part of the sugar was probably metabolised via acetate, lactate, ethanol 
and to less degree via formate, which may account for the low biomass yield. Another physiological 
response that may have contributed to the loss in yield was the induction of stress proteins: mRNA 
levels of some of the stress induced genes were significantly higher in the middle of the reactor 
compared to the bottom and the top sampling ports. 
 
The other set of large-scale experiments were two experiments with production of the recombinant 
protein ZZT2, comparing the Rushton and SCABA impellers. The proteolysis rate constant was 
considerably higher in the large-scale experiments than in the lab scale. Furthermore, a number of 
physiological differences were observed in the two large-scale cultures: formate accumulation, drop 
in viable count and OD/dry weight. Another type of stress protein mRNA appeared in the later stage 
of these large scale cultures: the inclusion body binding protein B (ibpB), and since this correlated 
with the preliminary results of inclusion body analysis the mRNA probe for ibpB may be a tool to 
monitor inclusion body formation. Further data treatment is needed from these experiments. 

6. Conclusions 

Comparison of lab scale and 6-20 m3 scale E. coli cultures showed considerable differences in the 
process performance. Especially the cell yield was much lower on the large scale. Using a scale-
down reactor with defined glucose induced oxygen limitation zone, it was possible to show that the 
cells respond within seconds by means of physiological stress responses and mixed-acid 
fermentation. Both these reactions were rapidly reversed in the oxygen sufficient zone. Thus, each 
individual cell is repeatedly passing through stress zones and relaxation zones in a large bioreactor. 
It is assumed that physiological responses of this kind are important for the scale-up effects. In 
order to simulate the bioreactor performance at scale-up, fluid dynamics and microbial kinetics 
should be integrated. Different approaches for simulation of the fluid dynamics are available but the 
integration with the microbial kinetics may be complicated by lack of suitable models.  
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Proposal for a Council Decision: Adopting a Specific Programme for 
Research, Technological Development and Demonstration on “Quality 
of Life and Management of Living Resources” (1998 to 2002) 

 
T. Ingemansson 
European Commission DGXII - Biotechnology. 
 
 
Europe has a strong tradition and an excellent record in research and application of life sciences and 
technologies. Furthermore, Europe provides a huge single market with a tradition of receptiveness 
for bio-based products. It has, therefore, the potential to address and solve major challenges such as 
a varied and safe food supply, affordable health-care, better medicines, etc. The scientific basis on 
which living and natural materials are exploited for these ends is undergoing a dramatic change, in 
which the intimate and interactive workings of living beings are being revealed. With the progress 
of scientific knowledge in recent decades, one can now expect to probe more deeply the questions 
surrounding the production of food, the curing of diseases, and the sustainable management and use 
of biological resources. One can also anticipate clarifying their relationships with human behaviour 
and needs, industrial practices and consumer demands. 
The strategic objective of the programme is to link the ability to discover to the ability to produce, 
in order to address the needs of society and to meet the requirements of the consumer, leading to 
future wealth and job creation. The strategy of this programme is to focus on specific areas where 
growing knowledge potentially contains technical answers to some of the pressing questions asked 
by the citizen which require to be tackled on a European scale. 
The proposed scientific and technological solutions should be seen as part of an integrated “system” 
approach, in which man is at the core of the issue of the “quality of life” and of “management of 
living resources”. Five key actions have been identified in which European research should make a 
contribution, by way of innovative products, processes or services, to problem resolution. These key 
actions are targeted at socio-economic needs and the Community’s policy objectives, eg in 
agriculture and fisheries, industry and consumers, and in the fields of health and environment.  
 
1. Health, Food and Environmental Factors.  
2. Control of Infectious Diseases.  
3. The “Cell Factory”.  
4. Sustainable agriculture, fisheries and forestry, including integrated development of rural areas.  
5. The Ageing Population. 
 
They are supplemented with research and technological development activities of a generic nature 
as well as support to research infrastructures aiming at building up, in the longer term, the 
knowledge base in areas of strategic importance for the future. E.g. Chronic and degenerative 
diseases (in particular cancer and diabetes), cardiovascular diseases and rare diseases; Research into 
genomes and diseases of genetic origin; Public-health and health-services research; Study of 
problems relating to biomedical ethics and bioethics in the context of respect for fundamental 
human values; Study of the socio-economic aspects of life sciences and technologies within the 
perspective of sustainable development (the impact on society, economy and employment). 
 
Reference: COM(1998) 305 final, which can be found on www.cordis.lu 
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Biochemical Production and the Environment - an Example 
 
Klaus Hansen 
Investment and Waste Technology Coordination, Novo Nordisk A/S (klh@novo.dk) 
 
Keywords: symbiosis, LCI, enzymes, waste, resources 
 
Abstract 

The environmental concern has changed from pollution to sustainability. The biochemical 
production handles big quantities of organic material, that allows recycling to nature. The symbiosis 
between local industries is described. The effect of the increases in production efficiency during 25 
years is described and finally the result of a life cycle analysis for a detergent enzyme is presented.  
 
1. Pollution or sustainability 

Initially the public concern about the industry and the environment was concentrated on the 
pollution with specific harmful substances. The technological development has quickly solved these 
problems, as basically all problems can be solved by use of extra resources and energy.  
On these lines the biochemical industry has been forced to develop methods to contain biological 
active material and genetically modified organisms, to reduce smell from off gasses, to make 
polishing filtration without using asbestos, etc. However we are still very concerned with our 
environmental impact, because we all see our big consumption of energy and resources to make an 
often very small quantity of product. The focus has switched from pollution to sustainability.  

 (The scope of “sustainability”, will in the 
following be limited to: efficient non polluting 
production from renewable resources.) 
The nature of the biochemical production problem 
can be illustrated by this figure, which shows the 
COD production by the micro organisms at Novo 
Nordisk compared with the COD production from 
the 19300 inhabitants in the local municipality. 
Whether this comparison is relevant or not, can be 
discussed. Novo Nordisk produces about half of 
the world’s consumption of detergent enzymes 
and insulin at the plant, but detergent enzymes and 
insulin are only a very small fraction of the 
consumption of a human being on the globe. The 
global division of labour also creates a global 
division of environmental load: the people in the 
municipality consume goods, which are 

manufactured all over the globe and cause pollution at the production sites.  
Nevertheless the local decision makers will see Novo Nordisk as a very big load on the 
environment.  
This paper will describe how we have counteracted the large resource consumption and production 
of by-products by: 

1.  reuse of waste materials in a symbiosis with other industries and the agriculture,  
2.  waste water treatment, 
3.  increases in production efficiency.  

With the overall goal of developing a sustainable industry for satisfying human needs, life cycle 
analysis on detergent enzymes will be discussed. 
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2. The symbiosis 

The other industries in the local community of Kalundborg also have the problem, that they have a 
big impact on the environment compared with the community. The major industries are: a power 
plant, an oil refinery, a plaster plate factory, and Novo Nordisk. The relatively small community has 
facilitated the contact between key persons in the companies, so that ideas about reuse of waste 
products have proliferated. The industries have formed a symbiosis: 

 
The refinery and Novo Nordisk use intermediate level heat from the power plant as steam, and the 
municipality uses the heat as hot water for house heating. The refinery and the power plant have 
intensified the reuse of water. Sulphur from desulphurisation in the refinery is used for making 
sulphuric acid, and the plaster board plant uses the gypsum from flue gas desulphurisation in the 
power plant. The reuse of refinery waste gas has improved, and, finally, the agriculture uses the 
biomass from the biochemical production at Novo Nordisk on the fields as fertiliser. 
This is far from a closed self-contained system. There are many outlets to the exterior, and the 
matching of the size of the industries within the system is impossible in a liberal economy. 
However every collaboration reduces the total environmental impact of the industry in the 
community. The symbiosis between the agriculture and Novo Nordisk has been developing over 22 
years:  
 
3. The agriculture and Novo Nordisk 

In the beginning of the seventies all the biological waste was dumped to the sea. No local effects 
could be seen, but due to general concern about sludge precipitation and anaerobic conditions in 
low regions on the bottom, the authorities decided, that Novo Nordisk should remove all “sludge” 
from the waste stream. The optimum solution would be some reuse scheme for the nutrients. If the 
farmers could use the nutrients directly as animal feed, the food chain value would be about 10 
times higher than if used as fertiliser. Trials were made on feeding pigs and cattle directly on the 
liquid sludge with 10% dry matter, but the trials were not successful and the project was abandoned. 
Even if the tests had been successful, the project would have been problematic, as we would have 
more than 100.000 pigs living on the supplies from the plant with the modest production of those 
days. All changes in production would be difficult. Novo Nordisk also considered drying the sludge 
to obtain more time for quality control, and tests were made on feeding mink going for the whole 
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Scandinavian mink industry. However to avoid the heavy investments and energy consumption by 
drying, we finally settled on the liquid fertiliser solution.  
This is very popular with the local farmers, but after 15 years we had to modify the system. 
Although nitrogen is a blessing for the world's agriculture, and the reason why hunger has 
diminished, it has become the major pollution problem in the countries with intensive agriculture. 
The application liquid material containing nitrogen to the fields, when it cannot be utilised by the 
plants or retained in the soil, has become unacceptable. This is forcing Novo Nordisk to major 
changes in technology. 
When Novo Nordisk distributed the biomass as liquid fertiliser, the need for easy handling and the 
relative low transportation cost resulted in a still more diluted biomass. The dry matter content was 
falling from 8% in the beginning of the period down to 4 %. We supplemented the truck transport 
with 73 km of pipelines adapting the technology to the diluted biomass. However the dilution of the 
biomass became a drawback: When we cannot spread the liquid biomass during many months of 
the year, we could store it; but when the volume is around 5000 ton/day, investment in tanks and 
operation of the tanks would be a major effort. 
The solution, we have selected, is to concentrate the biomass to 30% dry material. Thereby it 
becomes so solid, that it can be stored in heaps, and it can be handled on the fields the year round.  
The reuse of biomass and waste water treatment is reducing the environmental impact of Novo 
Nordisk: 
 

Ka:  Calculated waste production from the Kalundborg municipality before waste water treatment. 
Production: Total Novo Nordisk waste production without reuse of biomass and waste water treatment. 
W W : Total Novo Nordisk waste water stream after reuse of biomass and waste water treatment at Novo Nordisk. 

 
The Ka stream and the WW stream are treated together in the municipal waste water treatment 
plant. We are still large compared with the municipality. Further improvements can come from 
extra waste water treatment or improvements in production efficiency. 
 
4. Production efficiency 

The environment will benefit from increased production efficiency through several mechanisms: 
1.  Higher throughput in the equipment will diminish the resource consumption by 

constructing production plants. 
2.  Efficient products will diminish the consumption of products and thereby diminish the 

magnitude of the needed for production. 
3.  Efficient raw material conversion to products will diminish raw material consumption 

and/or formation of waste products. 
4.  High concentration in intermediate products will diminish size of production equipment 

and consumption of raw material for production. 
5.  High concentration products will diminish consumption of carrier materials, packing 

and transport.  
6.  Efficient physical processes can diminish the energy consumption. 
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Fermentation

Solids removal

Concentration

Granulation  
 
Novo Nordisk has produced proteases for detergents for the last 35 years. In 1972-73 the method in 
general was settled, so it will be relevant to look at the improvements during these last 25 years to 
get an idea of the potential for improving biochemical production processes. 
The overall yield of “washing effect” per fermentation has increased by a factor of 12.3. Of this 
improvement a considerable part is due to a better enzyme. The “washing effect” per gram of 
enzyme protein has increased by a factor of approximately 3.46. This means that the production 
efficiency for making enzyme protein per fermentation has increased by a factor 3.56. 
Looking at the fermentation alone, the yield of enzyme protein per fermentation has increased by a 
factor of 2.28. This factor is composed of a factor of 1.45 for the increase in substrate protein 
concentration and a factor of 1.57 for the improvement in the conversion of feed protein to enzyme 
protein. The carbohydrate consumption per gram of enzyme protein has decreased to 50% of the 
original. So definitely the fermentation of enzymes has become “cleaner”. The cost of the more 
efficient fermentation has been a doubling of the electrical energy consumption in a fermentation.  
The more concentrated and cleaner fermentation has, along with other improvements, increased the 
solids removal, concentration and granulation yield by a factor 1.56.  
The concentration technology has changed substantially by the introduction of membrane processes. 
Earlier, when the enzyme concentration was made by sodiumsulphate precipitation, all the 
dissolved waste material was present in a sodiumsulphate contaminated stream, which was difficult 
to treat. Today the dissolved material is leaving the membrane filtration as a pure permeate stream, 
which is much easier to clean or reuse. The consumption of other raw materials in the recovery 
(solids removal + concentration) is on the same level per fermentation. This means that the recovery 
material consumption per washing effect is only 1/10 of the original, and per enzyme protein weight 
unit about 1/3. 
The cleaner enzyme protein combined with improvements in granulation technology has allowed us 
to increase the concentration of washing effect in the final product by a factor of 4. This means that 
the consumption of carrier material, packing and transport has decreased to 25% of the original. 
Overall the past has shown a substantial improvement in the sustainability of the production of 
proteases for detergents. There is still a big potential for improvements. Finding or developing more 
efficient enzymes is one of the most powerful tools to diminish the resource consumption and the 
load on environment.  
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5. Is production of enzymes beneficial for the environment? 

As an enzyme producer we ask ourselves if production of enzymes is beneficial for the 
environment. We should consider, that we are participating in the total process of washing clothes. 
The question is therefore, whether the total environmental load is reduced by using enzymes in the 
washing process. 
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The figure shows the whiteness (Reflectance) of cotton strips soiled with milk and blood (EMPA 
116) after washing at different temperatures, without enzymes and with 0.5 % Savinase 4.0T® in 
the detergent. The detergent dosage is 1.5 g/litre. 
One way of looking at the overall effect of enzymes would be to lower the washing temperature 
from about 37C to 20 C and still obtain the same washing effect. 
The energy savings by lowering the washing temperature of 1 litre 17 C is: 1 litre x 4,18 
KJoule/(litre x C) x 17 C = 71 KJoules. 
The total energy consumption by making 1 ton of Savinase 10TA+® is 59.8 GJ. (The enzyme 
concentration in the product is 2.5 times higher than the product used in the washing test.) The 
energy consumption by making the enzymes in 1 litre of washing solution is therefore:  
GJ/ton enzyme x 0.000001 g/ton x 1000000 GJoule/KJoule x 1.5 g detergent x 0.005 g enzyme/g 
detergent x 0,4 (enzyme conc. difference) = 0.179 KJoules 
 
The energy consumption by making enzymes is negligible compared with the potential energy 
savings. However the argument is primitive. We are basing this on washing trials on soils, on which 
the proteolytic enzymes are particularly effective. To compensate for the specificity of enzymes, 
several types of enzymes are used today in detergents. Their energy for production should be added 
to our energy account. 
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Parameter Value Unit
Energy consumption
Electricity 17.6 GJ
Fossil fuel 16.3 GJ
Other energy type 24.0 GJ
Renewable fuel 2.0 GJ
Resource consumption
Natural gas (r) 172 kg
Crude oil (r) 433 kg
Coal 1560 kg
Natural uranium (r) 6 g
Water (r) 32.3 m3
Emissions to air
CO2 6077 kg
CH4 10.2 kg
SO2 32.4 kg
NOx 20.0 kg
Emissions to water
BOD 17.1 kg
Tot-P 0.4 kg
Tot-N 5.5 kg
Sludge
Dry matter 279 kg
N 8.8 kg
P 3.3 kg
K 7.5 kg
Cl 9.6 kg
Na 11.7 kg
CaCO3 87 kg
Mg 1.0 kg
S 1.8 kg
Cd 0.09 g
Pb 0.33 g
Ni 4.20 g
Hg 0.02 g

Another error in our reasoning is, that we are 
comparing energy usage in the washing process 
with the total process of manufacturing enzymes. 
The consumption of other natural resources by 
making detergent enzymes should also be included. 
However the alternative to enzymes could be to use 
other raw materials for making the detergents. The 
whole analysis quickly becomes complicated.  
To help the detergent industry in making this type 
of analysis, Novo Nordisk has made a total LCI (life 
cycle inventory) on Savinase 10TA+®. The 
condensed version is in the table to the left. This 
covers the total impact from cradle to the Novo 
Nordisk gate from producing 1 ton of product. 
Life cycle inventories are still a huge challenge to 
the industry and agriculture. Therefore it is difficult 
to get the data, and many principles for allocating 
pollution and resource consumption have not been 
standardised yet. One problem is the parallel 
production of several products out of which one or 
more can be considered a waste product. 
For this analysis, and for the biochemical industry 
in general, it is a problem that a substantial part of 
our raw materials come from the agriculture. Data 
are scarce, and agricultural practices differ from 
region to region. On the other hand the agricultural 
base for our raw materials is in itself a strong 
component in sustainability. 
 
 
 
 

 
 
6. Conclusion 

The biochemical production has a big potential for: 
Being sustainable by the nature of the products, processes and waste material. 
Improving its sustainability. 
Helping other industries to improve sustainability. 
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Biochemical Engineering education for the future 
 
John Villadsen 
Center for Process Biotechnology, Department of Biotechnology, 
Technical University of Denmark, 2800 Lyngby, Denmark 
 
 
Modern Biotechnology has opened many new opportunities to improve quality of life in areas 
including health, agriculture, the environment, and enzyme and chemical production. 
 
The potential of biotechnology is recognised by all European governments and it is generally 
assumed that Europe has a competitive advantage in this field in comparison with the United States 
and perhaps Japan. It is certainly envisaged that high-tech biotechnology is going to provide several 
hundred thousand new job opportunities for well educated young Europeans and that Europe is 
going to profit by exporting products and know-how to some of the emerging industrial countries, 
just as organic chemistry and before that steel manufacture was the foundation of wealth in 19th 
century Europe. 
 
Whether or not these predictions will come true the European educational community is certainly 
reacting upon them. In both Western and Eastern Europe a number of biooriented new educational 
programmes are being formulated, and the young generation is flocking to the new educations. Thus 
for example in Sweden four new "bioengineering" like curricula have been set up in the last few 
years at schools which previously had only a minor interest in biotechnology. Departments of 
"biotechnology", "applied biochemistry" or "applied biology" at the major universities increase in 
size, carried on by a steady flow of government money, and about 30-40% of the natural science 
students end up with a degree in some aspect of the biosciences. 
 
It is no wonder that bio-related subjects take on a golden hue for students in the health sciences. The 
promises held out by the discoveries of the last 40 years in Molecular Biology must have an 
overwhelming appeal to any nascent researcher of medicine, and through their education in huge, 
equipment packed central research hospitals the students will definitely not be oriented towards a 
career as a country doctor or in social medicine. 
 
The drastic redirection of the health science education has had well publicised repercussions for 
society in general. 
 
Less publicised, but possibly of even more serious long-term consequence is the parallel change of 
engineering educations. The upsurge of interest in bio-educations occurs on the background of a 
rapidly decreasing interest in the classical engineering educations. Wherever one looks the situation 
is similar: 40-60% reduction in the uptake of students to major engineering programs within the last 
10 years, and disconsolate appeals from politicians and industry for more (and better) educated 
engineers. 
 
This is what I regard as a golden opportunity for those who are involved in the planning of new 
university educations: there is an eager and often bright clientele wanting an education in pure and 
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perhaps also in applied bio-sciences; at the same time there is an acute need for engineers to fill out 
positions in R&D, in the running of plants and in administration of businesses. 
 
Consequently we need to set up higher education programs where the diverse qualifications 
associated with an engineer are catered for at the same time as we give them a specialists 
knowledge in some of the popular - and certainly awarding – topics of modern biotechnology. 
 
What we do not wish to do - if at all avoidable - is to generate very specialised education programs. 
An education to "environmental engineer" or "eco-engineer" is given in many places in Europe, but 
the candidates often have difficulty finding (and keeping) an employment in companies where 
production or design of new processes is in focus. Likewise the person who has acquired all the 
available information on the regulatory structure in yeast metabolism or the biosynthesis of amino 
acids in lactic bacteria has a much too narrow education profile to fit into most of the job 
descriptions offered by a majority of industrial companies. 
 
As the name implies the "bio-engineer" is a very broadly educated person, intellectually equipped to 
apply "engineering science" to "bioscience". 
 
The common background of the two disciplines of science is physics and chemistry with sufficient 
mathematics to be able to set up and numerically solve quantitative and precisely formulated 
models for the systems. 
 
A good experimental scientist is able to do reproducible, accurate and well documented 
experiments. An engineering scientist is required to deduce the best, next experiment from the 
existing database together with a sufficiently detailed picture of the physics of the problem, 
formulated in mathematical terms. 
 
Thus, the conflict inherent in any educational plan of reasonable duration for the bioengineer is: 
 
• How much "hard" science should be combined with "life-sciences"? - how should one teach 

mathematics/physics to the bioengineer? 
 
The world of applied science is expanding at an incredible speed and the list of subjects of evident 
importance becomes too long for a 5 year university program, or even for an 8 year program to the 
PhD. We recognise that the proper design of a bioprocess requires knowledge far beyond that 
contained in biological texts, and this automatically bring up the question: 
 
• What engineering (or even chemical engineering) topics should be taken up in the education of 

bioengineers? 
 
Apart from these problems of fundamental character there is inevitably a conflict between the 
interests of the bio-science disciplines of the education: 
 
• How much classical biochemistry, microbial (or human?) physiology - theory or experimental 

techniques should be incorporated? 
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Looking ahead to the fields where persons with an engineering approach to the biosciences (as 
defined above) may have unique advantages in the job market of the next 20 years Information 
Technology immediately springs forward. Hence the role of computer science in the education of 
the biochemical engineer is to be carefully evaluated and the following topics from bioinformatics 
will undoubtedly be up for consideration: 
 
• Genome and protein structure, prediction of molecular function and structure, probabilistic 

modelling by computers e.g. of phylogenetic trees, machine learning algorithms e.g. neural 
networks. 

 
I am optimistic that 4 to 5 year programs can be set up with the aim of giving many students in 
different European schools an acquaintance with each of the main topics outlined above and to 
make them sufficiently interested in one particular topic to lure them into the extra 3-4 year 
post-graduate education which appears to become the requisite for obtaining a knowledge base of 
sufficient solidity to serve the person throughout an active career in academia or in one of the 
European bio-chemically based industries. 
 
The lecture will give - highly personal - comments as to the relative weight of each of the main 
topics which is desirable in a well balanced biochemical engineering education. Examples of 
current programmes at a few European universities will be discussed to see whether there appears to 
be some common denominator for a European biochemical engineering education. 
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Industry & University: Partners or Parasites 
 
Dr Ir J.C. van Suijdam 
Director Central Technology & Services, Gist-Brocades B.V., Delft, Holland 
 
 
Abstract 
 
Biochemical Engineering Science has by now built up a remarkable history. After a booming period 
in the seventies and early eighties its development has been relatively stable in the nineties. Is there 
a future need for Biochemical Engineering? 
This question will be addressed from the industrial perspective. The possibilities for collaborations 
with university will be explored. 
 
Situations where the relationship is built on trust and mutual understanding are driving forces from 
the most fruitful soil for long term alliances. 
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Application of Microwave Technology to High Temperature Short Time 
Heat Treatment of Biopharmaceutical Proteins 
 
Joachim K Walter, Helmut Winter and Uwe Striffler 
Dept. Biopharmaceutical Manufacture 
Boehringer Ingelheim Pharma KG, D-88397 Biberach 
 

Introduction 

Heat inactivation of virus is an attractive non-invasive physical treatment for high value 
pharmaceutical proteins. A drawback is the limited resistance of proteins exposed to elevated 
temperatures for times up to several hours.  
In addition, efficient heat transfer is often difficult in larger volumes. In order to achieve an 
inactivation process that allows for appropriate validation temperature gradients must be overcome. 
As a technical solution, microwave technology provides hhigh ttemperature sshort ttime (HHTTSSTT) heat 
treatment of product fluids in a continuous flow at flow rates up to 80 l/h. This allows for the 
inactivation of virus while maintaining the integrity of the pharmaceutical product. Nevertheless 
there is a need to find optimal physico-chemical buffer conditions where the protein solution can be 
exposed to a maximum elevated temperature without increasing viral resistance. 
 
In this study a number of process parameters have been investigated for their impact on different 
protein molecules. 

Pharmaceutical Proteins 

Complex, highly glycosylated proteins of pharmaceutical interest, which are derived from 
mammalian cell culture, were investigated for their heat resistance in a number of buffers, differing 
in salt composition, pH-value and conductivity.  
Recombinant tissue plasminogen activator (tPA, IEP 5.0-8.0) is a 65 kD glycoprotein with 
proteolytic activity. 
Two humanized monoclonal antibodies (huMAb1, IEP 7.0-7.6 and huMAb2, IEP 8.8-9.3), 
glycosylated, MW 160 kD, were evaluated accordingly. 
Differential Scanning Calorimetry DSC showed a melting temperature TM for tPA at about 70°C, a 
TM1 for huMAb1 at about 64.6°C and a TM1 for huMAb2 at about 71.6°C. 
The exposure time in DSC is in a minute/°C-range and hence exceeds the exposure time to 
microwave heating by about 3 log. 

Fundamentals of Microwave Technology 

Electromagnetic waves with frequencies between 300 MHz and 300 GHz are called microwaves by 
definition. Only a few frequencies are permitted for industrial microwave heating (usually 2.45 
GHz), because microwaves are also used in communication engineering. 
With regard to heating processes high-frequency output is produced by a microwave generator (e.g. 
a magnetron) and transferred directly to the fluid. Ions and dipoles (molecules with dipole-character 
and permanent dipoles like water) are moved in the electromagnetic field. Due to the changing 
electromagnetic field oscillating movements of the molecules and collisions of the ions occur which 
are generating heat by intermolecular friction. 
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UltraTherm 5 kW UT5AB1 System Description 

Microwave heating was performed using the 5 kW continuous flow UltraTherm UT5AB1 [Charm 
Bioengineering, Malden MA 02148, USA]. 
The UltraTherm is an entirely self-contained, computer controlled HTST microwave heating 
system. Pumps, heat exchangers, valves, tubing and instrumentation are built on a mobile stainless 
steel frame with wheels.  
 
UltraTherm is controlled by a Siemens PLC and is accessed by the user through several touch 
screen displays which provide all primary control parameters. The process screen gives a flow chart 
view of the system with most major parameters displayed in real-time. The microwave energy is 
produced by a 5 kW generator and led through a metallic waveguide to the applicator block. The 
applicator block ("Cartridge") consists of a preheat sec-tion, a teflon coil and a cooling section. The 
teflon coil is positioned inside the microwave field to achieve maximum energy transfer to the fluid. 
Residence time can be varied at a constant flow by application of coils with different path lengths 
(27", 50", 75", 100” coil), hold time may be varied by flow rate. The final fluid temperature is 
monitored by an infrared temperature sensor and is controlled by adjusting the output power of the 
microwave generator. 
 
The UltraTherm was challenged under full scale continuous processing conditions for different peak 
temperatures (78°C and 90°C) over a period of 9-10 hours at a constant flow of 60 l h-1. 
The Siemens PLC provided full control and realized an extremely narrow range of the processing 
temperature: 78±0.3°C and 90±0.3°C. 
 

HTST Virus Inactivation 

A number of viruses differing in size, morphology and type of genome have been investigated 
regarding HTST inactivation. Complete inactivation of enveloped and non-enveloped viruses 
(>60nm) occurs at temperatures below 79°C. Resistant small non-enveloped viruses like SV40 and 
Parvovirus need to be heated higher, being fully inactivated at 87°C and 98°C respectively. 
 

HTST Treatment of Biopharmaceutical Proteins 

The fibrinolytic protease tPA could be processed at temperatures up to 120°C while maintaining its 
monomeric state and full biological activity, i.e. fibrin binding and plasminogen activation. Both 
buffer conditions and protein concentration are crucial parameters for HTST processing. The tPA 
variant molecule which was already shown to be more heat sensitive in the DSC also tends to 
aggregate at a lower temperature than the native tPA. 
At temperatures of >98°C even highly resistant viruses such as porcine Parvovirus PPV are entirely 
inactivated. 
 
Two different recombinant humanized antibodies (huMAb1 and huMAb2 ) were investigated 
regarding the influence of different buffer salts, salt molarities and pH-values on protein solubility. 
The buffer components were selected regarding large scale manufacturing. Citrate buffer was 
identified to be superior to phosphate buffered saline (PBS), and provides a simple, inexpensive 
buffer system which significantly pronounced the recovery of protein monomers; a slightly acidic 
pH was favorable. 
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At a recovery of > 95% monomers, the biological activity of both molecules was found to be 
indistinguishable from non-treated material in a cell-bound analytical assay. 
HTST microwave heating was applied to huMAb1 at a 400 l fermentation scale, huMAb2 was 
processed at a 13000 l fermentation scale under full GMP for the manufacturing of clinical grade 
material. 
 

Summary 

Due to radiation microwave heating allows for a rapid heat transfer in a continuous flow. Sensitive 
products such as pharmaceutical proteins are exposed for 100-1000 ms to high temperatures, hold 
times at peak temperatures are reduced to 1-3 ms. 
Heat denaturation of the protein molecules does not occur even at temperatures far beyond the 
melting temperature determined by differential scanning calorimetry. 
Protein precipitation is the first denaturing effect which can be observed: an appropriate selection of 
a respective carrier fluid (buffer) is demanding and might contribute significantly to expand the 
operational temperature range. 
Large protein molecules like immunoglobulins can be treated up to tempera-tures, which are 
destructive for small non-enveloped viruses, e.g. SV-40.  
Smaller protein molecules like tPA are feasible to temperatures which inactivate high resistant 
Parvovirus. 
However, the superiority of HTST microwave heating becomes mostly evident in comparison to 
conventional virus inactivation: even at "moderate" temperatures (<79°C) which are applicable to 
heat sensitive proteins, a broad range of viruses including large non-enveloped viruses eg. Reo3 is 
fully inactivated, i.e. a range of viruses which is not accessible by solvent/detergent-, acid/pH3.0-
3.9- or urea/3M- treatment. 
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Engineering Aspects for Production of Therapeutic Proteins by Animal 
Cell Culture 
 
J. Lehmann 
Faculty of Technology 
Institute of Cell Culture Technology, University of Bielefeld, P.O. Box 10 01 31, 
33501 Bielefeld, Germany (JL@zellkult.techfak.uni-bielefeld.de) 
 
Keywords: Process Reproducibility, Animal Cell Culture 
 
 
Introduction 
 
Proteins for therapeutic use have to be produced under high requirements for homogenousness and 
constant quality. Therefore, all steps of production require reproducability as an indispensable 
demand. Reproducability has to be proven in licensing processes before the approval for a process 
will be given. Besides biological conditions engineering aspects, which may influence the 
reproducability of a production process, have to be checked. 
 

Expression of Proteins in Genetically Engineered Animal Cells 
 
For twenty years now it has been proven that animal cells can express foreign genes constantly, but 
the quality of post-translational modifications can vary with production conditions. Medium 
conditions can have a large influence on this process. Therefore, to make a protein production 
process reproduceable, all parameters which can possibly influence the nutrient quality of the cell 
culture medium should be carefully tested. For defined pure chemicals an analysis is almost easy to 
perform but the influence of undefined medium constituents like serum or yeast extracts on the 
process are difficult to elucidate. Therefore, a new test for such substances was developed on the 
basis of nutrient pulse and its response to the oxygen uptake rate dynamic of the growing culture. 
This new technique described by Iding, [1] allows to judge about the effectiveness of different 
charges of complete medium components on the metabolic activity of a growing culture. 
 
Cell Density and Viability 
 
Cell density and viability are important measures for the status of the cell culture. Therefore there is 
a need for a rapid and reliable measuring system to substitute the manual trypan blue exclusion 
analysis. Recently a new automatic Cell Density Examination System (CeDEX) has been developed 
by F. Gudermann and P. Ziemeck [2], which is based on pattern recognition methods for the 
analysis of a microscopic picture for living and dead cells in a trypan blue stained sample of a cell 
culture broth. The CeDEX-system is robust and independent of variations caused by personal 
errors. 
 
Seed Culture preparation 
 
At the beginning of every production process Seed culture preparation should lead to a reproducible 
inoculum. Much care should be given to this step. The SuperSpinner technique described by 
Heidemann et. al. [3] offers an excellent way to produce seed culture in suspension in cell densities 
up to two times 106 cells per ml in SuperSpinner devices up to 1 L scale. The SuperSpinner 
bioreactor is equipped with a membrane stirrer for bubble-free aeration, which performs very gentle 
mixing and very low shear forces. This system allows the preparation of uniform inocculi even in 
the CO2 incubator. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Health Care Production Processes 
Oral Presentations 

 

31 

 
Nutrient Feed 
 
Nutrient feed control for fed batch processes which reflect the metabolic status of a culture are 
recently developed. As metabolic changes are related to nutrient depletion or accumulation of 
inhibitory substances, the oxygen uptake rate as measure for the metabolic activity of a culture can 
be used to activate the nutrient seed stream. For fed batch fermenters where the dissolved oxygen is 
controlled by the oxygen partial pressure in the inlet aeration gas a new control strategy has been 
developed by Gudermann et. al., which is based on the continuous analysis of the dynamic 
behaviour of the oxygen uptake rate to activate the nutrient feed pump [4]. This technique enables a 
balanced nutrient feed which leads to a reduced production of undesired by products like ammonia 
and lactate, therefore this technique is used for process optimisation. Nutrient feed in the sense of 
supply and dilution may influence the endogenous virus replication and has to be considered in the 
process optimisation, too [5]. 
 
Separation of Cells 
 
Separation of cells from cell culture broth is a unit operation which implies the risk of cell 
disruption followed by release of proteases and glycosidases which can subsequently minder the 
product quality. Therefore, there is a need for the development of gentle separation techniques. A 
disc stack continuous separator has been developed by Westfalia Separator GmbH, Oelde, 
Germany, using a low shear ball in which the hydrohermetic feed system is employed. Results by 
Hermann Tebbe et. al. [6] show, that a cell damage free continuous cell separation of hybridoma 
and CHO cells can be performed by using this new technique. 
 
Product Recovery 
 
For product recovery new ligands and matrices are developed which are highly specific and free of 
bleed. Results obtained for the use of rProtein A for antibody purification are presented in 
cooperation with Uptone Pharmacia by N. Ameskamp et. al. [7]. These new ligands can be used for 
conventional affinity chromatography or fluidized bed chromatography for direct capture as well. A 
direct capture of proteins decreases the risk of loss of products which normally occurs in multi step 
procedures. 
 
[1] Iding, Kai et. al. Proceedings of Engineering Foundation Cell Culture Technology VI, San 
Diego, Feb. 1998. 
[2] Gudermann, Frank et. al, CeDEX Automated Cell Density Determination, M.J.T. Carrondo 
(eds.), Animal Cell Technology, 301-305 
[3] Heidemann, Rüdiger et. al., The SuperSpinner: A low cost animal cell culture bioreactor for the 
CO2 incubator, Cytotechnology 14, 1-9,1994 
[4] Gudermann, Frank, Dissertation, University of Bielefeld 1998 
[5] Hawerkamp, Andrea, Proceedings of Engineering Foundation Cell Culture Technology VI, San 
Diego, Feb. 1998. 
[6] Hermann Tebbe et.al. Lysis-free separation of hybridoma cells by continuous disc stack 
centrifugation, Cytotechnology 22, 119-127, 1996 
[7] Ameskamp, Nicole et. al. Purification of murine IgGl from cell culture broth by expanded bed 
chromatography using STREAMLINE rProtein A, Pharmacia Biotech, Downstream 22, 24-26 
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Expression Strategies for Functional Genomics 
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Abstract 
Analysis of differential gene expression allows identification of target genes for drug discovery. 
cDNAs of potential candidates were “translated” into proteins by overexpression in a lower 
eukaryotic system. These proteins can be used for further studies, for example to screen for binding 
of chemical compounds. Interesting sequences were found, and, hence, a versatile and rapid protein 
expression system had to be developed, allowing purification of the proteins under physiological 
conditions once, and twice with high throughput. Therefore, these cDNAs were expressed in all 
three reading frames using a secreting and a non-secreting protein expression system in yeast. An 
appropriate purification strategy was developed for both systems. 

1. Introduction 

Analysis of cDNA libraries has become an established method for the discovery of expressed genes. 
To identify rare transcripts and to obtain information on abundance of transcripts, it is necessary to 
analyse an order of 100000 cDNAs from a selected library [1]. Automated oligonucleotide 
hybridisation to generate partial sequence (fingerprint) information for thousands of clones in 
parallel may be a powerful technique to address so many cDNAs. The reason is that the 
hybridisation approach allows a high degree of parallelism, since thousands of samples can be 
hybridised simultaneously on high density arrays. To allow the “translation” of interesting cDNAs 
into proteins, an expression system in S. cerevisiae was chosen. Considering that the cDNA 
sequence and the translated protein are still unknown, all three possible reading frames have been 
expressed. The expression product in frame will give the longest protein. All other frames will lead 
to small peptides or may be degraded. Frameshifts will be generated by amplifying the cDNAs 
using different PCR primers introducing none, one and two bases. Two expression systems, a 
secretory and a non secretory were designed to be able to express a variety of different proteins and 
to distinguish between post-translational modifications. Expressed proteins will in both systems be 
N-terminally tagged to allow an immunological detection and purification using antibodies against 
this tag. This purification method is a one step procedure which under mild and therefore non 
denaturing conditions yields 60-80% pure fusion-proteins. Subsequently, overexpressed and 
purified proteins will be used for binding-studies to identify ligands (figure 1). 
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figure 1: molecular-biological and bio-informatical flow-sheet 

2. Molecular Biology 

2.1. Amplification of the insert 

All genes of interest were cloned into the same shuttle vector to enable the handling of these 
unknown sequences. Using the PCR technology, the cDNAs can be amplified, and two recognition 
sites for restriction enzymes are introduced. The rare recognition sites for EcoR1 and Not1 have 
been chosen. When the cDNA contains one of these recognition sites, other sites can be introduced 
in order to circumvent the unwanted digestion of the insert. To generate all possible reading-frames, 
bases were inserted in the guanosine and cytosine-rich region of the downstream primer. The 
mismatches produced have created none, one and two frame-shifts in the amplified PCR product 
with respect to the chosen three-prime restriction-site of the vector. The purified inserts were 
introduced into the vector-systems described below. 

2.2. The secretory expression-vector (SEV) 

The secretory expression vector was the 7205 bp YEpFLAG-1 vector (figure 2), which was 
purchased from Eastman KODAK. The 3´-5´ alignement of the vector sequences responsible for 
protein expression comprises the alcohol-dehydrogenase promoter ADH2, the α-leader sequence, 
the FLAG sequence, the multiple cloning-site and the CYC1-rergion.  
The ADH2 promoter was repressed by glucose present in the growth medium from the beginning of 
the fermentation. During the growth of the yeast, and the biomass production, the concentration of 
glucose was gradually decreased. When finally all glucose was consumed, the ADH2 promoter was 
derepressed, and, hence, the expression of the fusion-protein was initiated.  
The secretion into the culture supernatant was enabled by the α-leader sequence of the yeast mating 
pheromone. During extracellular secretion, the α-factor-peptide is removed by proteolytic enzymes. 
The subsequent FLAG-sequence codes for the peptide-sequence N-Asp-Tyr-Lys-Asp-Asp-Asp-
Asp-Lys-C. The calcium salt of the aspartic acid residues represent the antigenic determinant for an 
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antibody which is used for immunological detection and purification of the fusion-protein [2]. The 
tag is a very hydrophilic peptide with a high surface probability. It is possible to remove the tag 
from the expressed protein by enterokinase [3]. The multiple cloning site is designed for a multitude 
of recognition sites of restriction enzymes. We have chosen EcoR1 and Not1 for the insertion of our 
cDNA of interest. The CYC region facilitates the translation termination. 
The YEpFLAG-1 expression vector was amplified in E.coli using the ampicillin resistance gene as 
selection marker. The tryptophane prototrophy allows screening for yeast transformants. 
 

YEpFLAG-1
7205 bp

α-leader 
FLAG

CYC1

2µ

ori

f1.ori

AMP
TRP1

 
figure 2: YEpFLAG-1 shuttle vector 

2.3. The non-secretory expression-vector (NEV) 

The NEV system is thought to provide the biosynthesis of fusion-proteins without their secretion 
into the medium. This non-secretory expression system is based on the pDP-34 Yeast expression 
vector (figure 3). A ubiquitin sequence (Ubi-4) adjacent to the N-terminally FLAG-tagged protein 
is designed to facilitate over expression [4]. Ubiquitin will be removed enzymatically after the 
expression by endogenous ubiquitin hydrolases [5]. A copper (Cu2+)-dependent metallothionin 
promoter (Cup1) will regulate the protein expression [6]. The uracil prototrophy will be used for 
selection of yeast transformants.  

pDP34-FLAG-1

URA 2

LEU

Cup1

Ubi-4
FLAG

Protein

15000 bps

 
figure 3: pDP34-FLAG-1 expression vector 
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2.4. Amplification of the cDNA construct and transformation 

All constructs were tranformed into E. coli strain HB101 for amplification. After purification and 
analysis, the vector containing the insert is transformed by electroporation into either S. cerevisiae 
BJ3505 for the protein secreting system or into H449 for the non-secreting system.  

3. Downstream processing 

3.1. Fermentation 

Using the respective selection markers of each vector, cultures were grown on deficient agar for two 
days. After selection, the transformants were transferred to complex yeast growth medium. The 
fermentation was carried out in agitated Erlenmeyer flasks. After consumption of the glucose in the 
medium during the second day, fusion-protein synthesis was induced via the ADH2 promoter, in the 
SEV system. The NEV system expresses proteins after the induction of the metallothionine 
promoter with Cu2+. The maximum concentration of fusion-proteins was reached two days after the 
inocculation for the SEV system and eight hours after the induction for the NEV system. The 
expression kinetics were measured by immunological methods. 

3.2. Detection and purification of expressed proteins 

The SEV system allows to detect overexpressed and secreted proteins directly in the supernatant of 
the culture. An α-FLAGmonoclonal antibody M1 was used in an dot-blot technique to detect the 
FLAG-tag N-terminally linked to the expressed proteins. The amount of expressed fusion-proteins 
and the clone correctly in frame can also be estimated. Using the immobilised antibody M1, which 
recognises the FLAG-tag in presence of Ca2+ [7], the expressed proteins can be bound to affinity 
resins for chromatography, glass beads or magnetic glass beads. The bound proteins can be 
selectively released under mild and non-denaturing conditions by chelating Ca2+ with EDTA.  
The NEV system expresses fusion-proteins into the cytoplasm, therefore cells have to be ruptured 
before recovering the overexpressed proteins. This can be performed in one step by grinding the 
yeast cells in presence of magnetic porous glass beads on which the α-FLAG antibody is 
immobilised. After a wash step, the proteins can be eluted similar to the SEV system, using a 
chelating agent (figure 4). 

++

+

magnetoseparation

 
figure 4: One step purification of not secreted proteins 
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3.3. Examples 

Using the secretory expression system, we could successfully overexpress the proteins γ-interferon, 
eukaryotic initiation Factor 5a, Grb-2, alkaline phosphatase, human serum albumin, interferon 
induced 17 kDa protein, and Homo sapiens differentiation-dependant protein A4, showing 
examples for the versatility of the expression system.. The concentration in the supernatant was 5-
200µg/ml for expressed fusion-proteins. After affinity chromatography of the supernatant of the 
fermentation culture over an anti-FLAG antibody resin, the purity of the obtained proteins was 
between 60-80%. These results were obtained by SDS-PAGE and HPLC. The obtained proteins 
were identified by detection by specific antibodies and N-terminal sequencing. 

4. Conclusions 

With the SEV expression system, we could demonstrate functionality of this system for seven 
different proteins. All these examples yielded high amount of proteins within a short period of time. 
Other proteins we have investigated were not successfully expressed. In order to learn more about 
the characteristic expression behaviour of this yeast expression system, we want to produce 
different classes of proteins, including for example membrane proteins.  
We have chosen yeast as a host in order to allow post-translational modification of the recombinant 
proteins. The expression products are glycosylated, but some other modifications like 
hypusinylation, phosphorylation, isoprenylation have not been analysed.  
Both expression systems, the SEV and the NEV will enable us to get access to proteins from 
different human protein coding DNA-regions. We expect high numbers of proteins in a short 
periode of time, and by this keep abreast with the output of the genomic research. 

5. References 

[1] J.D. Hoheisel; M.T. Ross; G. Zehetner; H. Lehrach; Relational genome analysis using reference 
libraries and hybridisation fingerprinting. J. Biotechnology 35: 121-134 (1994) 

[2] Hopp, T.P.; Prickett, K.S.; Price, V.; Libby, R.T.; March, C.J.; Cerretti, P.; Urdal, D.L. and 
Conlon, P.J.; A Short Polypeptide Marker Sequence Useful for Recombinant Protein 
Identification and Purification;Biotechnology 6: 1205-1210 (1988) 

[3] Liepnicks, J.J. and Light; The preparation and Properties of Enterokinase; Biol. Chem. 245: 
1677-1683 (1979) 

[4] T.R. Butt; J.M. Stadel; Increasing Expression of Genes in Heterologous System by Fusion with 
Ubiquitin; Biol. Chem. (Feb, 1994) 

[5] J.L.Wittliff; L.L. Wenz; J. Dong; Z. Nawaz and T.R. Butt; Expression and Characterization of 
an Active Human Estrogen Receptor as a Ubiquitin Fusion Protein from Escherichia coli; J. 
Biol. Chem. (Dec. 1990) 

[6]T. Hottinger; J. Kuhla; G. Pohlig; P. Fürst; A. Spielmann; M. Garn; S. Haemmerli and J. Heim; 
2-µm Vectors Containing the Saccharomyces cerevisiae Metallothionein Gene as a Selectable 
Marker: Excellent Stability in Complex Media, and High-Level Expression of a Recombinant 
Protein from a CUP1-Promoter-Controlled Expression Cassette in cis; Yeast Vol. 11: 1-14 
(1995) 

[7] Prickett, K.S..; Amberg, D.C. and Hopp; T.P.; A Calcium Dependent Antibody for Identification 
and Purification of Recombinant Proteins; BioTechniques 7: 580-589 (1989) 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Health Care Production Processes 
Oral Presentations 

 

37 

Prediction of Performance and Optimisation of Membrane 
Bioseparations - Ab Initio Approaches 
 
W. Richard Bowen*, Nidal Hilal, Mohit Jain, Robert W. Lovitt, A. Wahab Mohammad, 
Adel O. Sharif, Paul M. Williams and Chris J. Wright 
Centre for Complex Fluids Processing, Department of Chemical and Biological Process 
Engineering, University of Wales Swansea, Swansea, SA2 8PP, UK. 
(Tel/fax: 44-1792-295862; email: r.bowen@swansea.ac.uk)   *corresponding author 
 
Keywords: Bioseparations, membranes, predictive models, AFM. 
 
 
Abstract Pressure driven membrane separation processes are widely used in the biotechnological 
industries, carrying out a range of key separations, such as primary cell recovery, concentration of 
proteins and desalting of pharmaceuticals. The design and operation of membrane separations 
requires quantitative methods for predicting performance, especially filtration rate and rejection. 
Such methods must be based on the microhydrodynamics and interfacial events occurring at the 
membrane surface and inside the membrane. The presentation will describe a range of predictive 
methods that require no adjustable parameters - that is methods that are truely ab initio. Three 
theoretical aspects will be illustrated, as well as the use of atomic force microscopy for the 
characterisation of membrane properties. 

1. Introduction 

The development and application of membrane separation processes is one of the most significant 
recent advances in chemical and biological process engineering. Membrane processes are advanced 
filtration processes which utilise the separation properties of finely porous polymeric or inorganic 
films [1,2]. Membrane separations are used in a wide range of industrial processes to separate 
biological macromolecules, colloids, ions, solvents and gases. They also have important medical 
uses, especially in renal dialysis. The world-wide annual sales of membranes and membrane 
equipment are worth in excess of $1 billion. 
 
The work described in this paper is especially concerned with three of the most widely used 
pressure driven membrane processes: microfiltration, ultrafiltration and nanofiltration. These are 
usually classified in terms of the size of materials which they separate, with ranges typically given 
as 10.0 - 0.1 µm for microfiltration, 0.1 µm - 5 nm for ultrafiltration, and ~1 nm for nanofiltration. 
The membranes used have pore sizes in these ranges. Such pores are best visualised by means of 
atomic force microscopy (AFM) [3]. An industrial membrane process may use up to several 
hundred square meters of membrane area containing billions of such pores. 
 
For more traditional separation processes, such as distillation, there are available reliable and 
general design methods. These methods allow, for example, a prediction of the design and operation 
of a distillation column from a knowledge of the physicochemical properties of the substances to be 
separated. The design and operation of membrane separations in the process industries also requires 
quantitative methods for predicting separation performance, especially filtration rate and rejection. 
Although there are a number of such methods available, they have until recently had a relatively 
high empirical content. As a result, the commonly used methods can be limited in scope in the sense 
that they cannot be applied to the separation of a new process stream with a high degree of 
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confidence. Hence, in assessing a new application for membrane processes it is often necessary to 
carry out extensive testing, which can be both expensive and time-consuming. There is, therefore, a 
need for the development of more general predictive methods. By analogy with distillation, the 
starting point for such calculations should be the physicochemical properties of the materials to be 
separated.  
 
A practically useful predictive method must provide quantitative process prediction from accessible 
physical property data. Such a method should be physically realistic and require a minimum number 
of assumptions. A method which is firmly based on the physics of the separation is likely to have 
the widest applicability. It is also an advantage if such a method does not involve mathematics 
which is tedious, complicated or difficult to follow. For the pressure driven processes of 
microfiltration, ultrafiltration and nanofiltration, such methods must be based on the 
microhydrodynamics and interfacial events occurring at the membrane surface and inside the 
membrane. This immediately points to the requirement for understanding the colloid science of 
such processes. Any such method must account properly for the electrostatic, dispersion, hydration 
and entropic interactions occurring between the solutes being separated and between such solutes 
and the membrane. 
 
The aim of the present paper is to provide an overview of recent work on the development of 
quantitative predictive methods for membrane processes at the Centre for Complex Fluids 
Processing, University of Wales Swansea. The main aim of such work is the development of 
predictive methods that require no adjustable parameters - that is methods that are truely ab initio. 
Three theoretical aspects will be illustrated: the prediction of rates of ultrafiltration, the prediction 
of rejection in microfiltration and ultrafiltration, and the prediction of the rejection in nanofiltration. 
These examples show the importance of bridging the gap between biological sciences, physical 
chemistry and process engineering in the development of new process technologies. Finally, the use 
of AFM in the quantification of key membrane properties will be described.  

2. Prediction of ultrafiltration rates 

There have been many models, both simple and sophisticated, that describe the operating patterns of 
ultrafiltration processes [4]. Most of these models describe how the rate of ultrafiltration is 
controlled by the properties of a region of very high solute concentration, a filter cake or 
concentration polarised layer, close to the membrane surface. Relatively few of these models have a 
genuinely predictive capability. Remarkably, only a very few [5-7] of these models consider the 
most important feature of the solutes being separated by ultrafiltration - that they fall in the colloidal 
size range. For colloidal materials, the properties of the filter cake or concentration polarised layer 
will be controlled by the interparticle interactions in such a region. Dispersed biological materials, 
such as proteins, may be considered as biocolloids. The important interactions which need to be 
taken into account are [8]: 
Electrostatic - Virtually all colloids in solution acquire a surface charge and hence an electrical 
double layer. When particles interact in a concentrated region their double layers overlap resulting 
in a repulsive force which opposes further approach. Any theory of filtration of colloids needs to 
take into account the multi-particle nature of such interactions. This is best achieved by using a 
Wigner-Seitz cell approach combined with a numerical solution of the non-linear Poisson-
Boltzmann equation, which allows calculation of a configurational force that implicitly includes the 
multi-body effects of a concentrated dispersion or filter cake. 
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Dispersion - Dispersion or London-van der Waals forces are ubiquitous. The most rigorous 
calculations of such forces are based on an analysis of the macroscopic electrodynamic properties of 
the interacting media. However, such a full description is exceptionally demanding both 
computationally and in terms of the physical property data required. For engineering applications 
there is a need to adopt a procedure for calculation which accurately represents the results of 
modern theory yet has more modest computational and data needs. An efficient approach is to use 
an effective Lifshitz-Hamaker constant for flat plates with a Hamaker geometric factor [9]. 
Effective Lifshitz-Hamaker constants may be calculated from readily available optical and 
dielectric data [10]. 
Entropic - The packing of particles at a high concentration leads to an entropic pressure tending to 
disperse them. Such entropic pressures may be precisely calculated using molecular dynamic 
approaches, and such calculations may be well-represented for both low and high volume fractions 
by analytical expressions of which the most accurate is a Padé approximation [11]. 
In some cases, it may be necessary to take into account more specific interactions, such as hydration 
forces. Having provided accurate descriptions of solute-solute interactions, there are two 
approaches to the formulation of a predictive method for ultrafiltration: 
Cake filtration approach - Descriptions of interparticle interactions are used to calculate the 
hydraulic resistance of filter cakes through a recognition that the local compressive drag pressure at 
any position in such a cake is equal to the net local repulsive pressure (osmotic pressure) arising 
from interparticle interactions [4,12]. Such cakes have specific resistances which vary with the 
depth of the cake and with time. They are compressible due to the "softness" of the interactions. 
Good examples occur in the dead-end filtration of proteins, such as bovine serum albumin (BSA) 
and lactoferrin. (In dead-end filtration the entire fluid flow is normal to the membrane surface.) 
Such a process shows a wide variation in rate of filtration with variation of pH and ionic strength, 
these being the two major factors leading to the variation of the magnitude of protein-protein 
interactions. There is excellent agreement between prediction and experiment whereas the classical 
theory assuming a hard sphere interaction between particles is seriously in error.  
Boundary layer formulation - Many membrane processes are operated in cross-flow mode, in 
which the pressurised process feed is circulated at high velocity parallel to the surface of the 
membrane, thus limiting the accumulation of solutes (or particles) on the membrane surface to a 
layer which is thin compared to the height of the filtration module [2]. The decline in permeate flux 
due to the hydraulic resistance of this concentrated layer can thus be limited. A boundary layer 
formulation of the convective diffusion equation can give predictions for concentration polarisation 
in cross-flow filtration and, therefore, predict the flux for different operating conditions. 
Interparticle force calculations are used in two ways in this approach. Firstly, they allow the direct 
calculation of the osmotic pressure at the membrane. This removes the need for difficult and 
extensive experimental determination of osmotic pressure. Secondly, the concentration dependent 
diffusion coefficient can be calculated by means of a generalised form of the Stokes-Einstein 
equation that modifies the Brownian value of the dilute limit by accounting for the presence of 
neighbouring particles. There are two contributions to such a modification: a thermodynamic 
contribution involving the first derivative of the osmotic pressure with respect to concentration and 
a hydrodynamic contribution dependent on the sedimentation coefficient [13]. Comparison of such 
calculations with experimental steady-state flux data for the cross-flow filtration of BSA [14] shows 
good agreement between theory and experiment as the pH and ionic strength are varied. Work in 
progress to account for the concentration dependence of the rheological properties of the protein 
solutions is expected to improve the agreement between theory and experiment even further. 
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3. Prediction of rejection in microfiltration and ultrafiltration  

The ability to quantitatively predict rejection during membrane processing is an important 
requirement. Such an ability allows the selection of membrane properties and operating conditions 
for the recovery of any solute. It also allows selection of the best membranes and operating 
conditions for the tantalising goal of large scale membrane fractionation of products such a proteins. 
Progress toward this latter goal has been hindered by the widespread assumption that membranes 
separate solutes in terms of their size (as shown by the usual classifications of the various 
membrane processes). On the contrary, the charge of solutes is equally, and sometimes of greater, 
importance, as has been elegantly shown experimentally [15]. In most cases the approach and entry 
of a solute at a pore in an ultrafiltration membrane is controlled by the balance of three forces: 
Electrostatic - In many practical situations, both membrane and solute have net negative charges. 
Hence, as the solute approaches a pore in the membrane it experiences an electrostatic repulsion. A 
quantitative theoretical description of this interaction requires solution of the non-linear Poisson-
Boltzmann equation for the interacting solute and membrane followed by calculation of the 
resulting force by integrating the electric stress tensor on the solute surface. Due to the complexity 
of the geometry for such calculations they can generally only be carried out numerically by using, 
for example, a finite element approach. 
Dispersion - This will usually result in an attraction between the solute and the membrane. 
Hydrodynamic - For a pressure driven process such as ultrafiltration the flow of solvent towards 
the membrane results in a drag which carries the solute in the same direction. This drag is a function 
of the distance of the solute from the pore entrance. At large distances it is equal to the isolated 
solute value (Stokes limit), but as the solute approaches and begins to enter the pore, the drag, for a 
constant filtration velocity, increases due to the restriction of solvent flow. This increase depends on 
the ratio of solute diameter to pore diameter.  
 
The result of the existence of these opposing forces is that there exists a "critical velocity" , defined 
as the in-pore velocity at which the electrostatic, dispersion and hydrodynamic forces acting on the 
solute are balanced [16-18]. The critical velocity defines a velocity limit below which the 
electrostatic force is greater than the sum of the hydrodynamic and dispersion forces and the 
particle will not be transported through the pore. In a practical sense for a membrane process this 
velocity is related to the filtration flux which may be controlled by the applied pressure (giving rise 
to an analogous "critical pressure"). Calculation of critical velocity curves for solutes approaching 
membranes shows two features of especial practical importance: 
a. There is a maximum in the curves such that a solute will not be able to come into intimate contact 
with, and be transported across, the membrane if the operating velocity is less than this maximum 
velocity. Hence, the curves define potential (charge) controlled rejection. 
b. The curves also define non-fouling operating behaviour as they show that solutes may be rejected 
due to repulsive interactions experienced at some distance from the membrane surface.  
 
It is found that many current commercial membranes have potentials toward the lower end of the 
available range. Ultrafiltration processes could be operated with higher flux, lower fouling and 
greater selectivity if more highly charged membranes were developed. This poses a challenge for 
membrane manufacturers. Nevertheless, existing membranes allow good use to be made of these 
effects. For example, the rejection of the protein BSA may be varied by control of the applied 
transmembrane pressure difference. Operation of the process below the theoretically predicted 
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critical pressure gives high rejection of the protein. However, operation at pressures in excess of the 
critical pressure gives low rejection as the hydrodynamic force drives the protein molecules through 
the membrane.  
 
This balance of forces on the approach of particles to membrane pores also has substantial 
consequences for rates of filtration. Of special interest is the case where the particle to be removed 
is comparable to or only slightly greater in dimensions than the pore diameter. In the absence of 
colloidal interactions, this can lead to a catastrophic loss in filtration flux as such particles can plug 
pores highly effectively. Such a fouling mechanism has been termed "complete" pore blocking. 
However, the presence of long-range electrostatic interactions can, when coupled with appropriate 
operating conditions, lead to maintenance of a high rate of filtration even in this very challenging 
case [18].  

4. Prediction of rejection at nanofiltration membranes 

It would not be untrue to suggest that attempting the prediction of the rejection properties of 
nanofiltration membranes is a suitable undertaking only for the brave or foolhardy. This is largely 
because the events leading to rejection at such membranes are taking place on a length scale of the 
order of a nanometre. This is a scale at which macroscopic descriptions of hydrodynamics and 
interactions are begining to break down - it is a scale not much greater than atomic dimensions. It 
may be asked, for example, as to whether it is sensible to describe the transport channels in such 
membranes as being pores - though recent atomic force microscope studies indicate that, at least for 
some such membranes, pores do exist with diameters slightly less than a nanometre. 
 
Despite these difficulties, good progress has been made in modelling nanofiltration. Some of the 
most notable work [19] has made use of the extended Nernst-Planck equation. This equation 
decribes the transport of ions as a result of diffusion, electric field gradient and convective terms. 
When coupled with a suitable description of the partitioning of ions between solution and 
membrane, for example a Donnan expression, the Nernst-Planck equation provides a complete 
description of the process requiring a knowledge of two parameters, the effective membrane charge 
and effective membrane thickness. We have developed this approach in four ways [20-22] to 
formulate a method with better predictive power: 
a. A porous flow model has been formulated in which the extended Nernst-Planck equation is 
solved for a porous network with hindrance factors for diffusion and convection being included to 
allow for the transport of ions in the membrane taking place within a confined space. The values of 
the hindrance factors, which depend on the ionic radius/pore radius ratio, were calculated using a 
finite element technique [23]. The inclusion of hindrance factors not only improves the accuracy of 
predictions but also allows a calculation of the effective pore diameter of the membrane. 
b. The entry and exit of solutes at the membrane is decribed in terms of a partitioning depending on 
the membrane charge, pore size, solute charge and solute size. 
c. One of the most remarkable features of nanofiltration membranes is the way in which their 
charge depends on the solution with which they are in contact. The effective membrane charge 
density may be described in terms of a suitable isotherm. Expressing the solution properties in terms 
of charge (equivalents/m3) can result in a single isotherm for multivalent electrolytes. 
d. The membrane flux is also predicted through as osmotic pressure model. 
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A good example of prediction is for the diafiltration of a charged red dye [22]. Such dyes are 
manufactured in solutions of high salt content but sold as products of low salt content. Removal of 
the salt (NaCl) can be achieved by extensive washing through a nanofiltration membrane - the dye 
is retained by the membrane but the salt can pass through. However, as the salt concentration 
decreases, so the membrane charge decreases and the membrane rejection properties change (see 
points b. and c. above). Hence, predicting the performance of the industrial process must take into 
account the changing properties of the membrane. Excellent prediction is obtained when these 
properties are properly accounted for. Such diafiltration processes are important for many 
biotechnological products. 

5. Atomic force microscopy 

Atomic force microscopy (AFM) [24] is rapidly developing as the analytical tool for the 
characterisation of membrane properties. It is becoming invaluable as a powerful asset in the 
development of new membranes and in the identification of the best existing membrane for a 
specific application. AFM can determine the following key properties of membranes [3]: 
Pore size distribution - covering the full range from microfiltration to nanofiltration in air and 
liquid with minimal sample preparation [21,25,26]. 
Surface morphology - line profiles and area averages [3]. 
Surface electrical properties - charge and potential including variations over the surface of a 
membrane [27]. The latter gives the technique considerable advantages over electrokinetic methods. 
Surface adhesion - using coated colloid probe and cell probe techniques it is possible to directly 
measure the adhesive force between a membrane and proteins or biological cells. Thus, the 
membrane with minimum fouling properties may be selected [28-30]. 

6. Conclusions 

The development of ab initio methods for the prediction of the performance of membrane 
separation processes has made substantial advances. Sophisticated methods now exist for such 
prediction, and these have been experimentally verified in the laboratory. The present challenges 
are two-fold. Firstly, to continue the fundamental development to more complex separations. 
Secondly, to apply the verified methods in the design of full-scale industrial processes. The 
existence of good predictive methods is expected to further expand the application of membrane 
processes. 
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Abstract 

Affinity partition studies were performed with penicillin acylase from Escherichia coli. 
Phenylacetic acid (PAC) an inhibitor and 6-nitro-3-(phenyl-acetamido)benzoic acid (NIPAB), an 
artificial substrate, were bounded to polyethylene glycol 3000 (PEG 3000) and tested as ligands. 
Addition of PAC bounded PEG to PEG 3000-Dextran T500 systems containing NaCl leads to a 
small increase of the partition coefficient (∆log K=0.13). Polymer derivatized with NIPAB induces 
an increase of almost two fold of the partition coefficient (∆log K=0.24) in PEG 3000-sodium 
citrate systems containing NaCl. These small increases on partition coefficient observed seem to be 
due to affinity decrease of the ligands to the enzyme after bounding to the polymer. 

1. Introduction 

Aqueous two-phase systems had been widely employed in the extraction and first step purification 
of proteins. Their low cost, technical simplicity, and easy scale-up make them attractive for large-
scale industrial applications [1]. However to make these procedures competitive with other 
methods, an increase of selectivity is needed. One way of achieving this is by adding a ligand with 
high affinity for the target protein and high partition for one of the phases. The last condition can be 
attained by selecting suitable conditions or by bounding the ligand to a polymer. 

In previous works, we have studied the partition and purification of penicillin acylase from 
Escherichia coli in polyethyleneglycol (PEG)-sodium citrate aqueous two-phase systems [2,3]. 
Purification of six fold with 85% yield was achieved. In order to improve this result, affinity 
partition studies were undertaken. Phenylacetic acid, an inhibitor (Ki=5mM) of the enzyme, and 6-
nitro-3-(phenyl-acetamido)benzoic acid (NIPAB) an artificial substrate (Km=20 µM) of the 
enzyme, were tested as ligands.  

2. Experimental 

Production of penicillin acylase 

A mutant strain of Escherichia coli ATCC 9637 was grown in a 5 liter Biostat MD B.Braun 
fermentor with 4 L of medium containing 1% (w/v) yeast extract and 0.3% (w/v) phenylacetic acid 
at pH 7.0 and 25ºC. Cells were harvested by centrifugation at 12000g for 10 min. at the end of the 
exponential growth phase (24h), washed with 200mM phosphate buffer pH 7.5, concentrated and 
stored at 4ºC until used. 
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Preparation of cell homogenate 

Concentrated cells (35g/l) were homogenized at high pressure (500atm) in a Rannie Laboratory 
Homogeneiser model Mini-Lab, type 8.30H. After cooling to 15ºC the operation was repeated 6 to 
7 times until complete rupture of the cells was achieved. Cells debris were removed by 
centrifugation at 15000g for 15min and the cleared homogenate stored at 4ºC until used. 

Synthesis of polymer-ligand derivatives 

Phenylacetic acid bounded polymers were prepared by reacting the phenylacetyl chloride with the 
polymer. Phenylacetyl chloride was prepared from phenylacetic acid by standard methods.  

PEG 3000 (20g) was suspended in 150ml of toluene and traces of water removed by azeotropic 
distillation. After cooling, 1.3g of triethylamine and 2g of phenylacetyl chloride were added. The 
mixture was refluxed for 1 hour and after cooling it was stored overnight at 4ºC for polymer 
precipitation. Polymer derivative was recovered by vacuum filtration and recrystalised twice from 
ethanol. Purity was confirmed by gel permeation chromatography in Sephadex G25 with 10mM 
sodium phosphate buffer pH 7.5, as buffer. The degree of substitution was determined by the 
absorbance at 258nm and calculated from a calibration curve of phenylacetic acid. 

Dextran T500 (0.5g) was mixed with 2g of water, 0.3g of triethylamine and 0.1g of phenylacetyl 
chloride. The mixture was incubated for 1 hour on ice and 1 hour at room temperature. Removal of 
the low molecular weight compounds was achieved through dialysis in a MWCO 12000-14000 
membrane against 200mM sodium phosphate buffer pH 7.5, overnight. Precipitated material was 
removed by centrifugation. The derivatized polymer was tested as a solution in the partition studies. 

NIPAB was bound to the activated PEG-Br prepared as described elsewhere [4]. NIPAB (0.05g) 
was mixed with PEG-Br (0.5g) and 1,8 diazobicyclo [5,4,0] undec-7-en (DBU) (0.05g) in toluene 
(2.5ml). The mixture was refluxed for 12 hours and after cooling, it was stored at 4ºC overnight for 
polymer precipitation. The polymer derivative was recovered by vacuum filtration and recrystalised 
twice from ethanol. Purity was confirmed by gel permeation chromatography as before. 

Partition studies 

Stock solutions of 50% (w/w) PEG 3000 and 25% Dextran T500 were prepared and stored at 4ºC. 
Concentrated sodium citrate solutions (35.3%(w/w)) at pH 6.9 were prepared by mixing appropriate 
amounts of equimolar solutions of tri-sodium citrate dihydrate and citric acid monohydrate. 
Systems were prepared at 20±1ºC by mixing 0.5 ml of cell homogenate with suitable amounts of 
PEG and citrate or dextran solution in 15ml graduated tubes with conical tips. Polymer-ligand 
derivatives were added in the required amount. Sodium phosphate buffer pH 7.5 solution to a final 
concentration of 50mM and solid NaCl were added when needed. Water was added to a final 
weight of 8g. After vortex shaking for 1min the two phases were separated by centrifugation and 
assayed for protein concentration and penicillin acylase activity. 

Protein concentration was determined by the method of Bradford [5]. To correct for interference of 
PEG and citrate, samples were diluted and read against blanks with the same composition but 
without cell homogenate 

Penicillin acylase activity was assayed by the method of Kutzbach and Rauenbusch [6]. The 
hydrolysis of 6-nitro-3-(phenylacetamido)benzoic acid (NIPAB) was followed spectro-
photometrically by the increase in absorbance at 410nm. The reaction was performed at 37ºC in 
100mM phosphate buffer pH 7.5 in stirred cells. Under these conditions neither polymers, nor 
citrate interfere with the enzymatic activity. 
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3. Results and Discussion 

Polymer derivatization with phenylacetic acid 

Phenylacetic acid was successfully bound to PEG 3000 as described in the experimental section. 
Effect on partition of penicillin acylase was studied in PEG 3000-Dextran T500 systems containing 
50mM sodium phosphate buffer pH 7.5, 50mM (Fig. 1). On the addition of the derivatized polymer 
(PEG-PAE) a small increase on the partition coefficient was observed. However significant effect 
was only found for [PEG-PAE]>30%. A decrease on the recovery is also found so this apparent 
increase on the partition could be due to inhibition of the enzyme on the bottom phase. In fact 
activity of penicillin acylase in the bottom phase of 100% substituted systems increases 20% after a 
20 fold dilution. No change was observed after diluting the top phase with the same procedure. 
With these corrected activities the value of ∆logK is only 0.02. Upon addition of NaCl to the 100% 
substituted systems, enzyme affinity for the top phase increased. However this seems to be 
independent of the concentration as a value of ∆logK=0.13 was found for both 0.5 and 1.0 mol/Kg 
addition of NaCl. 

 
 

Fig 1 – Effect of the concentration of phenylacetyl ester of polyethyleneglycol 3000 (PEG-PAE) on the 
partition of penicillin acylase in PEG 3000 (7%)-Dextran T500 (10%) with sodium phosphate buffer pH 7,5 

50mM. Concentratiom of PEG-PAE expressed as percentage of total PEG. Logarithm of partition coefficient 
(B) and recovery (J) of penicillin acylase.  

 
Effect of the addition of derivatized polymer was also studied in PEG 3000-sodium citrate systems 
(Fig 2). Unexpectedly the increase in the percentage of derivatized polymer decreased the partition 
coefficient of penicillin acylase. The magnitude of this decrease is more or less independent of salt 
concentration. In contrast, total protein partition coefficient remains almost constant. So the results 
observed seem to be specific for this enzyme. A possible explanation for this behavior is that the 
derivatized polymer increased the hidrophobicity of the top phase due to the substitution of the 
terminal PEG hydroxyl group by the much more hydrophobic phenylacetyl group. Apparently this 
causes the affinity of the enzyme for the top phase to decrease and therefore a decrease in the 
partition coefficient is observed. The total protein partition coefficient remained almost constant 
since as it represents the sum of the contributions of several proteins, some will have their affinity 
for the top phase increased and others decreased. On the average, the partition coefficient will so 
remain almost constant. This hypothesis is further confirmed by the behavior of the enzyme in PEG 
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3000-DextranT500 systems, containing phenylacetyl derivatized dextran. In this case no effect on 
partition is observed with 10% of the derivatized polymer. However with 100% derivatized polymer 
an increase in partition was observed (∆log K=0.22), which means that it decreases the affinity for 
the bottom phase, the dextran rich one. 
 
 
 

 
 

Fig. 2 – Effect of the concentration of phenylacetyl ester of Polyethyleneglycol 3000 on the partition of 
penicillin acylase (closed symbols) and total protein (open symbols) in PEG 3000 (14%)-sodium citrate 0.42 

mol/Kg, pH6.9, at different concentrations of NaCl:BG - 1.0 mol/kg.HÇ - 1.5 mol/kg. JE - 2.0 mol/Kg 
 
 
The results reported show that phenylacetic acid could not be used as an affinity ligand for 
penicillin acylase purification. The reason seems to be that the affinity of the enzyme for the bound 
ligand is very low therefore requiring a very large concentration for significant change effect. 
However in this case, the altered phase structure would probably exclude the enzyme. A successful 
ligand should then have a high affinity for the enzyme in order to still exhibit favorable interaction 
after bounding to the polymer.  

Polymer derivatization with NIPAB 

NIPAB an artificial substrate of the enzyme with high affinity (Km=20 µm), was also tested as an 
affinity ligand. Derivatization of PEG 3000 was successfully accomplished as described on the 
experimental section. As before the effect was studied in PEG 3000–Dextran T500 system but no 
increase on partition was observed (∆log K=-0.003) with 2.5% of derivatized polymer. However in 
PEG 3000-sodium citrate pH 6.9 containing 1.0 mol/Kg NaCl, with the same amount of derivatized 
polymer as before, an almost two fold increase in partition coefficient was observed (∆logK=0.24). 
This is a promising result suggesting that the concept of affinity partition could be applied to this 
system. However as before it seems that the binding to the polymer decreases the enzyme affinity 
for this ligand. 
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4. Conclusions 

The ligands selected were sucessfully bounded to PEG. Although some effect was observed after 
addition of the derivatized polymers to PEG-dextran and PEG–sodium citrate systems, it was not 
very significant in any of the several conditions tested. This seems to be due to decrease of enzyme 
affinity for the ligands upon binding to the polymer. However the small increase of the partition 
coefficient observed indicate that the concept could be applied to this system if a suitable ligand 
was found. The choice of this ligand has to account for the weakening of the interaction between the 
enzyme and the ligand after binding to the polymer. A possible approach is to study this interaction 
by molecular modeling and try to understand how the bounding of the ligand to the polymer alters 
its orientation and/or conformation on the active site of the enzyme. This information should help in 
the choice or design of more effective affinity ligands. Currently this approach is being explored. 
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Abstract 

Polyhydroxyalkanoates (PHA) are polymers synthesized by bacteria as intracellular carbon and 
energy compounds. Many bacteria are able to produce internal polymers. PHA are industrially 
produced by a pure culture of Alcaligenes eutrophus which is able to accumulate PHA up to 80% 
(w/w) of the dry weight. In biological wastewater treatment process microorganisms are also able to 
store large amounts of polymers, which occurs as a response to a transient condition. The amount of 
polymer accumulated by sludge is relatively lower than the produced by pure cultures. However 
while pure culture use expensive substrates, sludge is able to accumulate polymers from compounds 
available in the influent of a wastewater treatment plant. Polymers produced by sludge have similar 
characteristics (average molecular weight) to those produced by pure cultures. 

1. Introduction 

Polyhydroxyalkanoates (PHA) are polymers synthesized by bacteria as intracellular carbon and 
energy compounds. In many bacteria storage of PHA as internal reserves takes place when growth 
is restricted by limitation of nutrients other than carbon (e.g. oxygen, nitrogen, phosphorus, 
magnesium). Some microorganisms are also known to accumulate PHA under balanced growth 
conditions.  
PHA are thermoplastics, being the only biodegradable and biocompatible linear polyesters, 
possessing physical properties similar to polypropylene. They can be found in numerous 
applications in medicine, packaging, and especially in pharmaceutical industry present a very 
advanced development [1,2].  
PHA are degradable polymers that can substitute the conventional synthetic plastics. The worldwide 
demand for biodegradable polymers is estimated to be 1.4 million metric tons per year by the year 
2000 [3]. Most of the known PHA are polymers of 3-hydroxyacids possessing the general formula:  

O CH CH 2 C

R O

n
 

According to the number of carbon atoms of the monomers, PHA are classified as short-chain 
length PHA (3-5 carbon atoms, PHAscl), medium chain length (6-15 carbon atoms, PHAmcl), and 
long chain length (> 15 atoms, PHAlcl) [4]. 

More than 80 different hydroxyalkanoic acids (HA) have been detected as constituents of PHA, 
although only few homopolyesters besides poly (3-hydroxybutyrate) (PHB) are available from 
bacteria [5].  

PHB was discovered as a storage compound in Bacillus megaterium in 1926 [6]. The first patent on 
PHB dated from 1962 and the first industrial production of PHA occur in 1982, when Imperial 
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Chemical Industries (ICI) (now named Zeneca Bio Products) marketed them under the trade name, 
Biopol [7]. Biopol produced by Zeneca contains both 3-hydroxybutyrate (3HB) and 3-
hydroxyvalerate (3HV) monomer unit.  
PHA composition depends on the microorganism and the substrate used. The Alcaligenes eutrophus 
has been the most widely used microorganism for the production of PHA, because it is easy to grow 
and it accumulates large amount of polymer. A glucose-utilizing mutant of Alcaligenes eutrophus 
accumulates PHB up to 80% (w/w) of dry cell mass with glucose as the carbon source [8], while 
when using propionic acid a copolymer of 3-HB and 3-HV is produced. The ratio of propionic acid 
to glucose determines the HV/HB composition of the copolymer [9]. 
Mechanical properties of copolymer are influenced by the proportion of these monomers. The 
presence of HV repeating units in the chain decreases the hardness, crystallinity and melting point 
of the polymer, thereby increasing its impact strength and processability.[1].  
Until now the main obstacle to the replacement of synthetic plastics by biopolymers is the great 
difference in cost. In fact while Biolpol is sold at US$ 16 Kg-1 the price of polypropylene is less 
than US$ 1 Kg-1 [10]. 
The major expenses in the production of PHA is determined by the cost of substrate and the 
extraction of polymer from inside the cell [7]. Consequently, selection of the organism and substrate 
can critically influence prices. In the last years a great effort has been devoted to the screening of 
new PHA producing organisms that can use less expensive substrates (hydrocarbons, oils alcohols, 
organic acids and several molasses) and transgenic plants.  
Other possible alternative to the use of pure cultures for PHA production is the use of mixed 
cultures from wastewater treatment plants. Depending on the operational conditions and process 
these cultures are able to produce large amounts of PHA.  
In this paper it is discussed the possibility of PHA production by biomass from wastewater 
treatment systems as alternative to the process that use pure cultures.  

2- Production of PHA 

2.1. By Pure Cultures 

With most bacteria that can synthesize PHB, accumulation of the polymer occurs during the 
stationary phase of growth, when cells become limited for an essential nutrient but have an excess 
of carbon source.  
For instance production of PHA by Alcaligenes eutrophus is performed in two-stages. During the 
initial balanced growth phase, cell mass is produced and no PHB is synthesized. In the subsequent 
phase, limitation of growth is imposed by limiting the phosphate concentration in the medium and 
PHB accumulates [11]. PHB production by Alcaligenes eutrophus could reach 80% (w/w) of dry 
cell mass.  

2.2. In wastewater Treatment Processes 

While storage of polymers in pure cultures is usually done under growth limitation, in activated 
sludge PHA accumulation occurs under conditions without growth limitation [12]. Usually in 
biological wastewater treatment processes microorganisms grow under transient conditions due to 
the variation of the influent flow rate or to the process configuration (e.g. sequence batch reactor) 
and storage of internal polymers occurs as a response to the transient condition. Examples are 
biological phosphate removal process, treatment plant with selectors for control of bulking sludge 
and nitrogen removal [13]. Examples of polymer accumulation by sludge under dynamic substrate 
supply (feast/famine aerobic process) and in biological phosphate removal will be given. 
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Response to Feast/Famine Conditions. In biological wastewater treatment process 
microorganisms are usually subjected to a feast and famine regime with respect to the carbon 
substrate. Under this transient responses microorganisms are able to store large amount of reserves. 
Storage by biomass occurs when an excess of available carbon source is supplied after a previous 
period of growth limitation.  
Bacteria use storage capacity to provide substrate for growth when the substrate is depleted, having 
a strong competition advantage over microorganisms without capacity of substrate storage. PHA 
seems to be the more common storage polymer under conditions of carbon source excess [12]. 
Recently Baccari [14] have shown that activated sludge is able to accumulate large amount of PHB 
when cultivated under alternation of feast and famine of external substrate (acetate). The PHB 
storage of this culture was up to 50% (w/w) of the dry weight. The PHB content in this culture is 
relatively high when compared with the production by pure cultures of Alcaligenes eutrophus.  
 

Biological Phosphorus Removal Process. In a enhanced biological phosphorus removal process 
(EBPR) biomass is submitted to an anaerobic phase followed by an aerobic period. Under anaerobic 
conditions, polyphosphate (Poly-P) bacteria are able to uptake the carbon source (e.g. short chain 
fatty acids) and accumulate PHA, which are further consumed in the aerobic phase as energy and 
carbon source for growth.  
Storage of polymer in this bacteria plays an essential role in the bacterial metabolism [15]. In fact in 
aerobiosis Poly-P bacteria use part of energy derived from PHA degradation for synthesis of 
polyphosphate and storage of other reserve: glycogen.  
The effect of the carbon source and concentration on PHA accumulation was studied in our 
laboratory, using a sequential batch reactor (SBR) operated as a phosphorus removal process 
(anaerobic phase followed by aerobic). Production of PHA as a function of carbon source (acetate, 
propionate and butyrate) used under the anaerobic period is shown in Figure 1.  
Consumption of acetate leads to the best PHA production while butyrate contributes to the lowest 
polymer accumulation (Table 1). 
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Figure 1 - Polyhydroxyalkanoates produced during anaerobic period using as carbon source, A acetate, B 

propionate, C butyrate and D no carbon added (  - HB units;  - HV units).  
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All substrate leads to a copolymer formation being the HB/HV composition a function of carbon 
source used. In fact the copolymer contains mainly HB (67.40%, mass percentage) units when 
acetate is used while the propionate leads to 64.68% (mass percentage) of HV units.  
The total amount of polymer accumulated depends on the concentration of substrate (acetate) used 
(Table 1). Increasing the substrate concentration from 100 to 400 mg COD/l the total amount of 
polymer stored increase from 131 to 216 mg P/g VSS (22% w/w).  
The increase in total amount of polymer is due to the rise of PHB. It seems that the quantity of PHV 
is independent of carbon concentration. According to the model proposed by Pereira [15] the HV is 
produced directly from glycogen accumulated in the aerobic phase while HB is formed from the 
acetate. Since the glycogen concentration in the cells used is identical, the HV quantity will be 
consistent and independent of the acetate concentration.  
 

Table 1 - Production of HB, HV obtained for the experiments using acetate, propionate and 
butyrate (300 mg COD/l) independently or using 100, 200, 300 or 400 mg COD/l of acetate. 

 
Experiment HB 

(mg P/g VSS) 
HV 

(mg P/g VSS) 
Total HV+HB 
(mg P/g VSS) 

Mass Percentage (%) 
HB                       HV 

Acetate 
Propionate 
Butyrate 

129.72 
52.56 
56.08 

62.77 
96.26 
58.01 

192.49 
148.82 
114.09 

67.40 
35.32 
49.15 

32.60 
64.68 
50.84 

Acetate  
(mg COD/l) 

100 
200 
300 
400 

 
 

64.99 
114.52 
141.69 
142.45 

 
 

66.42 
72.81 
72.65 
72.82 

 
 

131.41 
187.33 
214.34 
215.82 

 
 

49.46 
61.13 
66.11 
66.00 

 
 

50.54 
38.87 
33.89 
34.00 

 
 
The molecular weight of the PHA is a very important feature, depending on it their physical 
properties and the applications to be considered (Inoue,Y, 1992). While PHA used as drug release 
carriers must bear Mw (weight average molecular weight) values in the range 6-10x104 [1], the 
applications as commodity products need at least Mw = 40x104 [1] to guarantee the mechanical 
properties.  
The molecular weight depends on the producing microorganism, on the concentrations of the 
carbon sources and on the environmental conditions used [7].  
The bacterium Alcaligenes eutrophus accumulates high molecular weight PHB, and published 
values of weight average molecular weight (Mw) vary from about 6 x 105 to more than 1 x 106 [7]. 
Molecular weights lower than 106 are generally recorded for PHB produced by Pseudomonas 
species, from 5 x 104 to 7 x 105, depending on the strain of these bacteria [7, 16].  
For the PHA produced by these microorganisms the polydispersity (MW/Mn, being Mn the number 
average molecular weight), which is a measure of the molecular weight distribution, lyes in the 
range 1.4 to 11.1, depending on the carbon source and on the process conditions used [7,16].  
The average molecular weights Mw, and the polydispersities of the copolymers P(HB/HV) obtained 
from sludge in our studies during the anaerobic period, using as carbon sources acetate, propionate 
and butyrate are shown in Figure 2.  
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Figure 2 -. Average molecular weight (  -   M w ) and polydispersity (  -   M w M n ) of the 
polymers produced during the anaerobic period using as carbon source, A acetate, B propionate, C 
butyrate and D no carbon added.  

 

Most of the analyzed samples exhibited several bands corresponding to different molecular weights. 
The molecular weight evolution presented in the previous Figure, for each substrate used, concerns 
the more representative band observed. In some few cases, fractions of higher Mw, around 1-2 x 106 
were produced. At the end of the experiment, for all cases the emerging of fringes of much smaller 
molecular weight was observed, indicating the occurrence of polymer degradation. The literature 
reports the variation in Mw for PHB, during batch fermentation of A. eutrophus which is explained 
in terms of simultaneous synthesis and degradation of the polymer or synthesis of lower Mw 

polymer during the later stages of accumulation [7, 17, 18]. 
All the polymers harvested are quite homogeneous, as they present low values of polydispersity, 
ranging from 1.5 up to 5, during the time course of the experiments.  
As it can be concluded by the analysis of the plots, the obtained polymers have molecular weights 
of the same order of magnitude of the polymers produced by pure cultures. The polymers 
synthesized from acetate and butyrate bear Mw close to 6 x 105, which is the value obtained for 
commercial polymers produced by Pseudomonas species.  

5. Conclusions 

Activated sludge is able to produce high concentration of PHA as internal reserves. The interest in 
production of polymers by these culture derives from the fact that in this process low valuable 
substrates can be used and therefore the costs would be attractive.  
Although polymers produced by sludge from wastewater treatment process have the same 
characteristics than the ones produced by Alcaligenes eutrophus, the polymer yield is lower.  
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In order to improve the storage capacity of these bacteria more research is need in the process 
design as well as in the operational conditions.  
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Abstract 

Production of microbial exopolysaccharides such as xanthan, pullulan or gellan already utilises by-
products from other processes such as yeast extract or autolysate, casein hydrolysate, etc. The 
introduction of other waste materials into the production process may sometimes be possible if care 
is taken to ensure that it is not detrimental to product quality. Attempts by several workers have 
indicated that complete replacement of standard carbon substrates such as glucose or sucrose is 
seldom possible even when the micro-organism concerned can use a wide range of possible 
substrates. It is possible that new cultures yielding novel products and capable of growing on 
substrates from waste streams may yet be found. However, these products would have to compete 
in terms of cost, quality and physical properties with established products from plants, marine algae 
and other microbial species.  

1. Introduction 

Many micro-organisms are capable of producing exopolysaccharides and several of these including 
dextran, gellan and xanthan have been developed as commercial products of considerable 
importance. These microbial products have been developed either because of their unique properties 
or because they are a cheaper and superior alternative to other materials derived from plant, animal 
or synthetic sources. Xanthan and gellan were originally developed as potential ingredients for 
processed foods but they have now found many other applications. The acceptability of all these 
microbial products depends on their properties, quality and price. The products intended for food 
use must conform to the appropriate regulatory requirements in respect of the substrates, equipment 
and processing procedures used. A small number of other microbial polysaccharide products have 
also been commercialised. These usually have very specific properties and applications and include 
bacterial cellulose and also bacterial hyaluronic acid both of which depend for their commercial 
value on their very high quality [1,2]. 
Despite many programmes searching for new polysaccharides, and many reports in the scientific 
literature suggesting potential products, relatively few have proved to possess properties of 
industrial significance. A small number of new gel-forming polymers have recently been discovered 
including one from a mutant of Rhizobium meliloti and another from Beijerinckia indica. In these 
polymers, gelation only occurs after removal of acyl groups which are present on the native 
products. This is also true for gellan. Sphingomonas spp. have provided a source of gellan and a 
series of structurally closely related products. The other polysaccharides in the gellan series do not 
form gels but possess high viscosity and good thermostability in aqueous solution. 
 

2. Waste Substrates 

Various waste products are already used in microbial culture and in the commercial production of 
exopolysaccharides. These include corn steep liquor, yeast extract or hydrolysates, molasses, etc. 
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The potential for using such by-products for the production of polymers such as xanthan or pullulan 
has been investigated by several authors [3,4]. There are however a number of potential problems 
including year round availability and consistency of composition. Some waste products such as 
molasses are highly coloured and, although growth and EPS production may be satisfactory, 
removal of colour from the final product may be difficult. Molasses from different sources may also 
vary in composition. Other waste streams contain few constituents of nutritional value to the micro-
organism, while some contain inhibitory compounds such as organic acids. The final product 
quality may also be lower than that required commercially. A few micro-organisms including 
Xanthomonas campestris - for xanthan production, or Aureobasidium pullulans - the source of 
pullulan, are relatively versatile in their growth requirements and are capable of growth and 
exopolysaccharide production on a relatively wide range of carbon substrates. Other bacteria and 
fungi are much more demanding and require very exacting physiological conditions. Detailed 
evaluation of each waste source is certainly necessary if its potential as a substrate for commercial 
exopolysaccharide production is to be realised (Table 1).  
 
Any attempt to use waste materials in place of normal substrates depends on the ability of the 
microbial culture to utilise the major carbon components of the waste stream. It has also to be 
remembered that substrates such as corn steep liquor, molasses or whey may also contain trace 
elements or growth factors essential for microbial growth. Colloidal or high molecular weight 
material may present further difficulties both in terms of utilisation and of its possible 
contamination of the final product. Studies have been made on alpechin (olive oil waste) as a 
potential substrate in the production of both xanthan and pullulan by Lopez [3] and by Israilides et 
al. [4] respectively. Alpechin has the disadvantage that it contains relatively low carbohydrate, high 
salts and is also of pH. Although microbial polysaccharides were produced in alpechin-containing 
media, their quality in terms of viscosity, etc. was relatively poor.  

3. Microbial production of polysaccharides using waste products 

The ready availability of wood and wood products has lead to various studies to evaluate the 
possible use of wood by-products as substrates. The problem with these, is the presence of xylans 
and other recalcitrant compounds as well as cellulose. Some pre-treatment is thus usually necessary. 
Arthrobacter viscosus was grown in media containing xylose or xylan hydrolysates, and the 
chemical and physical properties compared with products from hexose-containing media [6]. The 
chemical composition in terms of both monosaccharides (glucose, galactose and mannuronic acid) 
and O-acetyl groups was essentially the same under all the growth conditions tested. Although 
either glucose or xylose as carbon substrate yielded a polymer of high mass and high solution 
viscosity, the product from xylan hydrolysates was lower in mass and viscosity. Yields from xylose 
and from xylan hydrolysates were lower than in glucose-based media. 
A succinoglycan-producing Pseudomonas sp. yielded polysaccharide when grown on mineral acid 
hydrolysates of wood prepared using the 'Tennessee valley' process [7]. The major carbon 
substrates available for bacterial growth and exopolysaccharide production were thus glucose and 
xylose, both of which were used simultaneously. This is unusual, as most bacteria exhibit a 'glucose 
effect' in which glucose is utilised in preference to other carbohydrate substrates. The fermentation 
product resembled succinoglycan in both its carbohydrate composition and in the acyl substituents 
present. Solutions of the polymer were claimed to resemble xanthan in their rheology. This is not 
unexpected, as succinoglycans are commercial products which yield high solution viscosity and 
have found applications in various industrial applications, some as an alternative to xanthan [8,9].  
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Maple syrup is a major sucrose-containing agricultural product in the Canadian province of Quebec 
and some of the product is unsatisfactory in terms of colour, flavour or appearance. This low grade 
maple sap has been used on an experimental scale to produce an exopolysaccharide from a strain of 
Enterobacter agglomerans [10]. Production was optimised at high aeration with effective stirring. 
An alternative approach is to modify the microbial species so that it may utilise a specific waste 
product. Thus, several attempts have been made to convert X. campestris to lactose utilisation and 
thus enable its culture and xanthan production on waste products from the dairy industry [e.g. 
11,12]. Acid whey is somewhat variable in composition, but typically it may contain 4-5% lactose 
together with protein, salts and growth factors. Unlike many waste products, it is readily available 
throughout the year rather than being seasonal in production. The bacteria do not normally use 
lactose, so an enzymic step to hydrolyse the disaccharide to glucose and galactose was proposed by 
Charles and Kadjai [11] in their process development which yielded high viscosity xanthan in good 
quantity. The alternative was to introduce genes for lactose utilisation into the bacterial strain [12].  
As well as liquid wastes, a variety of solid wastes may be considered as potential substrates for 
exopolysaccharide production. These present other possible difficulties. The carbon substrate may 
be in an inaccessible form (as with cellulose associated with lignin in wood). If the substrate is 
utilised, some extraneous polymeric material be left and become associated with the microbial 
product. This may therefore involve expensive post-harvest separation of a product such as xanthan 
or enzymic digestion to remove the residual substrate. Expensive pre-treatment may also be 
required to render the carbon substrate accessible to the microbial cells. Possible solid substrates 
include citrus peel and associated material [13], apple or pear pomace, brewers' and distillers' 
grains. Clearly, the product quality could be very variable and it is doubtful whether development of 
a process based on such waste materials would be economic. 
 
Although many microbial species are capable of synthesising exopolysaccharides, the number of 
commercial products of this type is low. The products must compete successfully againt established 
polymers of plant origin such as native and chemically modified starch, cellulose and 
galactomannans, alginate and carrageenans from marine algae, as well as synthetic products. 
Production and application of products such as xanthan, gellan and dextran is well documented 
[14]. It is clear that the yield and the physical properties of the polysaccharide produced is 
dependent on the physiological conditions as was shown for xanthan [15]. 

4. Conclusions 

The utilisation of waste streams as substrates for microbial exopolysaccharide production is a 
possible alternative to current practice. It may however be necessary to mix such waste streams with 
other substrates. The number of microbial species, which are diverse enough in their nutritional 
requirements to utilise waste streams, is probably very limited. Extensive research may be needed to 
evaluate whether polymers synthesised using waste products are comparable in their physical 
properties and cost to those produced using conventional methods. It is probably unlikely that 
polysaccharide produced using waste streams as substrates will be cheaper than those from existing 
processes. Any added value may result only from utilisation of unwanted waste.  
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Table 1 Pullulan Production using waste substrates 

Waste Substrate Pullulan Mass 
Grape skin pulp extract 4.22 x 106 
Potato starch waste 3.29 x 106 
Molasses 0.55 x 106 
Olive oil waste 1.28 x 106 
Olive waste + molasses 1.13 x 106 

Results of Israilides et al. [4] 
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Abstract  

Hydrogen sulfide is an expensive chemical used in nickel, zinc and copper mining and metallurgical 
operations for selective recovery and concentration of metals from leach water streams, acid plant blow 
down streams, refinery electrolyte bleeds and precious metal plant bleeds. Hydrogen sulfide is either 
produced on site by catalytic reduction of elemental sulfur or transported to the site as liquefied 
hydrogen sulfide (H2S) or as a sodium sulfide solution (NaHS). Biologically produced hydrogen 
sulfide has economically very interesting application possibilities in the mining and metallurgical 
industry. Converting sulfates from waste streams into usable hydrogen sulfide by biological reduction 
results in operational cost savings in existing lime treatment systems. H2S can be produced biologically 
for less than $500/ton S. 
 
For the past ten years Paques has been engaged in the development and installation of treatment 
systems based on biotechnological processes to remove sulfur compounds from water, air and gaseous 
streams. Paques has designed and installed a groundwater treatment system for the Budelco zinc 
refinery in the Netherlands to remove sulfate and heavy metals. The hydrogen sulfide produced is used 
for recovery of metals, mainly zinc, from the ground water stream. The system has been operating 
since May 1992 treating a flow of 5000 m3/d. At Kennecott’s Bingham Canyon Utah copper mine a 
pilot plant started operation in November 1995 to develop the process for selective recovery of copper 
from leach water using biologically produced hydrogen sulfide from sulfate containing groundwater. 
Other pilot plants are operated at DOE’s Pittsburgh Research Center and at Cominco Research 
focusing on selective recovery of metals. 
 

Introduction 

In the nickel, zinc and copper mining and metallurgical industries processes are developed in which 
hydrogen sulfide is used for recovery and concentration of metals from leach water streams, acid 
plant blow down streams, refinery electrolyte bleeds and precious metal plant bleeds. For example, in 
the modernization of the Kennecott Utah Copper (K.U.C.) smelter a new hydrometallurgical process 
was incorporated in which hydrogen sulfide is used for selective recovery of copper and subsequent 
removal of arsenic and cadmium, treating ESP dust water leach, refinery and precious metal bleeds 
(Gabb et al., 1995). 
 
In nickel mining, hydrogen sulfide is used to concentrate nickel and cobalt as metal sulfides before 
final refining of the metals. The metal containing ores are leached with sulfuric acid to dissolve the 
metals and downstream hydrogen sulfide is used to precipitate nickel and cobalt to form the 
respective metal sulfides (up to 60 % nickel). Depending on the application, hydrogen sulfide is 
either produced on site by catalytic reduction of elemental sulfur or transported to the location as 
liquefied hydrogen sulfide (H2S) or as a sodium sulfide solution (NaHS). However, hydrogen sulfide 
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is an expensive chemical and in addition safety issues associated with transport, storage and 
conveying have to be considered.  
 
An economically very interesting alternative for chemically produced hydrogen sulfide is 
biologically produced hydrogen sulfide from sulfate containing bleed streams. Waste waters and 
process waters generated during the mining and processing of minerals often are acidic in nature 
and contain high concentrations of sulfate and metals. Traditionally these waters have been treated 
by the addition of an alkaline agent, usually lime, to increase pH and induce the formation and 
precipitation of metal hydroxides. Using (part of) the acidic sulfates for biological production of the 
required amounts of hydrogen sulfide saves significantly on operating costs for the existing lime 
treatment resulting in a large benefits for biological produced hydrogen sulfide compared to 
alternative hydrogen sulfide sources. In addition the biological H2S production has several safety 
advantages such as operation at ambient temperature and pressure and eliminating storage concerns 
by producing H2S on demand. 
 
Complete biological treatment of sulfate containing bleed streams can be an interesting alternative 
for lime treatment even if hydrogen sulfide can not be used in the production processes on site. In 
this case the biologically produced hydrogen sulfide is converted in a second biological step. 
Elemental sulfur is the end product instead of the much more voluminous calcium sulfate. The 
metals are separated or selectively recovered as compact metal sulfide sludge instead of a much 
more voluminous metal hydroxide sludge. In addition to the significantly reduced sludge volume 
and disposal cost also much lower discharge concentrations can be achieved for metals (ppb level) 
and sulfate. Lime treatment cannot meet the new, more restrictive, metal discharge standards nor 
reduce the sulfate concentration below 1500 mg/l as biological treatment results in sulfate 
concentrations below 300 mg/l. (de Vegt et al., 1997)  

Technology description 

The Paques technology for the biological treatment of sulfate and metal containing waste waters or 
process waters, marketed under the name THIOPAQ®, consists of different biological processes (de 
Vegt et al., 1997; Van Houten et al., 1994; Buisman, et al., 1989,1990) complemented with liquid/solid 
and gas separation steps. The produced hydrogen sulfide can be used in various metallurgical 
processes. 
The most important biological reaction is the reduction of sulfuric acid to produce hydrogen sulfide. In 
order to make the reduction possible, another compound has to be oxidized by the bacteria. For large 
scale applications, e.g. more than 2 tons of hydrogen sulfide produced per day, hydrogen gas is used 
as reductant. Hydrogen gas can be produced on-site (if not already available on-site) by cracking 
methanol or by steam reforming natural gas or LPG. For small scale applications, ethanol or an 
organic waste stream can be used as electron donor. If ethanol is used, the chemical costs are 
somewhat higher than in the case of hydrogen gas but the investment is lower since no reformer is 
needed. The main reaction that occurs in the anaerobic sulfate reducing reactor is: 
 

H2SO4
 + 4 H2 → H2S + 4 H2O (1) 

 
A CIRCOX type gaslift loop reactor is used to ensure optimal mixing and mass transfer of 
hydrogen from the gas to the liquid. In addition to the hydrogen feed, gas recycled from the top of 
the reactor is injected at the bottom of the reactor to ensure a high efficiency of the hydrogen 
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transfer. A specially designed gas/liquid/solid separator at the top of the reactor ensures optimal 
gas/liquid separation and biomass retention.  
 
The hydrogen sulfide present in the recycle gas (3-15 %) can be used for precipitation of metals by 
contacting the recycle gas with the process stream to be treated. Compared to the addition of a 
chemically produced sodium sulfide solution (NaSH) the advantage is that in the biological system 
no sodium is introduced to the process stream. For some applications the biologically produced 
hydrogen sulfide has to be more concentrated before is it can be used. This can be accomplished by 
membrane separation or by using (selective) absorption and stripping techniques.  
 
Controlling the pH and oxidation/reduction potential (O.R.P.) of the process liquid contacted with 
the hydrogen sulfide results in selective recovery of the metals. Multiple contacting stages at 
different pH’s can used if more than one metal has to be selectively recovered. For example copper 
already precipitates as copper sulfide at pH below 2 where as zinc starts precipitating at pH 3 at 
atmospheric pressure and 1 to 5 % hydrogen sulfide (Gabb et al., 1995; Hammack et al., 1993).  
 
If only part of the biologically produced hydrogen sulfide is used in the production process, the 
remaining part of the hydrogen sulfide can be biologically converted into elemental sulfur:  
 

H2S + ½O2 → S°↓ + H2O (2) 
 
The overall equation for the conversion of sulfuric acid to elemental sulfur is: 
 

H2SO4
 + 4 H2 + ½O2 → S°↓ + 5 H2O (3) 

 
Equations 1 and 3 show that acid is neutralized without adding large amounts of alkaline chemicals 
as is the case in lime treatment. Using the sulfate from waste acid bleeds for production of hydrogen 
sulfide will lower the operational costs of the existing neutralization system significantly. Less 
chemicals have to be added and less sludge has to be disposed off. Excess hydrogen sulfide is 
converted to elemental sulfur and can be used in a sulfuric acid plant for sulfuric acid production. 
 
Metals present in the waste acid bleed used as a source for hydrogen sulfide production will 
precipitate as metal sulfides according to: 
 

Metal + sulfide → metal-sulfide↓  (4) 

 
The metals can be precipitated before entering the anaerobic reactor by recycling part of the hydrogen 
sulfide to the untreated water. Selective recovery of the metals (in multiple stages) is possible. As the 
solubility of metal sulfides is lower than the solubility of the respective metal hydroxides (Peters and 
Ku, 1985) much lower discharge standards can be met compared to lime treatment. In addition the 
metal sulfide sludge is less voluminous resulting in lower disposal costs.   

Cost indication 

In Table I the costs for hydrogen sulfide are presented expressed in US $/ton S. The total costs for 
chemical and biological H2S production (reformer for hydrogen production included) mentioned in 
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Table I are based on chemical and utilities costs and depreciation (15 % annuity), in the range of 
1000 - 6000 tons of H2S produced per year. The operational cost savings on existing lime treatment 
in case of biological H2S production include chemicals (mainly CaO) and utilities. The saving on 
sludge disposal depends on disposal costs per m3 of sludge and the type of lime treatment installed 
(conventional, high density or enhanced high density lime treatment). Disposal costs for the 
gypsum/metal hydroxide sludge of 1 - 4 US $/m3 are assumed (open pit disposal, engineered 
storage area’s. 

 
Table I Costs comparison of hydrogen sulfide sources 

 
            SAVINGS

  TOTAL COSTS     LIME TREATMENT   TOTAL COSTS
Chemicals Sludge    INCL.

Utilities disposal SAVINGS
US $/ton S US $/ton S US $/ton S US $/ton S

NaSH (45 % SOLUTION) 1000 - - 1000

LIQUEFIED H2S 400-600 - - 400-600

CHEMICAL PRODUCTION ON SITE 400-600 - - 400-600

BIOLOGICAL PRODUCTION ON SITE 500-800  -/-     300 -/-   10-100 200-500  
 

Taking the operational cost savings on existing lime treatment into account, the overall price 
for biological H2S production is 200-500 US$/ton S, which is significantly lower than the 
alternatives. In cases where the sludge produced in the lime treatment has to be landfilled (10-100 
US$/m3) or has to be treated as hazardous waste (> 100 US$/m3) the saving on sludge disposal costs 
will increase to 200-400 $/ton S. In Figure 1 the operational costs and total costs (chemicals, 
utilities, depreciation (15 % annuity)) for biological H2S production in the range of 1000 to 6000 
tons of H2S produced per year, as mentioned in Table I, are presented.  
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Figure 1: Operational costs and total costs for biological H2S production.  

Savings on lime treatment are not included)  
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Experience 

Pilot Plant at Kennecott’s Bingham Canyon, Utah Copper Mine 
 
Kennecott operates a large open pit copper mine in Bingham Canyon, Utah, producing over 300,000 
tons of copper per year. Open pit mining started in 1906. Since 1995 Paques and Kennecott have been 
cooperating in the development of technologies for treatment of water with elevated metal and sulfate 
concentrations. A pilot plant is in operation to asses the THIOPAQ sulfate and metal removing 
technology using hydrogen as electron donor. The pilot plant contains several process steps and can 
basically be divided in to two sections as shown in Figure 2.  
 
1. Biological H2S production 
In this part of the pilot plant, sulfate reducing bacteria, using hydrogen as electron donor, convert the 
sulfate to hydrogen sulfide. Part of this hydrogen sulfide is oxidized to form elemental sulfur. Water 
containing high levels of sulfate and metals is treated. A metal separation unit and sulfur separation 
unit are installed to remove metal sulfides and elemental sulfur. 
 
2. Copper recovery from leach water 
The H2S containing gas leaving hydrogen sulfide producing bioreactor is directed to a gas/liquid 
contactor. In this contactor the hydrogen sulfide reacts with the copper in leach water stream to form 
copper sulfide. The produced copper sulfide is removed from the water in a lamella clarifier.  
 

BIOLOGICAL H2S PRODUCTION COPPER RECOVERY

LEACH WATER

BIO BIO
       H2S

S H2S
GAS RECYCLE

PROD PROD

SULFUR METAL COPPER
SULFIDES SULFIDE

HYDROGEN

EFFLUENT INFLUENT  
Figure 2: Simplified flow diagram of the pilot plant used at Kennecott Utah Copper  

 
Operation of the pilot plant started in November 1995. Water containing high levels of sulfate and 
metals is used as influent at a typical flow rate of 1 gpm. Metals and sulfate are reduced to low levels 
without addition of alkaline chemicals. Part of the produced hydrogen sulfide is used for selective 
recovery of copper from a leach water stream (up to 25 gpm). Copper is recovered at very high 
efficiencies up to 99.9 % Preliminary results are presented in Table II and Table III.  



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Products from Environmental Processes 
Oral Presentations 

 

68 

Table II Influent and effluent concentrations of the high-sulfate water treated biologically for H2S 
production in the Paques pilot plant @ Kennecott Utah Copper 

Parameter Influent (mg/l) Effluent (mg/l) 
pH 2.5 8.5 

Sulfate 30,000 <500 
Aluminum 2,200 <2 
Calcium 480 50 
Copper 60 <0.1 

Iron 675 <0.3 
Magnesium 4,500 1,950 
Manganese 350 0.3 

Zinc 65 <0.1 
 

Table III Influent and effluent concentrations of the leach water treated for selective recovery of 
copper at the Paques pilot plant @ Kennecott Utah Copper 

Parameter Influent (mg/l) Effluent (mg/l) 
pH 2.6 2.2 

Copper 180 < 0.3 
Iron 380 379 
Zinc 200 199 

 
Full Scale Experience at the Budelco Zinc Refinery 

 
Budelco B.V. has been operating a zinc refinery in Budel-Dorplein, The Netherlands, since 1973. 
Annual zinc production exceeds 200,000 metric tons. More than 100 years of zinc refining by various 
companies on the same site has resulted in metals and sulfate contamination of soil and ground water 
underneath the plant. Ground water analysis, linked with computer based aquifer simulation models, 
indicate that the contamination will eventually extend beyond the site. To avoid contamination of 
nearby drinking water aquifers in the future, a Hydro-Geological Containment System was installed to 
contain the contaminated ground water within the site boundaries, by extracting ground water from 
strategically located wells (Scheeren et al., 1993). The water balance of the area (including rainfall and 
influx through aquifers) requires that some 5000 m³/day is extracted from a combination of twelve 
shallow and deep wells.  

 
Various technologies for the treatment of this groundwater stream have been considered. After 
extensive laboratory and pilot scale testing, Budelco decided in 1990 to install a commercial scale 
biological water treatment plant in which sulfate is reduced to hydrogen sulfide, a major part of the 
hydrogen sulfide is used for precipitating the zinc and other metals, and the remaining hydrogen sulfide 
is converted to elemental sulfur in a second biological reactor. Paques B.V., a Dutch company with 
extensive experience in biological water treatment systems, was awarded the turn-key contract. The 
treatment plant installed by Paques consisted of four main components: an Upflow Anaerobic Sludge 
Blanket (UASB) reactor for the sulfate reduction step using ethanol as electron donor, including a gas 
handling system; a Submerged Fixed Film (SFF) reactor for the aerobic conversion of sulfide present 
in the UASB effluent to elemental sulfur; a tilted plate settler for the removal of solids; and a 
continuously cleaned sand bed filter as a solids polishing step before discharge. The design criteria for 
the commercial scale treatment plant are shown in Table IV. 
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Table IV Design criteria Budelco’s biological metal and sulfate removal plant 
Component Unit Influent Effluent 
Flow m3/h 300  
Zinc mg/l 100 <0.3 
Cadmium mg/l 1 <0.01 
Sulfate mg/l 1000 <200 

 
The plant is designed in such a way that it can easily be expanded to handle a flow of 400 m3/hour. The 
treatment plant was commissioned in May of 1992. Typical effluent zinc concentration is 0.15 mg/l 
and effluent sulfate concentration is well below the discharge limit of 200 mg/l. Both the metal sulfides 
and elemental sulfur are returned to the roaster. The metals are recovered and the sulfur is converted to 
sulfuric acid in the acid plant. No new solid waste streams in need of disposal are created. More than 5 
years of operational experience at Budelco show that the biological treatment system operates very 
reliable.  
 
Pilot Plant at DOE’s Pittsburgh Research Center 
For nine years, the Environmental Technology Group from the U.S. Department of Energy’s 
National Energy Technology Center (formerly the Environmental Technology Group at the U.S. 
Bureau of Mines Pittsburgh Research Center) has evaluated the use of bacterially-generated H2S for 
the treatment of contaminated mine waters. (Hammack et al., 1994). Since 1995, a Paques pilot 
plant consisting of a 42.5-liter UASB sulfate reduction reactor and an eight-liter THIOPAQ® 
sulfide oxidation reactor has been used as the reliable biological center of experiments with a 
variety of North American mine waters. Water from the Berkeley Pit, Butte Montana (described by 
Hammack et al., 1994) was used to demonstrate the potential for recovering copper and zinc as 
salable concentrates.  
The overall system was configured to remove metals and increase the pH of the mine water prior to 
entering the bioreactors. Hydrogen sulfide produced in the UASB reactor was sent to up-front unit 
processes that separately removed copper and zinc. In the copper separation step, gaseous hydrogen 
sulfide was contacted with the untreated influent stream. Even at the low influent pH (2.3), the 
copper and sulfide reacted to form insoluble copper sulfide. The copper sulfide was removed from 
the water by precipitation. The composition of the produced copper concentrate is shown in Table 
V. In the zinc separation step, overflow from the copper clarifier was mixed with the pH 7.5, 
sulfide-containing effluent from the sulfate reducing bioreactor (UASB). Flows were balanced in 
such a way that a pH of 3.5 was maintained. The zinc was removed by precipitation as zinc sulfide. 
The composition of the produced zinc concentrate is shown in Table V. 
 

Table V Composition copper and zinc concentrates resulting from Berkeley pit water treated in the 
Paques pilot plant at DOE 

Constituent Copper Concentrate Composition  
(Dry Weight Percent) 

Zinc Concentrate Composition 
(Dry Weight Percent) 

Aluminum <0.01 <0.01 
Cadmium  0.19 0.12 

Cobalt <0.01 <0.01 
Copper 53.2 3.22* 

Iron 0.12 0.41 
Manganese <0.01 0.11 

Nickel <0.01 <0.01 
Zinc 0.12 52.7 
* Copper in zinc concentrate is carry-over due to inefficient pilot scale clarification 
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After removal of the copper and zinc, the stream was mixed with alkalinity containing THIOPAQ 
reactor effluent to precipitate iron, aluminum and other metals. This, in turn, provided a suitable 
influent for the UASB reactor where sulfate concentrations can be reduced to discharge standards. 
Sulfide in excess of that required to precipitate copper and zinc, was partially oxidized to elemental 
sulfur in the THIOPAQ reactor for removal in solid form. Table VI summarizes the test results. As 
this study was focused on the selective recovery of metals, sulfate removal was not optimized, but 
experience at Kennecott and Budelco shows that it is possible to reduce sulfate concentrations to 
below 500 mg/l. 
 

Table VI Influent and effluent concentrations of the  
Berkeley pit water treated in the Paques pilot plant at DOE 

Parameter Influent (mg/l) Effluent (mg/l) 
pH 2.3 8.5 

Aluminum 24 0.1 
Cadmium 2 <0.02 

Cobalt 1.5 <0.02 
Copper 178 <0.02 

Iron 879 0.1 
Manganese 150 1.7 

Nickel 1 <0.02 
Zinc 523 <0.02 

Sulfate 8,150 2,830 

 

Conclusion 

Biological production of hydrogen sulfide from bleed streams for use in nickel, zinc and copper 
mining and metallurgical processes has significant economical and environmental benefits 
compared to use of chemically produced hydrogen sulfide. Sulfates in solution from metal roasters 
and refineries are generally precipitated as produced. Up to now, there has been no economic option 
for removing sulfates other than precipitation with lime to produce some form of calcium sulfate 
that has to be disposed off. The Paques technology of converting sulfates to hydrogen sulfide and/or 
elemental sulfur offers a new degree of metallurgical freedom. This “mirror image” sulfuric acid 
process is now available to metallurgists to apply to their problems: sulfate to hydrogen sulfide and 
elemental sulfur and a change to avoid gypsum production. Considerable operational cost savings 
(chemicals and utilities) and sludge disposal costs reductions for existing lime treatment systems 
can be achieved.  
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Abstract 
Cheese whey was utilized as a carbon source in a culture medium for penicillin G acylase 
production by Bacillus megaterium. Statistical assays were carried out for the determination of the 
influence of the variables on enzyme activity, utilizing a 24 factorial experimental design expanded 
to five levels. Results were correlated as a second-order model. Canonical and ridge analysis were 
utilized for the determination of the response nature and the local maximum for enzyme production. 

1. Introduction 

Antibiotics are specific types of chemical substances obtained from microorganisms, administrated 
for combating infections, usually against bacterial type in human beings or in animals. 

Pencillins are a type of antibiotics naturally produced by fungus of the gender Penicillium or 
obtained semisynthetically [10]. Since the first detections until our days, they continue to be one of 
the main pharmaceutical compounds and between them, semisynthetic penicillins have showed 
more advantages than natural penicillins that have presented some limitations when acting over 
certain pathogenical microorganisms [8]. 

Penicillin G acylase is an enzyme that allows the production of the semisynthetic β-lactam 
antibiotics, by catalyzing the transformation of the penicillin-G into 6-aminopenicillanic acid (6-
APA). 6-APA is the key compound for the production of ampicillins, amoxycillins and other 
semisynthetics industrial penicillins with wide aplication as therapeutic agents [1, 10]. 

Cheese whey is a liquid by-product of the cheese making process, contains more than 50% of the 
milk original solids and represents between 80 to 90% of the original volume with important 
quantities of proteins, lactose, ash, fat and vitamins [5]. 

It is estimated that annually 1.1 million tonnes of lactose and 0.2 million tonnes of protein 
proceeding from milk are transferred to cheese whey and less than 60% is effectively applied for the 
fabrication of products for human consumption and nutrition products for animals. It means that 
more than 40% of a nutritive resource with high caloric and proteic value is been wasted [5, 6]. 

There are several studies and projects attempting to maximize the utilization of cheese whey and its 
solids. It aims at the increase of economical benefits resulting from the industrial processes and to 
minimize the environmental damage due the great quantities dumped into surface water. 
Considering the magnitude of the pollution problem and the nutritive value of whey and whey 
solids derivatives, there is need to develop new uses. One way to achieve this objetive is the 
attainment of new products which would utilize significant amounts of whey and whey solids [6, 7]. 

The objetive of this investigation was to study the utilization of cheese whey as a carbon source 
within a medium for the production of penicillin G acylase from Bacillus megaterium. An 
experimental factorial design 24 composite central design expanded to five levels was used in order 
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to determine the concentration influence of the compounds within the medium, and the point where 
enzymatic activity is a maximum. Results of enzyme production in shake flasks are presented 

2. Material and Methods 

For the production of enzyme it was used the microorganism Bacillus megaterium ATCC 14945, 
routinely mantained at 30oC on 1.5% agar nutrient slants containing medium of the following 
composition: 3 g/l yeast extract, 5 g/l peptone and 1.5 g/l glucose. The analytical procedure had four 
steps: 

• Growing of microorganism; under same conditions of maintenance in agar slants during 72 hours 
at 30 oC. 

• Inoculum preparation; using a medium containing 40 g/l of enzyme-hydrolyzed casein (EHC), 7 
g/l of cheese whey solution and 0.5 ml/l of a vegetable oil to prevent foam formation, pH of the 
medium was 7. Solutions were sterilized separately at 120 oC during 15 minutes. Cells from agar 
slants were seeded into the medium. The inoculum was obtained after 72 hours of growth in a 
Shaker at 30 oC and 300 rpm. 

• Enzyme production; the PGA was produced utilizing a culture medium containing EHC as 
nitrogen source, calcium carbonate as a calcium source and pH controller, phenylacetic acid 
(PAA) as the inducer and cheese whey, used mainly as a carbon source. 

Each concentration of the production medium was varied according to a factorial experimental 
design using the central composite design technique. The concentrations assumed by the four 
variables and their codified levels are showed in table 1, where the values were taken from 
results of preliminary studies. 

All experiments were performed at 30 oC and 300 rpm during 72 hours in erlenmeyer flasks 
containing 90 ml of production medium and 10 ml of inoculum. Growth was estimated as dry 
weight of cells. Complete design and experimental results are shown in table 3. 

 
Table 1. Experimental conditions for the enzyme production 

 Codified level 
Variable -1.4 -1 0 +1 +1.4 

X1: Enzyme-hydrolyzed casein (g/l) 26 30 40 50 54 
X2: Calcium carbonate (g/l) 2.6 3.0 4.0 5.0 5.4 
X3: Phenylacetic acid (g/l) 1.3 1.5 2.0 2.5 2.7 
X4: Cheese whey (g/l) 13 15 20 25 27 

 
• Determination of enzymatic activity of PGA; it was determined by measuring the amount of 6-

APA formed from a reaction mixture containing 5 ml of enzymatic solution and 5 ml of a 
solution containing 40 g/l penicillin G in borate buffer at pH 8.7. Reaction time was 30 minutes 
at 37 oC. The 6-APA produced was determined by the hidroxylamine method described by Cole 
et al., 1975 [4], after extraction of the remaining penicillin G by n-butyl acetate and ethyl ether. 

3. Results and Discussion 

Preliminary experiments were performed in order to determine the region where the experimental 
design should be conducted and to determine the real influence of cheese whey on the response. 
The experimental design used and the results are shown in table 2. Figure 1 shows the effect of 
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cheese whey concentration on the response and the experimental region where better responses can 
be attained. 

 

Table 2. Planning matrix and results for the determination of the experimental region 

Experim. C1 C2 C3 C4 Dry 
Mass 

PGA 
Enzymatic 
Activity 

PGA 
Specific 

Activity 
 g/l g/l g/l g/l g/l U/l U/g 
        

1 40 4 2 0 3.51  35.0 10.0 
2 40 4 2 5 4.11  36.0  8.8 
3 40 4 2 10 4.64  57.4 12.4 
4 40 4 2 15 5.13  83.6 16.3 
5 40 4 2 20 5.40 119.8 22.2 
6 40 4 2 25 5.92  97.6 16.5 
7 40 4 2 30 6.63  87.7 13.2 
8 40 4 2 40 7.56  89.0 11.8 
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Figure 1. Variation of Enzymatic Activity with cheese whey concentration in the medium 

The next assays were performed in the region of maximum activity according to an experimental 
design. Results are shown in table 3. Results of PGA activity were fitted to a full second-order 
equation to provide: 

YEst. = 67.7426 + 22.9357X1 - 2.6295X2 + 8.2811X3 + 5.4940X4 + 4.5796X1
2 + 3.9929X2

2 + 
 12.0286X3

2 + 2.2327X4
2 + 1.2X1.X2 + 3.325X1.X3 + 3.425X1.X4 + 3.175X2.X3 - 3X2.X4 -   

7.925X3.X4 (1) 

Furthermore, the estimated model was checked, the analysis of variance was realized and it was 
observed that the model could not be rejected at the 0.01 level of significance, since the value of F 
obtained was greater than the table value F0.01,14,12 = 6.8 [2]. A value of 0.925 was obtained for the 
regression coefficient R2. 
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Table 3. Planning matrix and experimental results of PGA activity under statistical design 
 

Experiment 
 

X1 
 

X2 
 

X3 
 

X4 
 

pH 
Dry 

Mass 
(g/l) 

PGA 
Enzymatic 
Activity 

(U/l) 

PGA 
Specific 
Activity 

(U/g) 
         

1 -1 -1 -1 -1 8.58 4.24  52.3 12.3 
2 1 -1 -1 -1 8.73 5.67  89.2 15.7 
3 -1 1 -1 -1 8.67 4.39  52.8 12.0 
4 1 1 -1 -1 8.73 5.92  78.0 13.2 
5 -1 -1 1 -1 8.52 4.29  82.4 19.2 
6 1 -1 1 -1 8.63 5.84 107.0 18.3 
7 -1 1 1 -1 8.55 4.55  67.3 14.8 
8 1 1 1 -1 8.69 6.18 140.9 22.8 
9 -1 -1 -1 1 8.68 5.30  69.9 13.2 
10 1 -1 -1 1 8.79 6.78 136.9 20.2 
11 -1 1 -1 1 8.78 5.51  72.1 13.1 
12 1 1 -1 1 8.81 7.24 104.1 14.4 
13 -1 -1 1 1 8.55 5.42  72.9 13.5 
14 1 -1 1 1 8.67 6.94 122.5 17.6 
15 -1 1 1 1 8.74 6.18  59.8  9.7 
16 1 1 1 1 8.74 7.24 126.3 17.4 
17 0 0 0 0 8.65 5.34  62.4 11.7 
18 0 0 0 0 8.74 5.36  60.1 11.2 
19 -1.4 0 0 0 8.55 4.79  51.4 10.7 
20 1.4 0 0 0 8.54 6.43 109.6 17.0 
21 0 -1.4 0 0 8.58 5.70  86.7 15.2 
22 0 1.4 0 0 8.57 5.56  72.0 13.0 
23 0 0 -1.4 0 8.64 5.34  80.4 15.0 
24 0 0 1.4 0 8.51 6.21 109.8 17.7 
25 0 0 0 -1.4 8.64 5.00  70.6 14.1 
26 0 0 0 1.4 8.63 6.34  81.2 12.8 
27 0 0 0 0 8.69 5.57  65.3 11.7 

 

The optimum response was determined using the canonical analysis [2, 3] for k=4 variables. The 
coordinates of the stationary point (X'0) and the eigenvalues V of the fitted model were determined: 

X'0 = [ -0.4072; -0.4885; -1.5264; -3.9552 ] (2) 

V = [ 3.8127; 5.4688; -0.4148; 13.9644] (3) 

At which point the estimated response (Y0) was: 

Y0 = 46.53 U/ l (4) 

The eigenvalues revealed that the stationary point was a saddle point (minimax point), where not 
maximum nor minimum of the response is detected. The "Ridge Analysis" method was used in 
order to determine a point that gives maximum value of the response YEst. as well as his location 
inside the experimental region, centered at (X1, X2, …Xk) = (0,0,...0) and subject to the condition 
that restricts the finding of the coordinates of the response on the perimeter of each circle: 
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Equation 6 was used for the determination of the values of X (X1, X2, X3 and X4) that give 
maximum response as described by Box et al. [2]. In this equation B is a k x k symmetric matrix 
where its elements are the estimated coefficients of the second-order terms; b is a k x 1 vector 
where its elements are the estimated coefficients of the first-order terms; I is a k x k unit matrix and 
µ a lagrange multiplier. 

(B - µ.I).X = -b/2 (6) 

Values for the matrix X1,  X2,  X3 and X4 were found by substituting different adopted values for µ, 
larger than the largest eigenvalue of the fitted model. For every value of µ adopted, it was 
determined the radius of the sphere R where that point was located and the value of the response in 
that point. Plots of X and the estimated enzymatic activity against R were done in order to 
determine the absolute maximum of the response located on the sphere of radius R. Figures 2 and 3 
show the path of maximum response.  
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Figure 2. Ridge Analysis for the response 
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Figure 3. Ridge Analysis for the codified concentrations 

It was observed that enzymatic activity increases with the radius of sphere, although it can not be 
considered unlimited because results must fit inside a experimental region restricted by the values 
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of the codified concentrations which levels were previously established in table 1. Figure 3 showed 
that the experimental region frontier was located at R = 1.8. Higher values of R were outside and 
hence could not be considered for analysis. 

The values of concentrations that maximizes the response inside the experimental region and the 
estimated value of the response in that point were: 

X1 = 1.134 C1 = 51.34 g/l (EHC) 
X2 = 0.133 C2 = 4.13 g/l (Calcium carbonate) 
X3 = 1.396 C3 = 2.70 g/l (PAA) 
X4 = -0.072 C4 = 19.64 g/l (Cheese whey) 
Estimated response  YEst. = 140.56 U/l  

4. Conclusions 

This study led us to conclude that cheese whey (reject material of the dairy industry) showed to be 
very effective to be used as an alternative carbon source in a culture medium for the production of 
Penicillin G acylase by Bacillus megaterium, contributing to reduce the effluent pollution load and 
the cost of production of an enzyme with high industrial value. 

The empirical models obtained under the experimental conditions, showed that all compounds in 
the medium are important and necessary for the production of the enzyme. The necessity of high 
concentrations of casein and cheese whey is probably due to the facility of the microorganism to 
multiply without many growing factors requiring however sources with high amounts of nitrogen 
and carbon. Future experiments will be realized in laboratory fermenters, in order to determine the 
most propitious operative conditions for the production of the enzyme, such as kinetic model, 
oxygen requirement and respiratory quotient. 
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Abstract  
In the world, every year large amounts of waste biomass are accumulated in nature, causing serious 
environmental pollution problems. Lignocellulosic residues, like sugar cane bagasse generated by 
the Brazilian sugar-alcohol industries, is the most important biomass in Brazil. It is necessary to 
find new technologies to use this renewable biomass in different processes to produce economically 
valuable products. Xylitol is a sweetener (sugar-alcohol) with important technological properties 
like anticariogenicity, low caloric value and negative dissolution heat. It can be used successfully in 
food formulations and pharmaceutical industries. The large-scale xylitol production is in great 
demand. The microbial xylitol production using lignocellulosic residues as a substrate, is a 
challenge for the modern biotechnology. The xylitol production by biotechnological means has 
several economic advantages in comparison with the conventional chemical process. However, the 
bioengineering parameters of this fermentation chiefly depends upon the microorganism and the 
process conditions employed. In this work, the most significant upstream parameters on xylitol 
production by biotechnological process are described.  
 

1. Introduction  

The utilization of hemicellulosic biomass for production of chemicals and feedstocks is an 
important challenge for all countries. Brazil is well known for its abundance of renewable 
resources, such as agricultural crops and forests residues. The utilization of agroindustrial residues 
would help minimize environmental and energetic problems. Such residues could be used, for 
instance, to generate xylitol, a product with applications in the food and pharmaceutical industries. 
Xylitol is a natural sugar with high sweetening power. It is absolutely safe for the teeth, owing to its 
anticariogenic and cariostatic properties, and can be used by diabetics as a sugar substitute. At 
present, xylitol is chemically synthesized from xylose with Raney-Nickel-catalysts, and a pure 
xylose solution is required. This process is very costly, because it involves complex conditions and, 
at the end, xylitol gets mixed with sugars and polyols that hamper its purification. An alternative 
method is the microbial production of xylitol which is more interesting and attractive. The 
microbial production of xylitol using lignocellulosic residues as a substrate is a challenge for the 
modern biotechnology. The xylitol production by biotechnological means has several economic 
advantages in comparison with the conventional process. The efficiency and the productivity of this 
fermentation chiefly depends upon the microorganism and the process conditions employed. In the 
last ten years, the Fermentative Processes Group of the Department of Biotechnology of the Faculty 
of Chemical Engineering of Lorena, São Paulo, has been studied the factors that affect the 
biosynthesis of xylitol from lignocellulosic residues. The major aim of this research project is to 
develop a low-cost technology for large scale xylitol production. The objective of this work is to 
present some results of advances achieved by our group, related to the upstream parameters on 
xylitol production by biotechnological processes.  
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2. Materials and Methods  

Microrganism  

The yeast strain Candida guilliermondii FTI 20037 obtained from the Biotechnology Department of 
the Faculty of Chemical Engineering of Lorena, FAENQUIL, Lorena, S.P. – Brazil, was employed 
in all experiments [1]. The culture was maintained on malt extract agar slants at 4°C.  

Inoculum cultivation  

A loopful of the stock culture was tra nsfered into a 500 mL Erlenmeyer flask containig 200 mL of 
the following medium (SM): 5.0 g.L-1 (NH4)2SO4, 1.0 g.L-1 yeast extract, 0.5 g.L-1 MgS04.7H20, 
0.1 g.L-1 CaCl2.2H20, 1.0 g.L-1 KH2PO4 and 30 g.L-1 xylose. The flask was incubated into a rotary 
shaker at 200 min-1 and 30 °C for desired time (24-40 h). For the experiments using the sugar cane 
bagasse hydrolysate the cells were previously grown in a medium composed of hydrolysate 
supplemented with nutrients (g/L): rice bran 20, CaCl2.2H2O 0.1 and (NH4)2SO4 5. The cultivation 
was carried out in 125 mL Erlenmeyer flasks (containing 50 mL of medium) on a rotatory shaker 
set at 200 min-1, at 30 °C for 48 h.  

Obtention and preparation of sugar cane bagasse hydrolysate  

The hemicellulosic hydrolysate was obtained by acid hydrolysis of sugar cane bagasse. The 
hydrolysis was carried out in a 250 L steel reactor under the following conditions: temperature of 
121 °C, reaction time of 10 min and 100 mg sulfuric acid /g sugar cane bagasse (dry weight). After 
the hydrolysis, the liquid was concentrated by heating at 70 °C under vacuum, in order to obtain a 
xylose concentration of 50-60 g/L. In order to minimize the inhibitory effects of furfural, 
hydroxymethylfurfural, acetic acid and phenolic compounds on the mic robial metabolism, the 
hydrolysate was treated by adjusted the pH to 10.0 by adding CaO. The precipitates were removed 
by filtration. Finally, H 2SO4 was used to adjust the pH to 5.5. After, the treated hydrolysate was 
filtrated to remove the precipitates. The treated hydrolysate was then autoclaved with steam at 100 ° 
C for 20 min., and asseptically supplemented with rice bran (10 g/L) to provide vitamins and 
(NH4)2SO4 (2 g/L). This treated hydrolysate was then used as a fermentation medium to evaluate 
the xylitol production by C. guilliermondii FTI 20037.  

Fermentation conditions  

The fermentation were performed in a 125 ml Erlenmeyer flasks by shaking or in bench scale 
fermentors (1 and 2.5 L) using xylose or hemicelullosic hydrolysate treated and added of nutrient as 
described above. The fermentation system was equipped with pH, pO2, temperature and aeration 
rate controllers. The fermentation conditions were changed according to the experiment.  
Analytical methods  

Samples of appropria te dilutions were prepared by filtration through a 0.22 micron filter (Waters 
Set-pak Cartridge -Millipore Corp., USA). 
Xylose, glucose, arabinose, acetic acid and xylitol were analyzed in a high performance liquid 
chromatograph (HPLC), using a Bio-Rad Aminex HPX-87 H column at 45 °C and 0.02 N H2SO4 as 
the eluent at a flow rate of 0.6 mL/min.  
Growth was monitored by measuring the culture turbidity at 600 nm. The cell mass was estimated 
using a relationship between optical density and dry cell weight.  
The volumetric oxygen transfer coefficient (kLa) was determined under standard fermentation 
conditions by the gassing-out method as described by Pirt [2].  
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3. Results and Discussion  

The biological synthesis of xylitol is regulated by sever al physiological parameters. This 
biosynthesis occurs since the xylose-fermenting yeasts produce the xylose reductase enzyme that 
catalyzes the xylose reduction into xylitol as the first step in xylose metabolism [3]. Under all the 
conditions studied this strain of yeast (Candida guilliermondii FTI 20037) was able to excrete 
xylitol at differents rates [4-8]. The use of sugar cane bagasse as the substrate in fermentative 
processes for xylitol production consists initially in releasing sugars from the hemice llulose portion 
through a mild acid hydrolysis process. This process is accompanied by the formation of 
considerable amounts of hemicellulose decomposition products, such as furfural, 
hydroxymethylfurfural, acetic acid and other products derived from lign i n degradation. These 
chemical compounds interfere negatively with the yeast cell growth [3] and the additional xylitol 
fermentation [9]. Thus, the use of this biomass hydrolysate as a fermentation medium for 
microorganism growth is critical and several tr e atments are necessary for removing these products. 
The cell growth in this hydrolysate and the xylitol formation depend on the treatment and the 
fermentation conditions employed. In our work the treatment employed was able to reduce some 
toxic components in the hydrolysate, since it was observed a good performance of the C. 
guilliermondii in excrete xylitol in the broth [4, 5, 7, 8]. The effect of some upstream parameters in 
this bioprocess was determined. The effect of the temperature was not so pronounced, best results 
on xylitol production were achieved on 30 ºC. For synthetic medium it is possible to conduct this 
fermentation process at low pH (3-4), but in hemicelullosic substrates the better fermentation runs 
occurred at a high er pH (5.3-6.0). This fact is due to the presence of inhibitors like acetic acid on 
hydrolysates and its effect on cellular membrane [4]. Xylitol production was stimulated by high 
xylose concentration, and the best Yp/s-value (0.83 g/g) were acheived usin g 70 g/L of initial 
xylose. The presence of glucose, acetic acid and furfural showed a negative effect on biosyntesis of 
xylitol [6]. The aeration rate proved to be the major physiological factor that affects the xylitol 
production, and the best results ar e achieved using a lower oxygen input or oxygen limitation. In 
our experiments, the maximum xylitol production (41.76 g/L) from sugar cane bagasse and the 
maximum xylitol volumetric productivity (0.87 g/L.h) were attained under agitation set at 400 min-1 
and aeration rate of 0.45 v.v.m [8].Under these conditions, by controlling the aeration rate the KLa 
for maximum xylitol production is near 27 h-1. This result can be explain by the effect of the oxygen 
on the xylose metabolism and the regeneration of co factors for the xylose reductase enzyme. A 
simple mathematical model adapted for this bioprocess showed that 10 to 30 % of xylitol 
production was not associated with cell growth.  
 
According to the results, the biotechnological approach for xylitol producti on appears to be 
efficient and high xylitol production rates can be obtained under controlled fermentation conditions. 
A suitable control of the oxygen input permitting the xylitol formation from sugar cane bagasse 
hydrolysate is required for the developm ent of an efficient fermentation process for large-scale 
applications. The Candida guilliermondii yeast used in this bioprocess is potentially useful for 
xylitol production from hemicellulosic substrates, due to the high xylitol yields acheived that are 
com parable to that one obtained in synthetic medium. Actually, some downstream parameters are 
under study in our lab.  
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‘It is one thing to have a safe product, it is another to command confidence in the market place’ 
Stephen Dorrell, former UK Minister of Health 
 
Biotechnology is as old as written history, dating back as far as 4000 BC when malting and 
fermentation were practiced in Mesopotamia. Despite of this long history, in a cover story of 
Business Week magazine, the 21st century was nominated as ‘The Biotech Century’, with biology 
replacing physics as the dominant discipline.  Now, at the end of the 20th century, the discussion 
about the introduction of transgenic animals and plants, products of modern biotechnology, is 
fierce, especially when food is involved. In the Daily Telegraph of 10 June 1998, Prince Charles for 
instance wrote in his article ‘Seeds of Disaster’: ‘Genetically modified crops are presented as an 
essentially straightforward development that will increase yields through techniques which merely 
extend traditional methods of plant breeding. I am afraid I cannot accept this.’ Also not in favor of 
modern biotechnology is a lawsuit filed last May in Washington. A coalition of scientists, public-
interest organizations and religious groups filed suit against the FDA, seeking to have 36 
genetically engineered foods taken off the market and asking that the FDA be forced to 
comprehensively test and label such products (Greg Aharonian, Internet Patent News Service).  
In contrast to this are expectations such as expressed for instance by Rifkin in his article ‘Will 
Genes Remake the World?’ in Genetic Engineering News of 1 April 1998: ‘An increasing amount 
of food and fiber will likely be grown indoors in tissue culture in giant bacteria baths, partially 
eliminating the farmer and the soil for the first time in history. Animal and human cloning could be 
commonplace, with “replication” increasingly replacing “reproduction”.’ 
The discussion is much less heated if it concerns non-food applications. In particular when life-
saving drugs are the target, the voices against are much less loud. The question remains whether 
efforts should be mostly directed to transgenesis of animals or plants, or to the genetic modification 
of microbial, plant and animal cells. Functionality, economics and acceptance by society, are 
obviously the decisive factors. In my lecture I will give a non-comprehensive, personal view on 
these matters using, among others, the examples given in the keywords. 
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Abstract 

L. mesenteroides dextransucrase catalyses the synthesis of dextran polymer from sucrose and the 
synthesis of α(1-2) oligosaccharides (GOS) having prebiotic prperties from maltose and sucrose. A 
close study of L. mesenteroides metabolism in the presence of glucose, fructose and maltose 
showed that dextransucrase production by the bacteria was under the control of a complex 
regulation system where sucrose is an inducer and fructose is a repressor. Thus, improving the 
enzyme production yields was possible only by taking into account the metabolic constraints. 
Enzyme production was doubled by using glucose as sucrose co-substrate. Moreover, thanks to the 
metabolic study, a new dextransucrase, not induced by sucrose and never described before with this 
strain of Leuconostoc was isolated and characterized.  
Two forms of dextransucrase: soluble (SGT) and insoluble (IGT) were produced. The kinetic 
behavior of the two enzymatic forms produced on sucrose medium was characterized. A kinetic 
model of the first steps of the reaction leading to GOS was set and enabled the prediction of the 
enzyme behaviour when immobilised and packed in continuous reactors. Moreover, the GOS 
produced were purified and their structure was determined by 1H and 13C RMN and mass 
spectrometry. The optimal conditions for the α(1-2) GOS synthesis using free IGT were determined 
through a screening of experiments.Finally, IGT was immobilized by entrapment in Ca-Alginate gel 
beads. By optimizing the enzymatic reactor configurations and feedings, we manage to multiply by 
3 the productivity and obtained high α(1-2) GOS yields. 

1. Introduction 

Dextransucrase is a glucosyltransferase (gtase, EC 2.4.1.5) which catalyses the transfer of 
glucopyranosyl residues to synthesize dextran, a high molecular weight α-D-glucan, from sucrose 
[1]. In the presence of maltose and sucrose, it also catalyses the synthesis of small 
glucooligosaccharides, GOS [2, 3]. The nature of the osidic linkages in dextran and GOS is highly 
dependant on the gtase producing strain [4, 5]. We have selected Leuconostoc mesenteroides NRRL 
B-1299 dextransucrase for its ability to synthesize a high proportion of α-1,2 osidic bonds in 
dextran as well as in GOS [6]. The α-1,2 linkage is a rare linkage that confers prebiotic properties 
on the GOS [7]. These molecules are now produced on industrial scale (40 T/ year) and found 
applications in dermocosmetic and nutritional fields. The industrial process can be divided into 
three major steps: the dextransucrase production, its entrapment into alginate beads and the use of 
the beads for continuous production in enzymatic reactors. Our purpose is, through the close study 
of each step, first to characterize better L. mesenteroides NRRL B-1299 and its dextransucrase, and 
secondly, to develop a more efficient process.  
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2. Dextransucrase production 

2.1. Microbial physiology 

The metabolic and energetic characteristics of the growth of Leuconostoc mesenteroides on glucose, 
fructose and sucrose medium enables a better understanding of the mechanism of dextransucrase 
induction by sucrose.  

 
Fig.1. Catabolic pathways of various sugars in L. 
mesenteroides. 1. Sucrose phosphorylase. 2. 
Dextransucrase. 3. Phosphoglucomutase. 4 and  
5. Hexokinases. 

Glucose and fructose are equivalent 
substrates to support growth (µ = 0.6 
h-1) under aerobic conditions, but 
glucose leads to a better biomass yield 
in anaerobiosis. Both are 
phosphorylated by specific 
hexokinases and catabolized through 
the heterofermentative pathway 
(Figure 1). Sucrose is, for one part, 
phosphorylated by an inducible 
sucrose phosphorylase, then converted 
to glucose-1-phosphate (G-1-P) by a 
constitutive phosphoglucomutase and 
to heterofermentative products through 
the phosphoketolase pathway, like 
glucose or fructose. The other part of 
sucrose is converted into dextran and 
fructose outside the cell. Sucrose 
supports higher growth rate (0.98 h-1) 
than the monosaccharides.  

 

When fructose is not consumed simultaneously with G-1-P, the YATP is high (16.8 mol of ATP. 
mol of sucrose-1), and dextransucrase production is directly connected with growth. But when 
fructose moiety is used, a sink of energy is observed, and dextransucrase production is no longer 
correlated with growth. This suggests new rules to improve the level of dextransucrase synthesis 
(see 2.2.). 

When grown in glucose or fructose medium in the absence of sucrose, Leuconostoc 
mesenteroides NRRL B-1299 produces two distinct extracellular dextransucrases named GGT and 
FGT, that can not be isolated from sucrose culture broth. The production level of GGT and FGT is 
10 to 20 times lower than that of the extracellular dextransucrase (SGT) produced on sucrose 
medium (traditional culture conditions). GGT and FGT were concentrated by ultrafiltration before 
SDS-PAGE analysis. Their molecular masses were 183 and 186 kDa respectively, differing from 
SGT at 195 kDa. The structural analysis of the dextran produced from sucrose and of the GOS 
synthesized by acceptor reaction in the presence of maltose showed that GGT and FGT are two 
different enzymes never previously described for this strain. The polymer synthesized by GGT 
contains 30% α(1→2) linkages while FGT catalyzes the synthesis of a linear dextran only 
composed of α(1→6) linkages. 
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Fig. 2. Optimization of dextransucrase production by L. mesenteroides NRRL B-1299.  
Symbols: n Sucrose; u dextransucrase activity; ∆∆  glucose. 

 

2.2. Enzyme production optimization 

SGT production by sucrose fermentation was studied and compared with that of a more frequently 
studied one: L. mesenteroides NRRL B-512F dextransucrase. Regulation of pH and aeration 
conditions have little effect on the culture profile and enzyme production by strain B-1299 in 
contrast to the other strain. Moreover, while fed-batch culture experiments result in a significant 
improvement of dextransucrase produced with strain B-512F, it was not the case with strain B-
1299: when sucrose residual concentration is maintained at a high level by fed-batch technique, a 
large proportion of the sucrose is consumed by the enzyme to produce dextran and fructose 
(repressor), resulting in a low enzyme yield. Nevertheless, the negative effect of fructose can be 
prevented by addition of a low concentration of glucose (< 8g/l), that delays fructose catabolism. 
The use of glucose and sucrose as co-substrates in a fed-batch reactor experiment makes it possible 
to improve B-1299 final dextransucrase activity up to 9.7 U/ml (Fig. 2). 

3. Dextransucrase characterization 

The sucrose-induced L. mesenteroides NRRL B-1299 dextransucrase was fractionated into soluble 
(SGT) and insoluble (IGT) enzyme preparations differing by their dextran content: SGT preparation 
contains soluble B-1299 native dextran, while IGT is associated with cells and insoluble native 
dextran. 

3.1. In the presence of sucrose alone 

SGT and IGT displayed the same KM for sucrose (10g/l) and the same activation energy (35 
kJ/mol). But the presence of cells and insoluble dextran led to the IGT behaving like an 
immobilized enzyme: stabilization against thermal denaturation and diffusional limitations at low 
substrate concentrations were observed. On the other hand, the behaviour of SGT was modified by 
soluble dextran which reduced enzyme inhibition by excess substrate. For the same reasons, SGT 
and IGT present very different pH profiles. 

IGT and SGT synthesize both soluble and insoluble polymer containing α(1→2), α(1→3) and 
α(1→6) linkages. A larger amount of insoluble dextran is elaborated by SGT. The polymer 
structures, examined by 13C NMR spectrometry, revealed that they differ mainly by their α(1→3) 
linkage content (from 0 to 11%). This linkage seems to be partly responsible for the dextran 
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insolubility and can be completely eliminated by carrying out the synthesis of soluble polymer at 
pH 7.4 with SGT. 

3.2. In the presence of maltose and sucrose 

The glucooligosaccharides (GOS) produced by SGT and IGT through an acceptor reaction on 
maltose and sucrose were purified by reverse phase chromatography. Logarithmic plots of retention 
time versus degree of polymerization (d.p.) of the GOS gave three parallel lines suggesting the 
existence of at least three families of homologous molecules. The structure (13C and 1H NMR 
spectroscopy) and reactivity of the purified molecules of the three families were investigated (Fig. 
3).  

 
Fig. 3. Reaction catalysed by SGT or IGT in 
 the presence of sucrose and maltose 

All the products bear a maltose residue 
at the reducing end. The GOS in the 
first family (named OD) contained 
additional glucosyl residues all α(1→6) 
linked. The smallest molecule in this 
first series was panose or α-D-
glucopyranosyl-(1→6)-D-maltose (d.p. 
3). All the OD molecules were shown to 
be good acceptors for dextransucrase in 
the presence of sucrose. The second 
family, named R, was composed of 
linear GOS, containing α(1→6) linked 
glucosyl residues and a terminal 
α(1→2) linked residue at the non-
reducing end of the molecule; the 
smallest molecule in the R family was 
R4: α-D-glucopyranosyl-(1→2)-D-
panose (d.p. 4). 
 

 

The third family, R’, was formed of GOS containing additional residues linked through α(1→6) 
linkages that constitute the linear chain, and an α(1→2) branched residue located on the 
penultimate element of the chain, near the non-reducing end. The smallest molecule in the R’ series 

6 (α-D-glucopyranosyl-(1→6)-[α-D-glucopyranosyl-(1→2)]-α-D-glucopyranosyl-(1→6)-D-
panose, d.p. 6). R and R’ GOS are very poor acceptors for L. mesenteroides NRRL B-1299 
dextransucrase. This study makes it possible to suggest a rather simple reaction scheme, where 
molecules Ri, R’i and ODi of the same d.p. all result from the glucosylation of the same GOS: ODi-1 
(Fig. 3). 

From a kinetic point of view, the α(1→2) GOS synthesis can be divided into two succesive reaction 
periods: the first one was named initiation, since it leads mainly to panose accumulation. Thanks to 
the limited number of reaction products, the kinetic modeling of the initiation step was realized. For 
the parameter estimation, a kinetic model was applied which was previously developed for L. 
mesenteroides NRRL B-512F dextransucrase [8]. The second period of reaction was named 
elongation, since it coincides with the elongation of all the α(1→6) GOS together with the 
accumulation of α(1→2) GOS. The analysis of the rate of formation of each GOS confirms that the 
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molecules are synthesized through a multi-chain mechanism, meaning that the GOS leave the 
enzyme catalytic site after and before each glucosylation step [9]. Moreover, maltose concentration 
was shown to highly influence the α(1→2) GOS yield during this second period.  

The optimization of α(1→2) GOS synthesis from maltose and sucrose by IGT was achieved 
through screening experiments and further analysis of the key parameters. An increase of the pH of 
the reaction from 5.4 to 6.7 and of the temperature from 25 to 40 °C favored significantly the 
α(1→2) GOS synthesis, thanks to a strong negative effect on the undesired side reactions dextran 
and leucrose synthesis. However, these positive effects were not sufficient to compensate the loss of 
enzyme activity caused by the use of high pH and temperature. Moreover, the essential parameters 
were the Sucrose to Maltose concentration ratio (S/M) and the Total Sugar Concentration (TSC). 
S/M defined the equilibrium between (i) the GOS elongation and the α(1→2) linkage synthesis, and 
(ii) the side reactions, and the remaining maltose concentration by the end of the reaction (Fig. 3). 
Finally, by choosing the appropriate TSC, it was possible to minimize the (dextran + leucrose) 
yield, in order to obtain final α(1→2) GOS yield of 58%, the total GOS yield being around 90% 
(Fig. 4B).  

 

 

 
 
 

Fig. 4. A. Effect of the specific activity entrapped on the effectiveness factor of the immobilization.  
B. Comparison of the α(1-2) GOS yield obtained after reaction at pH 5.4, 25°C,  

and the indicated S/M ratio and TSC with free (l) and immobilized (n) IGT. 

 

4. Immobilization and enzymatic reactors 

The immobilization of dextransucrase within Ca-Alginate beads relies on the close association 
between dextran polymer and dextransucrase. However, high amounts of dextran in the enzyme 
preparation limit drastically the specific activity of the alginate beads to 4 U/mL of support. 
Moreover, even in the absence of external diffussion resistance (batch experiment), the enzyme 
behavior is modified by entrapment so that the dextran yield increases and the GOS are produced 
with a lower yield and have lower mean dp than with the free dextransucrase (Fig. 4).  
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Fig. 5. Operational stability of the enzymatic reactor packed with Ca-alginate beads containing 
dextransucrase. A. Sucrose consumption rate and dextran yield evolution during the 12 first days.  

B. Residence time distribution analysis after tracer (galactose) injection on the first and 10th day of 
continuous reaction.  

 

 

When the immobilized catalyst is used for continuous reaction, the flow rate necessary to obtain 
high conversion rate of the substrates is very low, leading to external diffusion resistance. As a 
result, the dextran yield is even higher than in batch reaction, and its accumulation within the beads 
leads to operational unstability of the catalyst and low GOS yield and productivity (Fig. 5). This 
effect can be limited by using reactors columns with L/D ratio ≥ 20, and by optimizing the 
substrates concentrations in the feeding solution. 

 

5. Conclusion 

The close study of the three steps of the process enabled to divide by two the GOS production cost. 
Moreover, several interesting points dealing with dextransucrase behavior and production 
regulation have been understood [10 - 14]. At the time, this work is carried on by cloning the gene 
encoding for the dextransucrase synthesizing the α(1→2) linkages. The possession of the gene is 
now essential to further improve our knowledge of the protein and to develop an even more 
efficient process. 
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Tortuosity in Bioseparations and its Application to Food Processes 
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Keywords: Tortuosity, Mixed Beds, Filtration 
 
 

1. Introduction 

There are several ways of describing porous media and the associated mass transfer phenomena 
occuring in them. In general the two major properties considered are the permeability coefficient 
(flow phenomena) and the effective diffusion coefficient (mass transfer phenomena)[1]. Both 
coefficients, in turn, are functions of the characteristics of the porous media, namely porosity and 
tortuosity. 
The effective diffusion coefficient, De, which characterizes mass transfer in porous media, is written 
as: 

D = Do (ε / T) (1) 

where Do is the diffusion coefficient in the bulk medium, ε the porosity and T the tortuosity. 
Tortuosity is classically defined as  

T = Le / L  (2) 

where Le stands for the average length of the streamlines in the void space of a porous medium of 
thickness L [1].  
A more detailed analysis shows that this definition does not apply to all cases since many paths of 
the same total length but different tortuosity may be found. 
The following examples 
 
 
 
 
   A   B   C  D 
illustrate what we have just mentioned.  
As a matter of fact, considering the 4 paths outlined above, it is easy to understand that each path, 
from A to D, has the same total length Le, as well as the same medium thickness L (the inlet and 
outlet points lie in the same position in every case). However, the number of bends increases from 2 
(path A) to 7 (path D), thereby giving rise to an increase in the tortuosity from left to right. 
On the other hand, for the same porosity, one may show the existence of many packed beds of a 
rather different tortuosity which may be achieved, for instance, by using bi- or tri-dispersed 
spherical beds [2]. Furthermore, experimental results are quite disperse, and, for basically the same 
kind of porous media, tortuosity values may range from 1.7 to 4, depending on many factors such as 
packing arrangement, media homogeneity, channel shape, kind of material to be transferred [3-5]. 
This raises the hypothesis that the permeability and the tortuosity of a packed bed may be 
modulated through the control of a) the size of the particles constituting the packed bed and b) the 
proportion of large and small spherical particles in the bed. 
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The aim of this work was to study how the packing arrangement and compostion of spherical 
particle mixed beds could influence the tortuosity. It was also intended to demonstrate how these 
concepts could be used in practical applications. 

2. Experimental 

The following types of glass beads were used for mixtures: 
- Beads of Glen Mills Inc., code 4512, diameter 3.3 - 3.6 mm and code 4504, diameter 1.0 - 1.25 
mm; 
- Beads of Sigmund Lindner, code 4508, diameter 2.0 - 2.3 mm; 
- Beads of Sovitec Iberica, s.a., Microperl, diameter 0.5 - 0.84 mm; 
- Beads of Potters-Ballotini, s.a., Visibead, diameter 0.25 - 0.425 mm. 
Samples of beads were kindly provided by the above mentioned companies. For all samples 80-
90% of particles correspond to the average particle size. Particle samples listed above were chosen 
in order to avoid overlapping sizes. 
A cylinder of 45 mm diameter was used to form a bed of particles for which the ratio (cylinder 
diameter)/(largest particles diameter) was above 10 to minimise wall effects. Samples of beads were 
kindly provided by the above mentioned companies.  
Beads with average diameter d = 0.3375 mm were used as small particles for preparing mixed beds. 
Particle ratio D/d = 24 was reached by mixing the above beads with other beads with diameter 8.1 
mm; D/d = 10.22 – with 3.45 mm beads; D/d = 6.37 – with 2.15 mm beads, D/d = 3.33 – with 1.125 
mm beads and D/d = 1.985 – with 0.67 mm beads, respectively.  
 
Porosity. To avoid particle seggregation, the following procedure was used for preparing mixtures: 
1) a cylinder was filled with large particles to build the bed skeleton; 2) small particles were then 
added to the bed by spraying them over the bed top surface. 
Beads with d = 0.3375 mm were used as small particles for preparing all mixed beds. A particle 
ratio D/d = 10.22 was achieved by mixing them with a fraction of 3.45 mm diameter, D/d = 6.37 – 
with 2.15 mm beads, D/d = 3.33 – with 1.125 mm beads, and D/d = 1.985 – with 0.67 mm beads, 
respectively. 
The glass cylinder was used to build the bed of particles. Distilled water was used to measure the 
void volume. Porosity was measured by two methods: 1) measuring the volume of water occupying 
the bed void and 2) weighing the water used. The 2 methods gave good agreement (less than 10% 
of relative deviation). 
 
Filtration. A filter made with glass fibres for qualitative analysis (type MN, Macherey-Nagel 
GmbH & Co.) was used as layer support. The cylinder was filled with water for filtration run. To 
protect the bed surface during the filling procedure a wire mesh was put on the top of the bed. The 
bed thickness was in the range of 2.5 – 3 cm. Vacuum was used to create a pressure drop across the 
mixed bed. The filtration occurred under a constant pressure drop of p∆  = 13 kPa to avoid bed 
compression effects. During filtration, the flow velocity ( )tFVu ⋅= /  was measured for further 
calculation of the bed permeability. Here V is the filtrate volume, F is the filtration area, and t is the 
volume filtration time. Hydraulic resistance of the layer support was checked before and after each 
filtration test. For each bed a new support layer was used.  
The calculation of the mixed bed permeability was based upon the Kozeny-Carman  model, as 
described below. 
Pressure drop in packed beds is usually described by Kozeny-Carman model:  
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where ∆p is the pressure drop through packed bed, L is the bed thickness, 2
0TKK =  is the 

Kozeny´s coefficient, 0K  is a constant, usually 0K  = 2, T  is the tortuosity, µ is the liquid viscosity, 
a is the specific area of the bed, and u is the flow velocity. 
For packed beds of mono-size spherical particles T ~ 1.5 (ε = 0.4). Hence, in this case 

K = K0T2 = 4.5 (4) 

If we introduce a specific particle area of spherical particle diameter pd , as a0 = a/(1 - ε)=6/dp, 
equation (3) becomes: 
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In filtration with a constant pressure to control the filtration velocity, u, equation (5) can be 
rewritten as 
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is defined as a permeability, k [m2]. The particle diameter pd  is considered as the average particle 
diameter of a binary mixture and was calculated as ( ) dxDxd DDp /1//1 −+= . The permeability 
was calculated based on equation (7) and K defined from equation (9): 2

0TKK = . Then, the 
average tortuosity was determined as  

T K K= / 0  (10) 

where 0K was assumed to be 2.0. 
Based on this methodology, k, K, and T values were experimentally determined, for a set of mixed 
beds of spherical glass beads. The effect of Dx , the volume fraction of the largest particles, and ε, 
the porosity of the mixed bed, on the permeability and the tortuosity could thus be evaluated. 

3. Results 

The dependence of permeability on the volume fraction of large particles in the mixture is shown on 
Fig. 1. A sudden increase of 1-2 orders of magnitude is observed for permeability when Dx > 0.7. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Bioprocesses for Food Production 
Oral Presentations 

 

96 

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

0,0001

0,001

0,01

3

2

1

- (1) - D/d = 10.22
- (2) - D/d = 6.37
- (3) - D/d = 3.33

       - Model

k 
* 

10
 6 , 

 m
2

x D

 
Figure 1. Permeability k vs. Dx . 

 
Based on the Kozeny´s coefficient K, the tortuosity was calculated for several particle size ratios. 
The tortuosity for D/d = 10.22 is shown on Fig. 2. The range of T variation corresponds to 
published data for granular beds: Riley et al. (1996), Zhang and Bishop (1994) Bear (1972) Dullien 
(1975), and Suzuki (1990). The polynomial fit, Fig. 2, (dotted curve), is 

T = 1.47157 + 0.16565xD - 0.93301xD
2 + 3.41422 xD

3 - 2.62552 xD
4 (11) 

with a correlation coefficient of R = 0.919.  
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Figure 2. Experimental tortuosity (circles) T vs. volume fraction of large particles Dx  for a binary 

mixture of D/d = 10.22. 1 – tortuosity calculated by T=1/ε0.4, 2 – tortuosity calculated by the 
polynomial function (11). 

 
Tortuosity may be related to porosity by a functional relationship of the type T~1/εα, where α 
usually has a value between 0 < α ≤ 1.0 [4]. For the used mixtures, the best fit gave α = 0.4, which 
gives for the tortuosity the following expression 
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As was mentioned above, the tortuosity defined by experimentation through Kozeny´s coefficient 
2

0TKK = , differs from the calculated by the polynomial model, equation (11), when T=1/ε0.4 is 
used. However, differences in prediction by the model tortuosity (12) and experimental values of 

0/TT , Fig. 2, in all range of Dx  do not exceed 10%. Hence, we can expect good estimations with 
this model. The permeability becomes then 
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Using equation (13), values for the permeability may be estimated for different Dx  and several 
diameter ratios. These estimations are displayed in Figure 3. 
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Figure 3. Dependence of the permeability k vs. xD by the model, equation (1), for different D/d. Size 

of large particles, D = 3.45 mm. 
 
Finally, the function (ε/T)2 included in permeability was calculated by the model (8) (see Fig. 4). 
For comparison, dotted curves are shown for the case of a constant tortuosity (independent on 
porosity) of T = 1.45. As expected, diffusivity is more sensitive to tortuosity than permeability. 
Hence, the impact of tortuosity variation due to binary particle beds must be taken in account when 
modelling transport phenomena in granular beds. Comparing these results with the ones obtained 
for diffusivity in binary beds in a previous work (Mota et al., 1998), it may be seen that diffusivity 
is minimal for xD around 0.9, whereas the tortuosity is maximum for xD around 0.8. This raises the 
hypothesis of dissociating tortuosity from diffusivity, if the appropriate value for xD is chosen. 
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Figure 4. Function ( )2/Tε  vs. xD, solid curves. 1-- D/d = 1.985, 2 -- D/d = 3.33, 3 -- D/d = 
6.37, 4 -- D/d = 10.22, and 5 -- D/d → ∞. Dotted curves correspond to T = 1.45. 

4. Conclusion 

After having obtained this set of results, the question was to know whether they were useful. One 
immediate hypothesis was to use binary mixtures in filtration media, where the proportion of big 
particles could increase to 0.7 without significant variation in permeability, as pointed out by Fig. 
(3). A particular type of filtration was developed. Mixed beds of about 4 cm thickness were formed 
by a skeleton of glass beads (average diameter 0.3375 mm) and different kieselguhr slurries (from 
12 to 50 microns). A bakers’yeast suspension was used. A concentration of 6g/L of cell dry weight 
was chosen since it is the typical value found in alcoholic beverages – wine, beer, cider. The 
suspension was filtered through the filtration medium at a constant pressure of 80 kPa. The filtrate 
was checked for the presence of yeast cells both directly by microscopy and by cultivation in malt-
agar. No cells were detected. The filtration effectiveness was also compared  with a traditional 
kieselguhr cake filtration. No differences were detected. The glass beads were back-washed, 
fluidised and reused 50 times – the total number of runs – without being damaged. The amount of 
kieselguhr was 5 times less than the usual, with evident advantages in terms of filter aid savings and 
lowering of pollution levels. 
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Abstract: 
 
Food enzymes produced by genetically modified micro-organisms have  been used commercially 
for a number of years (Fig.1). Recent examples will be given that illustrates this trend in the 
development of food enzymes and food enzyme applications. One of the examples - liquefaction of 
starch - involves protein engineering. 
 

Enzyme 
 

Application Commercial introduction 

Maltogenic amylase Production of maltose 
syrup 

 

1985 

M. Miehei lipase 
 

Interesterification of fats 1990 

ALDC 
 

Maturation of beer 1991 

CGTase Production of 
cyclodextrins 

1995 

Pectin Esterase Hydrolysis of esterified 
pectin 

1997 

 
Fig. 1 Examples of new food enzymes from genetically modified microorganisms 

 
Liquefaction of starch is traditionally carried out using an α-amylase from B. licheniformis in a 
single stage process. There are two basic problems with this process (Fig. 2). The pH of the starch 
slurry has to be adjusted from about 4.0 to 6.0 and calcium has to be added to stabilise the enzyme. 
Both these operations are expensive as calcium and salts have to be removed again by ion 
exchange. 
The development of an α-amylase from B. licheniformis, based on site-directed mutagenesis, with 
improved properties will be described. The dependency of enzyme stability on calcium has been 
removed and at the same time the heat stability and the stability of the enzyme at pH 5.3 have been 
improved . 
The properties of the new enzyme will be illustrated with results from a pilot plant liquefaction unit. 
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Fig.2. Illustration of the ideal process for conversion of corn starch into high fructose corn syrup

 
Xylanases in wheat starch processing. 
 
Wheat starch separation is the process where flour is separated into gluten, A and B starch and a 
fibre fraction (Fig. 3). Hemicellulose mixtures are used to improve the separation by degrading the 
xylans and the beta-glucans from the endo-sperm cell wall. 
 

Fig.3 Wheat separation
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slurry - viscous due to xylans
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higher speed
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A number of xylanases and endo-glucanases were prepared by expression cloning and their abilities 
to facilitate the separation of starch and gluten compared. It was found that the ability to improve 
the separation is closely linked to the enzyme´s ability to reduce the viscosity in wheat flour 
suspensions and could be related to a very high activity on the soluble wheat xylans and a relatively 
low activity on insoluble wheat xylan, which otherwise would release viscous high molecular 
fragments. 
 
Pectin esterase for fruit processing  
 
Pectin esterase hydrolyses the ester linkage between methanol and galacturonic acid in esterified 
pectin. 
 

Fig.4 Pectin Degradation
Experimental products for pectin degradation

galA galA

galA

galA galA galA galA galA galA galA galA rha galA rha galA rha galA

OMe OMe OMe OMe
OMe ara

ara
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ara
ara

ara
ara

ara
ara

gal
gal
gal
gal
gal
gal

Arabinanase

Galactanase
Polygalacturonase

Pectin Esterase

Rhamnogalacturonases

Rhamnogalacturonan
acetyl esterase

Pectin lyase

OAc

ara

ara

ara
ara

   ara =     arabinanase
   gal =     galactose
   galA =     galacturonic acid
   OAc =     acetyl group
   OMe =     methyl group
   rha =     rhamnose

 
 
Pectic substances are the major components of the primary cell wall and middle lamella of the 
major crops, including fruit and vegetables, cultured by man. The polygalacturonic acid residues 
can be methyl-esterified to a varying degree. The enzymatic de-esterification results in a low 
methoxylated pectin which in the presence of calcium forms astrong gel. This makes the enzyme 
useful in several applications, including improvement of the rheological qualities of ketchup, where 
reduced  syneresis as well as increased viscosity of the tomato paste can be obtained. 
Such pectic esterase applications are difficult to make cost efficient without genetic engineering 
because pectin esterase usually is produced accompanied by several pectin depolymerisation 
activities, which are detrimental to the application performance of the pectin esterase. 
 
In conclusion the development of new enzymes for food and new food applications is expected to 
continue at an increasing speed, fully supported by genetic engineering and, especially for the starch 
industry, also by protein engineering. 
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Abstract 
Different approaches were used to study the effects of agitation intensity in fermentations of 
Aspergillus oryzae. Firstly, constant mass, 5.3 L chemostat cultures at a dilution rate of 0.05h-1 and 
a dissolved oxygen level of 75% of air saturation, were conducted at 550, 700 and 1000 rpm using 
two D/T=0.5 Rushton turbines. These agitation speeds were chosen to cover a range of specific 
power inputs (2.2 to 12 kWm-3) from realistic industrial levels to much higher values. Mycelial 
morphology was characterised using image analysis. Protein production (α-amylase and 
amyloglucosidase) was found to be independent of agitation speed in the range 550 to 1000 rpm 
(P/V=2.2 and 12.6 kWm-3 respectively), although significant changes in mycelial morphology could 
be measured for similar changes in agitation conditions. This suggests that mycelial morphology 
does not directly affect protein production. Secondly, fed-batch fermentations using gas blending to 
control the dissolved oxygen level were conducted at operating conditions more realistic in terms of 
biomass concentration as well as specific power inputs (1 to 5 W/kg) to those used industrially. The 
effects of agitation intensity on growth, mycelial morphology, hyphal tip activity, and recombinant 
protein production in fed-batch cultures were also investigated. In the batch phase of the 
fermentations, both biomass concentration and specific growth rates increased with increasing 
agitation intensity. The early differences in specific growth rate were responsible for the biomass 
dependence on agitation intensity for the remainder of the fermentation. As with continuous 
cultures, it appears that mycelial morphology does not directly influence protein production. 

1. Introduction 

During the last two decades, filamentous fungi have been used increasingly as eukaryotic hosts for 
foreign gene expression due to their capability of secreting large quantities of proteins. In addition, 
post-transcriptional modifications of proteins such as glycosylation are important capabilities 
offered by these hosts [7]. Also many species are generally regarded as safe by regulatory 
authorities. Despite the widespread industrial use and potential of fungal strains for heterologous 
protein production, relatively little is known about the influence of engineering variables such as 
agitation conditions upon the morphology of such organisms in submerged cultures. In many fungal 
fermentations, the high apparent viscosities and the non-Newtonian behaviour of the broths 
necessitate the use of high agitation speeds to provide adequate mixing and oxygen transfer. 
However, mycelial damage at high stirrer speeds (or power input) can limit the acceptable range of 
speeds, and hence consequently the oxygen transfer capability and the volumetric productivity of 
the fermenter. The effects of mechanical forces (“shear”) on fungal physiology, in particular 
branching, and tip extension are poorly understood. 
 
Although many studies have been conducted to investigate the effects of mechanical forces on 
mycelial morphology and productivity [3, 4, 8, 10, 11, 14, 15, 17, 18], they generally suffer from 
two limitations. Firstly, due to the lack of suitable methods for characterising clumps [16], only the 
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freely dispersed form has been considered, although it may only account for only a small fraction of 
the biomass [5, 16]. Secondly, it has not been possible to dissociate the influence of agitation from 
mass transfer effects. The dependence of product formation rates on impeller shear has been 
observed for a wide variety of filamentous fungi [9, 15, 17, 19]. 
 
The present study reports on the influence of agitation conditions on the morphology and protein 
production capability of a genetically modified industrial strain of Aspergillus oryzae. This is an 
important issue, as it has been suggested that protein secretion in fungi occurs only at the tips 
[20,21], so that there might be a strong dependence of the secretion rate on mycelial morphology. 
The aim of the experiments was to discover whether and how recombinant protein production 
depended on morphology and hence impeller induced fragmentation in both chemostat and fed-
batch cultures. Although there is very limited use of continuous culture systems in industry, they are 
extremely useful research tools. Steady state continuous cultivation can give precise information on 
the influence of a single variable. Transient experiments, where the dynamic response of cultures to 
a perturbation can readily be studied, are particularly useful in such systems. The industrial 
recombinant strain of Aspergillus oryzae used in this study produces α-amylase (homologous 
protein) and amyloglucosidase (heterologous protein). These two enzymes are mainly used for the 
conversion of starch into sugars, syrups and dextrins. α-Amylase is an endo-attacking enzyme 
hydrolysing 1,4-α- linkages in starch, whilst amyloglucosidase is an exo-attacking enzyme 
hydrolysing 1,4-α- as well as 1,6-α- linkages in starch. 

2. Materials and methods 

Chemostat experiments: 
The recombinant strain of Aspergillus oryzae was supplied by Novo Nordisk A/S (Baegsvard, 
Denmark). Details regarding the media composition and fermentation conditions for the chemostat 
experiments are given elsewhere [1]. Fermentations were conducted in a 6 L bioreactor (LSL 
Biolafitte, Luton, England) with an approximate working volume of 5.3 L. The base of the vessel 
was supported on a load cell. Agitation was provided by two Rushton turbines with a D/T ratio of 
0.5. The dilution rate was 0.05h-1. The load cell was linked to a WM 505U peristaltic pump via a 
TCS (Turnbull Control Systems, Worthing, UK) control unit. The speed of this pump was varied 
according to the output from the load cell, allowing the fermenter to be operated as a chemostat 
with a constant mass of 5.3 kg at a precision greater than ±0.02 kg. Thus, the dilution rate of the 
chemostat remained independent of gas hold-up effects caused by changes in impeller speed. 
Dissolved oxygen was controlled at 75% (±1%) of air saturation by blending nitrogen with air using 
a gas blender during the continuous fermentation. Thus the agitation speed could be varied without 
affecting either the dissolved oxygen concentration in the broth or the gas flow rate. The inlet and 
exit gases from the bioreactor was measured using a VG M8-80 mass spectrometer (VG Gas 
Analysis, Middlewich, UK). SETCIM (AspenTech, Boston, USA) process management system was 
used for monitoring and control. The chemostat was operated with broth 1cm from the top of the 
head plate in order to minimise the effects of wall growth. 
 
Agitation conditions: 
Fermentation 1 (C1): The agitation speed was maintained at 1000 (±5) rpm (12 kWm-3) until 348 
hours, when it was decreased to 550 (±5) rpm (2.2 kWm-3). This fermentation was terminated at 
650 hours. Fermentation 2 (C2): This was a repeat of C1 except that the reduction in speed from 
1000 to 550 rpm was made at 279 hours. This fermentation was terminated at approximately 660 
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hours. Fermentation 3 (C3): Agitation speed was maintained at 700 (±5) rpm (4.3 kWm-3) until the 
end of the fermentation at 250 hours. The choice for these speeds has already been discussed 
earlier; these speeds result in specific energy dissipation rates (2.2 to 12.6 kWm-3) of the order of 
those used in industry or higher The gassed power input at these speeds was measured separately in 
water (at 0.5vvm) using a frictionless air bearing dynamometer [12]. These measurements could be 
applied directly to the agitation conditions in the chemostat since the broth (2 g/L) was Newtonian 
with a viscosity similar to that of water. The flow regime in all cases was turbulent (Reynolds 
numbers between 52000 and 94000). This is realistic, as in practice, large scale industrial 
fermentations involving even pseudoplastic broths are often turbulent (or at worst transitional) due 
to the use of large diameter impellers. 
 
Samples were taken periodically for measurements of biomass concentration, morphological 
parameters and enzyme analysis. Mycelial morphology using image analysis, biomass concentration 
and enzyme activities were measured as described earlier [1]. The mean projected area of all 
elements was taken as a measure of the total biomass [13]. Repeated analysis of enzyme activities 
showed a maximum variation of ± 0.03 FAU/mL (typically ± 0.02 FAU/mL). The activity of the 
enzyme was expressed arbitrarily in FAU. The activity of amyloglucosidase (AMG) was expressed 
in an arbitrary unit, AGU. Analysis of repeated samples did not show variations in excess of ± 0.03 
AGU/mL. These arbitrary units are defined in [1]. 
 
Fed-batch cultures: 
The same vessel was used as for the chemostat experiments. The media used was as follows (in 
g/L): maltodextrin, 12.0, citric acid, 2.0, MgSO4.7H2O, 2.0, KH2PO4, 2.0, K2SO4, 2.0, NH4SO4, 3.0, 
CaCl2, 0.8, yeast extract, 5.0, trace metal solution (citric acid, 3.0, ZnSO4, 0.29, Fe2SO4, 0.28, 
CuSO4, 0.25, MnSO4, 0.25, NiCl, 0.05) 0.5 mL/L, Pluronic P6100, 1.0mL/L. The feed solution 
(1500mL) contained maltodextrin, 360g, ammonium sulphate, 112g, citric acid, 1.2g and Pluronic 
P6100, 10mL. The feed rate and time of feed initiation is shown in Table 1. The agitation speeds 
(525, 675 and 825 rpm) used in the fed-batch cultures were chosen to give specific gassed power 
inputs in the range 1 to 5 W/kg and are shown in Table 1. Gas blending was used to ensure that 
agitation speed could be varied without affecting either the dissolved oxygen concentration in the 
broth or the gas flow rate (1 vvm). Biomass concentration, AMG activity and mycelial morphology 
was measured as described in [1]. Standard errors for biomass and AMG activity measurements did 
not exceed 3 and 4% respectively. Hyphal tip activity was measured according to the method 
described in [2]. 
 

Table 1: Fermentation conditions for fed-batch cultures 
Fermentation Liquid 

volume (L) 
 

Agitation 
speed (rpm) 

P/V 
(W/kg) 

(P/kD3)(1/tc) 
(kWm-3s-1) 

Maltodextrin feed rate and 
time of feed initiation 

FB5 5.2 825 5.0 340 0.50 g/L/h from t=16 h 
1.0 g/L/h from t=19 h 

FB6 5.2 675 2.5 140 0.50 g/L/h from t=16 h 
1.0 g/L/h from t=19 h 

FB7 5.2 525 1.0 40 0.50 g/L/h from t=16 h 
1.0 g/L/h from t=19 h 
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3. Results and discussion 

Chemostat cultures: 
A summary of all the experiments and results is given in Table 2. However, a detailed description 
of the experimental results is restricted to experiment C1. The steady state values of morphological 
parameters, biomass concentration and protein activity measured before and after each change in 
agitation speed were compared using a t-test of statistical significance. The null hypothesis that a 
given parameter was independent of agitator speed was rejected where P<0.05. The values used in 
the statistical test were obtained after 5-6 residence times of a change in operating conditions. 
Dissolved oxygen tension (DOT) and pH could generally be maintained independently of the 
agitation speed at ±1% and ±0.1 of the set-point respectively. The change in agitation speed did not 
influence either biomass concentration or the carbon dioxide production rate (CPR). A steady state 
biomass concentration of 2.0 ± 0.1 g/L was obtained. Morphological measurements (projected area) 
of the biomass revealed that approximately 33 ± 2% of the mycelia existed in the freely dispersed 
form at 1000 rpm, with clumps accounting for the remainder. The change in agitation speed to 550 
rpm resulted in a gradual decrease to a steady state value of 15 ± 2%. These results also clearly 
highlight that representative morphology of the biomass for this strain (at the given operating 
conditions) can only be obtained by considering the clump morphology in addition to the freely 
dispersed. The mean projected area of the total biomass was found to increase significantly from 
6100 ± 1100µm2 (mean ± standard error) at 1000 rpm to 16500 ± 3800µm2 at 550 rpm (Figure 1). 
 
The activities of α-amylase and AMG for C1 are shown in Figures 2a and 2b respectively. Both α-
amylase and AMG activity remained fairly constant at 0.37 ± 0.06 FAU/mL and 0.77 ± 0.08 
AGU/mL respectively up until 183 hours. Thereafter there was a reduction in the activity of both 
enzymes. This decrease may possibly be due to a loss in the measured AMG gene copy number, 
though it is important to point out that this decrease did not occur around the changes in agitation 
speed. Incidentally there was no change in the morphological state of the culture in the same period. 
Referring to the 70 hour period (or 3.5 residence times) before the speed change, it seems that the 
enzyme activities had stabilised. Following the reduction in the agitation speed, α-amylase activity 
increased from 0.31 ± 0.06 FAU/mL to 0.38 ± 0.06 FAU/mL (the mean steady state values and their 
standard errors are quoted). The AMG activity increased from 0.36 ± 0.07 to 0.38 ± 0.05 AGU/mL. 
These differences were not statistically significant, suggesting that the agitation speed did not affect 
the enzyme production rates, whereas a similar decrease in agitation speed resulted in nearly 2.7x 
increase in the mean projected area (see Figure 1). Since it could be argued that strictly the 70 hours 
before the speed change may not have been enough to attain steady state, the results obtained in 
experiment C1 were verified from a repeat experiment, C2. The agitation speed in C2 was also 
reduced from 1000 to 550 rpm, though at 279 hours, revealing a similar trend in α-amylase activity 
(Figure 3a). Following the immediate decrease in activity after the speed change, the steady state 
value at 550 rpm (0.44 ± 0.06 FAU/mL) remained statistically indistinguishable from the value at 
1000 rpm (0.46 ± 0.06 FAU/mL). As with α-amylase, AMG activity also decreased immediately 
from 0.85 ± 0.08 AGU/mL following the reduction in agitation speed (Figure 3b). Thereafter it 
increased to a steady state value of 0.80 ± 0.09 AGU/mL at 550 rpm and remained at this value 
until 450 hours (8.5 residence times). The AMG activity at 550 rpm was also statistically 
indistinguishable from the value at 1000 rpm. These results are shown in Table 2. 
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Table 2: Summary of chemostat experiments at different agitation speeds  
(values quoted are at steady state) 

Agitation conditions 
 

Morphological parameters 
 

Enzyme activity 
 

speed  
 

(rpm) 

P/V 
 

(kWm-3 ) 

P/(kD3tc) 
 

(kWm-3s-1 ) 

Clumps + 
freely 

dispersed 

 
Freely dispersed 

 

 

   Mean 
projected  

area  
(µm2) 

Mean 
projected 

area  
(µm2) 

Mean  
total 

length 
(µm) 

Mean 
number 
of tips 

Hyphal 
growth 

unit 
(µm/tip) 

α-amylase 
 

FAU/mL 

AMG 
 

AGU/mL 

Fermentation C1 
1000A 12.6 950 6500 ± 1400 3300 ± 800 410 ± 70 5.2 ± 0.8 79 ± 12 0.37 ± 0.06 0.77 ± 0.08 
1000B  12.6 950 6100 ± 1100 3200 ± 700 400 ± 50 5.1 ± 0.7 78 ± 12 0.31 ± 0.06 0.36 ± 0.07 

550 2.2 90 16500 ± 3800 5100 ± 1300 530 ± 80 7.4 ± 1.3 69 ± 13 0.37 ± 0.06 0.38 ± 0.05 
Fermentation C2 (Repeat of C1) 

1000 12.6 950 7600 ± 1800 4100 ± 1000 340 ± 60 5.7 ± 1.0 62 ± 13 0.44 ± 0.06 0.80 ± 0.09 
550C 2.2 90 22100 ± 6000 3100 ± 600 410 ± 70 6.6 ± 0.9 62 ± 14 0.46 ± 0.06 0.85 ± 0.08 

Fermentation C3 
700 4.3 230 13900 ± 3000 9000 ± 2500 460 ± 80 7.7 ± 1.6 63 ± 15 0.42 ± 0.06 0.95 ± 0.09 

(P/V : Specific power input; P/(kD3tc) : Energy dissipation / circulation function) 
C1 (1000 rpm) : ABefore loss in gene copy number     BAfter loss in gene copy number 

CData shown are for measurements up to 5 residence times after speed change from 1000 to 500 rpm. 
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Figure 1: The variation of mean projected area of the biomass with agitation speed (C1). 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Bioprocesses for Food Production 
Oral Presentations 

 

107 

Time (hours)

0 100 200 300 400 500 600 700

A
M

G
 (

A
G

U
/m

L
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

A
g

it
at

io
n

 s
p

ee
d

 (
rp

m
)

600

700

800

900

1000

αα-
A

m
yl

as
e 

(F
A

U
/m

L
)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
g

it
at

io
n

 s
p

ee
d

 (
rp

m
)

600

700

800

900

1000

Agitation speed

Repeated analysis

(a)

(b)

C1

Repeated analysis
C1

Agitation speed

 
Figure 2: The variation of (a) α-amylase and (b) AMG activities with agitation speed (experiment C1). 

Agitation speed was decreased from 1000 to 550 rpm at 348 hours (C1). 
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Figure 3: The variation of (a) α-amylase and (b) AMG activities with agitation speed (experiment C2). 

Agitation speed was decreased from 1000 to 550 rpm at 279 hours. 
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The mean projected area of the biomass and mean total hyphal length of the freely dispersed 
mycelia at steady state for 550, 700 and 1000 rpm are shown in Table 2. These steady state 
morphological parameters were correlated with both the energy dissipation/circulation function 
(EDC) as well as specific power input. The regression coefficient of the plot (r2 ≥0.95) suggested 
that the EDC function is an excellent correlator of hyphal fragmentation. This confirms data for fed-
batch P. chrysogenum fermentations reported by [6]. The mean projected area and the mean total 
hyphal length could be equally well be correlated with specific power input since at a given scale 
using one impeller type, since both correlators are simply functions of impeller speed [P/(kD3tc)] ∝ 
N4, (P/V) ∝ N3. Therefore, although the slopes were different, the regression coefficients were 
identical. However, previous work has established the generality of this function rather than specific 
power input or impeller tip speed in correlating mycelial damage [5]. It is for this reason here that 
EDC is considered to be superior to specific power input as a correlator of hyphal breakage. 
 
The main finding of the chemostat experiments was that significant variations in mycelial 
morphology as a consequence of changes in agitation speed do not affect protein production. 
Presuming secretion to be dependent on the number of actively growing hyphal tips, this result also 
suggests that protein secretion is not a bottleneck in this strain. Studies linking protein secretion to 
actively growing mycelial tips should then perhaps be conducted using strains with very high gene 
copy numbers, where protein secretion may become the limiting step. The practical implication of 
the results of this study is that the agitation intensity in such fungal fermentations can be 
manipulated to meet process requirements in terms of dissolved oxygen levels and bulk mixing and 
possibly to control broth rheology by changing morphology without compromising recombinant 
protein production. 
 
Fed-batch cultures: 
Results of DOT, CPR, and pH for the three runs are shown together on Figures 4a, b and c. At 825 
rpm (FB1), DOT could be controlled at 50% ± 2% throughout the run. CPR peaked at 46 mmol /L/h 
at the end of the batch phase and remained fairly constant throughout most of the fed-batch phase of 
the fermentation. pH could be maintained at 5.0 ± 0.03 whilst RQ remained at approximately 1 
throughput the run. The profiles of DOT, CPR, pH and RQ at 675 rpm (P/V=2.5 W/kg), FB2, were 
similar to those for FB1, except in two respects. Firstly, the peak in CPR was lower at 35 mmol/L/h 
and secondly, though on average RQ was still 1, the noise in the data was larger. These trends were 
also evident at 525 rpm (P/V=1.0 W/kg), FB3, where the peak in CPR was further lower at 29 
mmol/L/h and the noise in the RQ was greater, reflecting the relatively greater severity of oxygen 
transfer in the latter case. DOT in FB3 could only be controlled at 50% of air saturation until 60 
hours. Since all the three fermentations were conducted using identical procedures and the DOT 
level maintained at 50% (until 60 hours for FB3), it is reasonable to assume that any changes in 
culture performance was due to a direct consequence of the different agitation conditions. 
 
Figure 5 shows the biomass concentration and the AMG production as a function of time for FB1 
(N=825 rpm), FB2 (N=675 rpm) and FB3 (N=525 rpm). The highest biomass concentration at the 
end of the batch phase was obtained at the highest agitation speed. There was also a dependence of 
specific growth rate on agitation speed in the batch phase of the fermentations (µmax=0.29h-1 for 
FB1, µmax=0.29h-1 for FB2 and µmax=0.22h-1 for FB3). These differences were negligible from 20 
hours onwards. The early differences in specific growth rate were responsible for the biomass 
dependence on agitation intensity for the remainder of the fermentation. Similar results of 
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increasing biomass with agitation intensity using P. chrysogenum have been reported in the 
literature. One explanation for the increase in specific growth rate (and hence biomass concentration 
with fermentation time) is due to increased tip formation as a result of increased fragmentation at 
high agitation intensities. Very little AMG was produced in the batch phase of the fermentations 
due to repression effects of high maltodextrin concentrations. As with biomass, AMG activity for 
FB1 continued to increase with time reaching a maximum activity of 11.4 AGU/mL. The AMG 
activity for FB2 was higher than that for FB1 between 20 and 60 hours. Thereafter, AMG activities 
in both runs were similar until 90 hours, when AMG activity in FB2 levelled off probably as a 
consequence of incomplete oxygen supply (even though the DOT was 50% in the vicinity of the 
probe). The AMG activity at the lowest agitation speed (FB3) was very similar to that in FB2 until 
50 hours whereafter problems of maintaining DOT at 50% of air saturation resulted in an 
approximately constant activity until 90 hours. It is interesting to note that even though the DOT 
probe measured a value of 50% of air saturation until 60 hours, AMG activities were affected at 50 
hours, possibly indicating that not all of the mycelia in the broth experienced a 50% DOT level 
indicated by the probe. Between 90 hours and the end of the run, AMG activity decreased from 6.6 
to 6.0 AGU/mL due to the further lowering of DOT to between 5-10% (see Figure 4a). Though 
AMG activities were influenced by lower oxygen availability, biomass concentrations did not 
appear to be affected. 
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Figure 4: Profiles of DOT, CPR and pH for fed-batch fermentations at 825, 675 and 525 rpm. 
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The profiles of the mean projected area representing the whole of the biomass for each agitation 
speed is shown in Figure 6. The mean projected area increased rapidly during the exponential phase 
with the maximum values strongly influenced by the agitation intensity. This was followed by a 
rapid decline at approximately 16 hours to a constant value. This constant value was higher for 
lower speeds. The choice of the time at 16 hours to initiate fed-batch feeding was in part based upon 
the fact that significant mycelial fragmentation was starting, allowing improved mixing and mass 
transfer. Morphological analysis confirmed that the inclusion of clumps is essential for full 
characterisation of the biomass. The rapid increase in mean projected area during the exponential 
phase can be explained by considering that in this high specific growth rate phase mycelial growth 
is dominant compared to mycelial fragmentation. The highest mean projected area was obtained for 
the lowest fragmentation conditions. The rapid decrease in mean projected area after the batch 
phase is due to the 
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Figure 5: Biomass concentration, specific growth rate and AMG activity 
 in fed-batch fermentations at 825, 675 and 525 rpm. 

 
dominance of fragmentation relative to growth. Fragmentation is determined primarily by the 
agitation intensity, though factors such as possible mycelial aggregation and mechanical strength of 
mycelia can also contribute. At low specific growth rates (µ ≤ 0.02 h-1), growth and fragmentation 
processes reached a balance that was dependent on the agitation intensity. The EDC function was 
used to correlate the mean projected area (i.e. fragmentation) at specific growth rates of 0.05 
(biomass concentrations between 9 and 12 g/L) and 0.02 h-1 (biomass concentration between 18.2 
and 22.4 g/L). The slope of the mean projected area versus EDC was ≈-0.50 (with r2 ≥0.93) both for 
µ =0.05 h-1 and 0.02 h-1. It is important when such correlations are developed that the 
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morphological data is obtained at similar specific growth rates and not fermentation time (where 
specific growth rates may vary), so as not to introduce errors in the fragmentation analysis due to 
differences in growth behaviour. It is interesting to note that the slope of a similar plot in continuous 
cultures at a dilution rate of 0.05 h-1, where the biomass concentration was 2 g/L, also has 
approximately the same slope. Therefore, EDC appears to be able to correlate mycelial 
fragmentation, at a given specific growth rate, at very different biomass concentrations. Figures 5b 
and 6 taken together once again suggest, as with continuous cultures, it appears that mycelial 
morphology does not influence protein production directly. 
 
Measurements of hyphal tip activity (number of active or growing tips expressed as a % of the total 
number of measurable tips) generally showed a maximum value of approximately 84% towards the 
end of the exponential phase, decreasing to a constant value dependent upon the agitation speed. 
The highest value of this constant was obtained at the lowest agitation speed. There did not appear 
to be a direct relationship between hyphal tip activity and protein production. However, one 
inherent limitation of the image analysis technique used for the measurement of hyphal tip activity 
is that tips within clumps cannot be analysed due to the difficulty of making measurements inside 
the three dimensional structure of clumps [2], although it is vital to account for the clump 
physiology given that this class may represent a high proportion of the biomass. As a result the 
measurements on the freely dispersed class have generally been assumed also to be applicable for 
clumps, though the validity of this assumption is questionable particularly for large clump where 
limitations in substrate and/or oxygen supply can occur. 
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Figure 6: Mean projected area of mycelia in fed-batch fermentations at 825, 675 and 525 rpm. 
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Abstract 
The growing interest in functional foods during the past few years has led to an increasing number 
of papers in the literature reporting on biological effects of various probiotic bacterial strains, 
prebiotics and functional carbohydrates, antioxidants and other dietary modulators of metabolic 
functions. In this paper, we will present the criteria of selection of bioactive microorganisms and 
molecules occurring - or to be incorporated - in functional foods, the scientific basis of their health 
benefits and the future requirements for new product developments. 

1. Probiotics 

During the past few years, new products containing probiotics and claiming biological properties 
have reached the shelves. Although some effects are now well acknowledged and documented, 
many questions are still opened regarding the accuracy of many studies used to claim effects 
(Sanders, 1993). Here, we will discuss the potential effects of selected organisms in relation to the 
target organs and pathophysiological conditions of the host. 

Ecological Aspects and Anti-Pathogenic Effects 

HT-29 and Caco-2 cells are human intestinal cell lines expressing morphological and physiological 
characteristics of normal human enterocytes (Pinto et al., 1983, Zweibaum et al., 1985). They have 
been extensively used for studying adhesion of enteropathogens (Gaillard et al., 1985, Neeser et al., 
1989; Mounier et al., 1992). More recently, they have been used to select lactic acid bacteria on the 
basis of their adhesion properties (Coconnier et al., 1992; Elo et al., 1991, Bernet et al. 1993, 1994). 
Other strains have been found to be adherent to human colonic mucosal biopsies, even several days 
after cessation of feeding of the strain (Johansonn et al., 1993, Alander et al., 1997).  

 

Anti-diarrhoeal and anti-pathogen effects of probiotics have been reported in the literature. Indeed, 
some convincing clinical data have been obtained (Isolauri et al., 1991; Saavedra et al. 1994, Kaila 
et al., 1995), using carefully selected strains. On our side, we undertook a study to test the ability of 
the adherent strain L. johnsonii La1, to inhibit adhesion of various pathogens to both Caco-2 and 
HT-29 cells. La1 was able to limit the adhesion and invasion of the epithelial cells by the 
pathogenic bacteria in a dose-dependent manner. Interestingly, the effect of La1 against 
enteropathogens was not only due to inhibition of adhesion but also to antimicrobial components 
produced by the strain (Bernet-Camard et al., 1997). Another interesting effect of La1 was observed 
with Helicobacter pylori. This Gram negative pathogen is often cultured from gastric biopsies of 
patients suffering from gastric ulcers. Infection by H. pylori is a risk factor for further development 
of gastritis, ulcers and even gastric cancers. We investigated the effect of La1 against this micro-
organism using HT-29 cells. The results showed that secreted metabolites could significantly inhibit 
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the urease of H. pylori. A double-blind controlled study with Hp-positive patients further confirmed 
this result in humans (Michetti et al. 1995). 

Immunomodulatory Effects 

The intestine is an organ which is highly involved in immune modulation. Beside the epithelium, an 
important immune tissue is present. This allows for interactions with stuffs present in the gut lumen 
(foods, endogenous microflora…). In this respect, an important component of the mucosal immune 
system is the intraepithelial lymphocyte population (IEL). Its size and function depends on the 
presence of the intestinal microflora (Abreu-Martin & Targan, 1996; Lefrancois L.& Goodman T. 
1989). Thus germ-free animals have a lower IEL population and the level of activation is also 
weaker. Upon bacterial monoassociation of germ-free animals (gnotobiotic model) with probiotic 
strains a clear expansion of the IEL population has been reported (Link et al.1995). The 
monoassociation of germ-free animals with commensal bacteria induces initially the generation of 
Peyer's patch germination centers (GC) that decline with time. The development of the B cell 
compartment is associated with a humoral specific immune response against the colonizing bacteria 
and although GC disappear after a few weeks the IgA specific response persists longer. In any case 
this model seems to show that the observed unresponsiveness against autochthonous microflora 
appears after a transient immune response (Shroff et al., 1995). So far it has never been shown in 
these models the effects induced by probiotic bacteria in the gut associated lymphoid tissue 
(GALT), particularly in GC development. But the administration of exogenous microorganisms 
such as probiotics could help to sustain the ongoing status of activation at the GC level and thereby 
promote an IgA specific response (Marteau et al. 1993). This has been demonstrated in several in 
vivo situations in animals (Perdigon et al. 1990) and even in humans during rotavirus infections 
(Kaila et al. 1995). Recently, we assessed the immunoadjuvant properties of a fermented milk 
containing the L. johnsonii La1 strain. Human volunteers received an oral vaccine (S. typhi Ty21A) 
with or without consumption of a fermented milk. The results revealed a significant increase of 
blood IgA response to the S. typhi LPS in the group receiving the fermented milk (H. Link et al. 
1994). The immunoadjuvant effect of La1 was further confirmed in a recent work in which we 
demonstrated that the seric IgA could be increased in volunteers fed LA1 without any concomittant 
oral vaccine (Marteau et al. 1997). 

 
Dealing with the non specific immune response, La1 was further tested for its ability to increase the 
blood phagocytic capacity in humans after consumption of a fermented milk for three weeks. 
Results showed that both the monocytes and granulocytes from peripheral blood were activated and 
able to phagocytose an opsonized E. coli. Moreover, the effect on phagocytosis lasted for at least 
six weeks after intake of the La1-containing fermented food had ended. No changes were seen in 
the percentages of other blood leukocyte subsets (Schiffrin et al. 1995). 

The Future of Probiotics as Functional Foods 

The stability of the intestinal bacterial ecosystem is affected by local factors such as intestinal 
motility, luminal secretions, dietary intake, the exogenous bacterial inoculum and the renewal of the 
epithelium (Bry et al., 1996) among others. The ecosystem of the small intestine is more susceptible 
to modifications than is that of the colon. As mentioned before, probiotics can protect the host 
against pathogens through two major mechanisms: the barrier effect or colonisation resistance; and 
the modulation of the host’s own mechanisms of defence. In order to antagonise small infectious 
agents, probiotic strains have to be present in an environment where no truly stable microflora 
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exists and where their persistence requires either continuous administration or adhesive properties, 
in order to remain attached to the target organ for longer periods. Given the transient condition of 
the small bowel microflora, the barrier effect at this level should be much more directed towards 
interfering in the interactions between the pathogens and their cellular targets. This type of effect 
can be attained not only through direct bacterial antagonism, but also by increasing the 
effectiveness of the immune response (IgA mediated, phagocytosis). Some future applications of 
probiotics could be in pathological situations. For example, antibiotic-associated diarrhoea (AAD) 
is a frequent complication of antimicrobial treatment in hospitalised patients. Antibiotic treatment 
disrupts the steady state of the colonic microflora and thus opportunistic intestinal pathogens 
overgrow. Up to one third of the cases of antibiotic-associated diarrhoea are associated with stool-
positive cultures for Clostridium difficile. Therefore C. difficile is identified as a major factor in 
AAD etiology. Probiotic micro-organisms such as Saccharomyces boulardii (Elmer et al., 1996, 
McFarland &Bernasconi, 1993) and Lactobacillus casei GG (Elmer et al., 1996) have been used 
either to prevent AAD or to treat it. A mixture of Lactobacillus acidophilus and Lactobacillus 
bulgaricus also showed high efficacy in the prevention of antibiotic-associated diarrhoea (Elmer et 
al., 1996). Due to the development of probiotic products, a more and more important issue will be 
the safety of the strains used. Indeed, some pathologies and side effects have however been 
described for Saccharomyces boulardii (McFarland &Bernasconi, 1993) and for lactobacilli 
(Gasser, 1994; Aguirre & Collins, 1993). Risk factors have been identified for lactobacilli involved 
in endocarditis and septicaemia episodes (production of some proteinases and glycosidases, platelet 
aggregation....) (Gasser, 1994; Oakey et al., 1995). Even if anecdotal, the infections provoked by 
probiotic bacteria should be critically and very seriously evaluated, especially for strains likely to be 
used in functional and clinical foods. In this respect, antibiotic resistance should be carefully 
assessed. Indeed, in the last few years, a significant number of infections by vancomycin-resistant 
enterococci have been described in the literature (Gold & Moellering, 1996). This renders this 
genus particularly risky for administration in clinical foods when patients are generally less resistant 
to infections. Another key question dealing with safety is the influence of probiotic bacteria on gut 
permeability. Recently, a human study has demonstrated that the L. johnsonii strain La1 did not 
increase the lumen concentrations of some serum proteins (e.g. albumin, transferrin, IgG, IgM, α2-
macroglobulin, orosomucoid) either after a chronic or acute administration (Marteau et al., 
1997).This reflects the absence of inflammatory processes after intake of this strain. In conclusion, 
one should ensure that probiotic micro-organisms do not increase gut permeability, which is the 
cause of allergy or the consequence of inflammation. This is of particular importance for strains 
given as clinical and/or therapeutic agents. 

 

The probiotic concept is today widely spread in the general population and it is commercially 
exploited. In the coming years, further demonstrations of biological effects of selected probiotic 
strains will likely come from studies performed in clinical and pathological situations, many of 
which have been discussed in this paper (e.g. infectious diarrhoea, AIDS associated bacterial 
overgrowth, H. pylori). One of the main question to be answered is the anatomical site where 
probiotics are (could) be more efficient. For example, the colon contains 1011 bacteria/g and this 
resident flora cannot be outnumbered or modified under the influence of ingested probiotic micro-
organisms. In this organ, modulation of the composition of the microflora might be more easily 
obtained by ingesting prebiotics that will favour the production of antibacterial metabolites such as 
short chain fatty acids (Gibson & Roberfroid, 1995, see Chapter II), or bacteriocins implicated in 
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the control of newcomers into a stable microflora. By contrast, the small bowel is much more 
poorly colonised and consequently less efficiently protected by an ecological barrier effect. Is it for 
this reason that many pathogens target the small bowel. Here the doses and probiotic bacteria flows 
measured after fermented milk intake are compatible with the creation of a transient barrier effect. 
Indeed, recent studies have demonstrated the potential of selected probiotic strains in preventing or 
treating paediatric diarrhoea induced by rotavirus (Saavedra et al., 1994; Isolauri et al., 1991).  

2. Prebiotics, colonic foods and other functional carbohydrates 

The principal substrates for colonic bacterial growth are dietary carbohydrates which have escaped 
to digestion in upper gastrointestinal tract. These mainly include resitant starches that enter the 
colon, but also dietary fibres (as cellulose, pectins and gums), and other carbohydrates including 
smaller oligosaccharides. The principal end products of bacterial fermentative reactions in the colon 
are short chain fatty acids (SCFA, namelly acetate, propionate and butyrate). Also resulting from 
these fermentations, energy and bacterial cells are produced. One of the approach to manage and 
improve the gut microflora and its metabolic activities, is the use of prebiotics oligosaccharides, 
which thus have a good potential in the developpment of functional foods. A prebiotic is a « non 
digestible food ingredient that beneficially affects the host by selectively stimulating the growth 
and/or activity of one or a limited number of bacteria in the colon, that have the potential to 
improve host health » (Gibson & Roberfroid, 1995). If a non-digested carbohydrate supports the 
growth of the colonic flora without selectively stimulating a species, it acts as a colonic food. A 
colonic food is a «food ingredient entering the colon and serving as substrate for the endogenous 
bacteria thus indirectly providing the host with energy, metabolic substrates and essential 
micronutrients» (Gibson & Roberfroid, 1995). Finally, some complex carbohydrates may have 
other health-beneficial functions, as for example that of inhibiting the adhesion of pathogens to the 
gut mucosa. Such bio-active components will be named functional carbohydrates. 

Effects of Prebiotics on the Digestive Microflora 

The prebiotics identified today and which have served to introduce the concept are oligosaccharides 
which resist digestion but are quantitatively fermented in the colon. Many oligosaccharides have 
been shown to have bifidogenic properties. More than 20 companies worldwide produce 
oligosaccharides commercially. Most of these are located in Japan. The fructo-oligosaccharides are 
today available in Europe, and the galacto-oligosaccharides would be also available in the future. 
The modifications induced by the fructo-oligosaccharides to the intestinal microflora are supported 
by many in vitro experiments, and also by in vivo studies both in animals and in humans. Human 
studies demonstrate an overgrowth of the Bifidobacteria and also a possible reduction in the number 
of other bacterial populations like Clostridium perfringens, Fusobacterium and Bacteroïdes. The 
reduction of C. perfringens which is considered as a potentially pathogenic bacterial species is 
particularly interesting. However, these studies were mainly performed with young adults, which 
already have an endogeneous bifidobacterial population. It would be now interesting to promote the 
growth of bifidobacteria in «risky» populations as babies and elderlies and only a few data are 
available for these two population groups. Another health promoting consequence reported for such 
fermentations of bifidogenic oligosaccharides may be the increase of the fecal biomass, and thus of 
the stool weight and/or stool frequency. Finally, some experiments performed with rats have shown 
that such oligosaccharides stimulated the Ca++ and Mg++ absorption. However, all human studies 
but one failed to demonstrate such effects (Ellegard et al. 1997). 
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Effects of Colonic Foods as Short Chain Fatty Acids Producers 

The SCFA are produced through fermentation by anaerobic bacteria, principally from indigested 
carbohydrate substrates, amino acids and possibly mucus. The SCFA produced are mainly acetate, 
propionate and butyrate, but the real ratio of these different acids produced in vivo in the human 
colon after colonic food intake is still unclear. Studies in humans to determine SCFA amounts in the 
gut are difficult, but current evidence suggests that caecal SCFA represent approximately twice the 
concentration of SCFA in the recto-sigmoid area. On the other hand, we have to take into account 
that an important part of the SCFA (mainly the acetate) is absorbed. Thus, the SCFA production in 
the large intestine may be also theoretically estimated by measuring their levels in blood. However, 
the situation is complicated by the endogeneous production of acetate in the liver, and a significant 
amount of this acetate appears in the peripheral blood (Pomare et al. 1985; Lifschitz et al. 1995). 
The SCFA are metabolised principally by the gut epithelium, the liver and the muscles. One of their 
most important effect is their ability to be trophic to the intestinal epithelium (Sakata 1987; Frankel 
et al 1994). This is important mainly for patients receiving enteral and parenteral nutrition, to 
maintain the integrity of the barrier against invading micro-organisms. 

Acetate 
Acetate is the main SCFA in the gut. It is metabolised by muscles after its passage through the 
epithelium, the portal blood and the liver. It is the principal route whereby the body obtains energy 
from carbohydrates not digested and absorbed in the small intestine. Current evidence suggests that 
the energy value of fermented carbohydrates is between 1.5-2 kcal/g (Livesey 1990; Roberfroid et 
al. 1993). 

Propionate 
Propionate is mainly cleared by the liver. In vitro, it inhibits uptake of acetate into the cholesterol 
synthesis pathway, and in animals propionate supplementation of the diet reduces cholesterol levels 
in blood. Human feeding studies with propionate have been less consistent, and at this time no 
published data presents a significative effects on cholesterol level during colonic food or prebiotic 
human feeding (Ventner et al. 1989; Pedersen et al. 1997). 

Butyrate 
Butyrate could be seen as the most interesting SCFA, since, in addition to its trophic effect on the 
mucosa, it is an important energy source for the colonic epithelium and regulates cell growth and 
differenciation. Butyrate is almost entirely cleared by the colonic epithelium. In vitro studies with 
colonocytes suggest that long-chain fatty acids would decrease the viability and differentiation of 
the cells, wheareas butyrate would have the reverse effect (Awad et al. 1991). Thus, butyrate clearly 
favours the growth of the colonic cells and participates in the integrity of the colon. 

Effects of Putative Inhibitors of Pathogens Adhesion 

It has long been thought that pathogenic microorganisms must specifically attach to the host cell, in 
order to avoid being washed away by secretions; such attachment would permit colonization or 
infection, in some cases followed by membrane penetration and invasion. In recent years a number 
of host receptors on epithelial cells have been identified. The majority of known receptors are 
carbohydrates (Paulson, 1985; Karlsson, 1989). 

 

Consequently, the use of soluble carbohydrates able to act as receptor analogues by blocking the 
binding sites of microbes could be theoretically envisaged for preventing infections. From this 
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viewpoint, breast milk may be seen as one of the first functional food ! Indeed, breast milk is very 
rich in numerous soluble oligosaccharides which may prevent bacterial attachment on the gut 
mucosa (Cravioto et al., 1991). Today, the efficient and large-scale manufacture of human 
oligosaccharides is possible, and they can be tested against a broad variety of infectious diseases. In 
theory, specific human oligosaccharides could be effective, safe, and non-immunogenic. 
Alternatively, some bio-active carbohydrates may be prepared from natural raw materials, as for 
example plant glycoproteins (Neeser et al., 1986). 

 

Similarly, the use of glycopeptides able to selectively inhibit the attachment of oral streptococci on 
the teeth could lead to the development of a new “anti-dental caries” approach (Neeser et al., 1994; 
Schüpbach et al., 1996; Schmid et al., 1993; Guggenheim et al, 1994) 

The Future of Prebiotics and Complex Carbohydrates as Functional Foods 

In the future, extended use of non-digestible carbohydrates as functional foods will require new 
research achievements. There is first a clear need for the development of simple and useful 
biomarkers for the characterisation of the gut flora, and its relation to the intestinal physiology. On 
the other hand, we need to identify which food or component a promotes specific intestinal SCFA 
pattern, and which bacteria may be related to such a production. The role of butyrate in cell 
differenciation, growth and mucosal function will require also further studies, as well as the 
possible role of propionate to modulate lipid metabolism (particularly in hypercholesterolemic 
volunteers), and the role of acetate as an energy source (particularly in fasting or starving subjects). 

 

There is a need for human studies paying a particular attention in the definition of the target groups: 
infants, elderlies or healthy adults should be studied separately. More than « mass » foods, 
functional foods with prebiotics or functional carbohydrates will probably turn to various tailored 
foods for specific populations. A problem of «safety» may also appear. Indeed, an excessive 
consumption of prebiotics could induce intestinal discomfort. Thus, we will have to look carefully 
to the dose/effect relationships, not only for the desired effect, but also for a possible discomfort. 

 

Finally, to combine the concepts of probiotics and prebiotics, the synbiotic concept has been 
proposed.Thus, a specific prebiotic fostering the growth of a specific probiotic would result in a 
functional food exhibiting reinforced health-beneficial properties. 

3. Antioxidants  

It is now well recognized that high consumption of fruits and vegetables provides a protective effect 
against degenerative diseases such as cardiovascular disease and cancer (Gaziano, 1996; Steinmetz 
& Potter, 1996). Antioxidants are a major component of such diets and play an important role in 
defence against excessive oxygen radicals which are associated with many pathologies. For 
example, atherosclerosis is linked to lipid peroxidation; aging and cataract formation to protein 
oxidation; and some cancers result from DNA modifications following damage induced by radicals 
(Ames et al., 1993). Antioxidants counteract many of these effects due to their ability to terminate 
radical reaction chains, scavenge active oxygen species, and trap electrophiles. The recommended 
daily intake of fruits and vegetables is 5 servings per day (Willett, 1994). To meet this requirement, 
the consumer would benefit from food products which are rich in fruits and vegetables and/or their 
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active components in the appropriate balanced mixture. The challenge for development of 
functional foods is to optimise the antioxidant profile of food products by defining the active 
components, effective dose, synergies among different antioxidants, bioavailability and biological 
activity in vivo. Furthermore, the effect of processing on each of these parameters must be 
investigated. 

 

Dietary antioxidants may be divided into 3 broad groups: 

Vitamins 

Carotenoids 

Polyphenols/ flavonoids 
 

Effects of Vitamins (Dose and synergy) 

Efforts to identify the active components in the preventive fruit and vegetable diet have been largely 
focussed on the antioxidant vitamins C, E and the carotenoid, β-carotene. These compounds are 
effective antioxidants in vitro (reduction of oxidative damage to membranes or sub-/extra-cellular 
compartments by antioxidant vitamins and singlet oxygen scavenging of β-carotene) and the 
epidemiological data link an optimal plasma antioxidant status to diminished risk of cancer and 
cardiovascular disease (Biesalski et al., 1997). It is generally agreed that optimal plasma levels 
(based on prospective and case studies) should be obtainable through the diet (Biesalski et al., 
1997). The crucial questions which emerge are the effective dose, appropriate ratio and synergy 
with other nutrients (Biesalski et al., 1997). While there is no doubt about the safety of 
physiological doses of vitamins C, E and β-carotene, intervention studies with high doses of pure 
compounds have shown adverse effects in certain high risk groups such as heavy smokers (ATBC 
Cancer Study, 1994). There is therefore a strong incentive to provide a balanced mixture of dietary 
antioxidants as a primary prevention strategy rather than consuming high doses of supplements. The 
challenge is to determine the optimal balanced mixture and dose in foods. 

Effects of Carotenoids (Dose, complex mixtures and isomerization) 

Although β-carotene has been the principal carotenoid to be studied, more than 40 carotenoids are 
available from the diet, of which 14 are absorbed. Natural sources are coloured and green 
vegetables and palm oil. The major dietary constituents are lutein (spinach), zeaxanthin, β-
cryptoxanthin (citrus fruits), canthaxanthin (mushrooms, shellfish), lycopene (tomato), α- and β-
carotene (carrots). The carotenoids are lipid-soluble and are transported exclusively in lipoproteins 
in the blood. They are all efficient scavengers of singlet oxygen and peroxyl radicals, the most 
potent being lycopene, which contributes up to 30% of total carotenoids in human plasma (Stahl & 
Sies, 1996). The carotenoids with provitamin A activity are α-carotene, β-carotene and β-
cryptoxanthin. The non-provitamin A carotenoids are lycopene, lutein, zeaxanthin and 
canthaxanthin. It has been suggested that an ideal mixture of carotenoids would contain both 
provitamin and non-provitamin A activity (Stahl & Sies, 1996). Further research is required on the 
most effective complex mixture(s) of carotenoids and vitamins in disease prevention. 

 

The uptake of carotenoids is influenced by many diverse factors including individual differences, 
wide seasonal and geographical distribution, processing and combined ingestion with other 
nutrients. The uptake of carotenoids is improved through cooking and consumption with dietary fat 
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but is decreased with dietary fibre such as pectin (Stahl, 1996). Processing generally increases 
bioavailability. This has been best demonstrated with the tomato, comparing intake of tomato juice 
from fresh or processed tomatoes (Stahl & Sies, 1992). Significant increases in serum levels of 
lycopene were seen only with processed tomato juice. The apparent half-life of lycopene was 2-3 
days. Relatively more lycopene was absorbed when lower amounts were consumed. Moreover, 
processing may be favourable to the biologically active isomeric forms. Lycopene is converted from 
the trans to cis form through heating and the cis forms are preferably absorbed (Stahl & Sies, 1992). 
For β-carotene, the all-trans form dominates in foods and in human serum, but considerable 
amounts of cis isomers are found in human tissues (Stahl & Sies, 1996). Further studies are required 
to optimise processing conditions to yield the most biologically active isomer. 
 

Effects of Polyphenols/Flavonoids (Metabolism and bioavailability) 

Flavonoids are the most important single group of phenolics in food and consist mainly of 
catechins, proanthocyanins, anthocyanidins, flavones, flavonols and their glycosides. Rich sources 
are tea, red wine, onions, apples, citrus fruits, grapes and berries. Flavonoids are potent 
antioxidants, free radical scavengers, metal chelators and inhibit lipid peroxidation (Cook & 
Samman, 1996). Other biological properties associated with flavonoids include antibacterial, 
antiviral, anti-inflammatory, antiallergic and vasodilatory actions. The intake of flavonoids has been 
inversely associated with subsequent coronary heart disease, due in part to the inhibition of LDL 
oxidation and reduction of platelet aggregation (Hertog et al., 1993).  

 

The major questions concerning flavonoids are their metabolism, absorption and bioavailability as a 
prerequisite for biological activity in vivo. Generally, the absorption of flavonoids is low and 
analysis in body fluids is complicated by the presence of futher metabolites (Hollman, 1997). Other 
than the flavanols (catechins) in tea, flavonoids in foods are generally bound to sugars, mainly as β-
glucosides, but the biologically active form is the aglycone. Moreover, the aglycone is further 
conjugated to glucuronide by the liver enzymes and circulates in the glucuronidated form in the 
plasma. How and when the biologically active aglycone is taken up into the tissues is unknown. 
One of the most abundant flavonoid is quercetin which, in its natural state, exists as a β-glucoside. 
The question of absorption of glucosides versus the aglycone is poorly understood. Until recently, it 
was assumed that glucosides were poorly absorbed in the small intestine and that the aglycone was 
absorbed after passage through the large intestine. However, a study with ileostomy patients 
showed that up to 50% of the quercetin glucosides from onions may be absorbed in the small 
intestine (Hollman et al., 1995). Furthermore, quercetin glucosides have now been detected directly 
in plasma indicating that the glucosides are indeed absorbed (Paganga et al., 1997). In searching for 
potential health effects of these compounds it is important to understand the relative absorption and 
biological activities of the aglycone and conjugated forms of flavonoids.  

Future of Antioxidants as Functional Foods 

There is no doubt that antioxidants are important bioactive components of the protective fruit and 
vegetable diet. In contrast to the rather disappointing results obtained with vitamin and β-carotene 
supplements, high intake of tomato-based foods with a natural balanced mixture of carotenoids 
(lycopene, β-carotene), vitamins, and polyphenols (quercetin, kaempferol) has been associated with 
protection against digestive tract and prostate cancers (Giovannucii et al., 1995; Franceschi et al., 
1994). Moreover, processed tomatoes are more protective than raw tomatoes due to the liberation 
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and increased bioavailability of lycopene (Gärtner et al. 1997). Thus the tomato is an example of a 
natural functional food whose biological activity may be optimised in food products by processing. 
Similarly, high intake of brussel sprouts containing many antioxidants and phytochemicals has been 
shown to be effective in inhibiting oxidation of DNA in a human study, whereas results with 
individual antioxidants has often failed (Verhagen et al., 1995; van Poppel et al., 1995). Flavonoid-
rich beverages such as wine or tea are effective in reducing risk factors for cardiovascular disease or 
cancer (Fuhrman et al., 1995; Katiyar & Mukhtar, 1996). These examples illustrate the future of 
antioxidants in functional foods and indicate that the challenge for the food industry is to identify 
and optimise food sources with a balanced mixture of antioxidants for optimum health. This 
involves answering crucial questions in relation to dose, synergy and bioavailability. Finally, it will 
be more beneficial to give optimal combinations in the form of food than to consume high doses as 
supplements. 

4. Other dietary modulators of metabolic functions 

The dynamic control of metabolism responding to the input of nutrients or diet is controlled by 
different regulatory mechanisms involving transporters, receptors, hormones and various specific 
enzymes. These regulatory pathways include the modification of enzyme catalytic activities by 
allosteric or covalent modifications, the translocation of proteins into different cellular 
compartments and the modulation of gene expression. In the last decade, several dietary 
constituents have been implicated as specific modifiers of gene expression and/or enzyme activity 
involved in metabolic functions. These dietary factors include sterols, specific fatty acids, glucose, 
minerals and vitamins which have been shown to modulate the cholesterol metabolism, glycolysis, 
glycogen synthesis, lipogenic capacity, iron transport or cell differentiation (Clarke & Abraham, 
1992). With the recent recognition that appropriate diet can prevent or delay the development of 
chronic diseases, including cardiovascular diseases (CVD), obesity, hypertension and cancer, the 
study of nutrient-gene and -enzyme interactions is becoming an important topic in modern nutrition 
research. As the elevated levels of blood cholesterol, especially low-density lipoprotein (LDL) 
cholesterol and obesity have been associated with increased risks of CVD, the improvement of 
cholesterol status and the weight control have clearly become two of the major targets in functional 
food research field. 

Modulation of Cholesterol Metabolism 

The series of experiments on the cholesterol regulation pathways performed by Brown and 
Goldstein, are a brilliant illustration of the elucidation, at the molecular level, of how dietary factors 
influence metabolic functions (Golstein et al., 1990). Transcription of the genes coding for the low-
density lipoprotein receptor (LDL-R), which mediates the endocytic uptake of cholesterol-carrying 
lipoproteins, and the HMG-CoA reductase, involved in cholesterol synthesis, is repressed in 
presence of sterols. This classical feedback control avoids over-accumulation of cholesterol in the 
cells. Nevertheless, this mechanism has negative consequences at the whole-body level as ingestion 
of a high cholesterol diet represses the expression of LDL-R in the liver, thereby facilitating the 
accumulation of LDL particles in the blood circulation (Golstein et al., 1990).  

 

Since the 1950s, an extensive number of animal and human studies have been performed on the 
influence of dietary fatty acids on blood cholesterol levels (Khosla & Sundram, 1996). From these 
experimentations a large consensus has emerged on the hypocholesterolemic effects of replacement 
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of dietary saturated fatty acids (i.e lauric and myristic acids) by unsaturated species (i.e oleic, 
linoleic and α-linoleic acids). The reduced plasma cholesterol levels have been mainly linked to an 
increase of LDL-R levels. Recently, it has been shown in vitro, that oleate (n-9), arachidonate (n-6) 
and eicosapentanoate (n-3) enhance acylCoA cholesterol acyltransferase (ACAT) accumulation 
which then causes a depletion in the intracellular free cholesterol pool, signalling a need for an 
increased LDL-R activity (Rumsey et al., 1995). Epidemiological studies showing potential 
beneficial effects of n-3 fatty acids on cardiovascular health have triggered the launch of various 
functional foods, especially in Japan. Fish n-3 fatty acids, such as docosahexaenoic acid, have been 
incorporated into soft and milk drinks, yoghurt, cakes, cheese and snack foods. Claims made for the 
benefits of these specific n-3 fatty acids include enhancement of learning ability, prevention of 
aging and lowering of cholesterol without any scientifical evidence, since only the 
hypotriacylglycerolemic effects of the fish n-3 fatty acids have been demonstrated in human studies 
(Harris, 1997). 

 

The effects of dietary fibers on blood lipid levels have been extensively studied and numerous 
human trials have led to the conclusion that food or ingredients rich in soluble fiber (i.e ß-glucans) 
lower plasma cholesterol (Truswell, 1995). Consequently, the Food and Drug Administration has 
recently authorized a health claim on soluble fiber from whole oats and the reduced risk of CVD. 
Soluble fibers will certainly be an important area of product development over the next few years. 
A similar expansion in the development of soybean-based functional food products is foreseeable as 
numerous studies indicate that substitution of soy protein for animal protein in the human diet 
lowers blood cholesterol concentrations (Carroll & Kurowska, 1995; Anderson et al. 1995). In 
Japan, soft drink and pork sausage products containing soy proteins have already been launched 
with an authorized health claim on the label indicating inhibition of cholesterol uptake. However, 
for the credibility and future of functional foods it is crucial to make important efforts to elucidate 
the mechanisms of action of these food ingredients. For example, the hypocholesterolemic activity 
of soluble fibers is not fully understood, although two major hypotheses have been proposed: (a) 
enhancement of bile acids excretion by interfering with their reabsorption at the intestinal level, and 
(b) modulation of the hepatic cholesterol and/or bile acid metabolism through the production of 
short chain fatty acids (SCFAs). Nevertheless, neither of these hypotheses are completely satisfying 
as the modification of bile acids excretion is not sufficient to fully explain the hypocholesterolemic 
activity of dietary fibers and the SCFA negative feedback on sterol metabolism has never been 
clearly demonstrated (see Chapter II). The present situation for the soy proteins is unclear as neither 
the precise mechanism nor the component(s) of soy responsible for the hypocholesterolemic activity 
have been fully established. Enhancement of bile acid secretion, endocrine effects, increase in LDL-
R activity and inhibition of cholesterol absorption are the major hypotheses being evaluated, 
whereas the 7 S globulin and/or isoflavones are suspected to be the active components (Potter, 
1996). 
 

Modulation of Weight and Obesity 

In industrialised countries, weight control is part of the major health priorities identified for the 
future as obesity continues to increase and is associated with an elevated risk of many major chronic 
diseases, including CVD and diabetes. Therefore, development of functional foods able to modulate 
energy intake and/or energy expenditure, which are key elements in the determination of body 
weight, is attracting a great deal of interest. Increased risk of obesity has been primarily linked to 
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excessive intake of dietary fat and strategies for achieving fat reduction have been principally based 
on the introduction of low- or no-fat versions of foods. However, the loss of palatability of these 
products and the deprivation feeling of the consummer were the major limitations of this approach. 
Progress in food technology has allowed the emergence of new classes of fat substitutes which 
retain fatty flavors and mouthfeel. These products, mainly microparticulated proteins (MPP, 
Simplesse) (Widhalm et al., 1994) and sucrose polyesters (Olestra) (Peters et al., 1997), have 
provided new tools for reducing fat intake but controversy on the favorable outcome for energy 
balance exists (Rolls et al. 1992).  

 

Food factors potentially able to modify energy balance have been identified (Wahlquist, 1994). For 
example, caffeine displays anorectic functions through activation of the sympathetic nervous system 
(Racotta et al., 1989). Interestingly, other methylxanthines such as theobromine in cocoa, and small 
peptides from k-casein show opioid antagonist activities (Chiba et al., 1989) and consequently 
could modulate food intake. Stimulation of energy expenditure by coffee consumption, through 
concomitant increase in lipid and carbohydrate oxidation, has been linked to caffeine contents 
(Hetzler et al., 1990; Bracco et al., 1995 ) and mixture of caffeine and the sympathomimetic drug 
ephedrine has been successfully used in clinical trials for treatment of obesity (Astrup et al., 1995). 
Medium chain triglycerides (MCTs) have attracted considerable attention since they have been 
shown to stimulate thermogenesis more than long-chain triglycerides (LCT). The thermogenic 
effects of MCT appears to be directly linked with the energy cost of nutrient processing (Bach & 
Babayan, 1982) but the stimulation of the sympathetic activity could be also involved with insulin 
and/or 3-hydroxybutyrate as intermediary signals (Dullo, 1996). Decreased hepatic lipogenesis, 
through a coordinate reduction of the expression of key enzymes involved in fatty acid synthesis, 
has been observed in rats fed with oligofructose or soybean protein-rich diets (Delzenne et al., 
1993; Iritani et al., 1996).  

 

As described above, several food ingredients are potentially good candidates for the development of 
functional foods targeting the weight control. Nevertheless, due to the complexicity of this field, a 
long way has still to be covered before the final development of these functional foods of which the 
beneficial effects have to be demonstrated in clinical trials and population-based studies. The recent 
discovery of genes, including leptin and uncoupling protein genes, possibly involved in the body 
weight control (Roberts & Greenberg, 1996) opens a new era in the obesity field. In the next few 
years, the modulation of these genes by food components and its consequence on the body weight 
will certainly constitute an important research domain in the development of new functional 
products. 

The Future of Dietary Modulators of Metabolic Functions as Functional Foods 

Dietary products designed for reducing cardiovascular risk-factors are already on the market and 
research in this field is rapidly growing. Nevertheless, efforts have to be done in the future for a 
better identification of the active food ingredients and their mechanisms of action. Definition of the 
exact biologically active components in food mixtures is of great interest as this could lead to 
identification of rich sources, optimization of food processing techniques to enhance their 
concentrations and/or bioavailability, and finally to use related components with better functional 
properties. Moreover, better understanding of the mechanisms by which food components improve 
metabolic status should allow better designs of animal and human studies, improved interpretations 
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on synergism or antagonism with other dietary factors and assessments of risk factors. Therefore, 
nutrition science will benefit from a move towards molecular techniques which should allow the 
identification and understanding of nutrient-gene interactions and their potential health benefits. 
Due to the ethical problems linked to human research, animal models and related cell lines have 
been extensively used in nutrition issues. The establishment of relevant human in vitro cellular 
models for mechanistical studies as well as for rapid screening tests is an important step in this 
strategy which could lead to the definition of new clinical markers allowing more conclusive human 
studies. 
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Immortalised mammalian cells, more specifically, cells derived from mouse and hamster species, 
have emerged as the preferred hosts for the large scale manufacture of recombinant proteins for 
therapeutic use. Although other systems (prokaryotes, yeast, insects) are capable of producing 
large amounts of protein, the decision to employ mammalian cells has been driven by the need to 
obtain biologically active material. Functional activity may often depend on a number of complex 
polypeptide modifications, such as proper folding, disulphide bridge formation, oligomerization, 
proteolytic processing, phosphorylation and, last not least, the addition of a proper balance of 
diverse carbohydrate side chains which are significant contributors to the pharmacokinetik 
behaviour of proteins. In addition, secretion of the desired product into the culture medium can be 
achieved in most cases, facilitating subsequent recovery and purification of the protein of interest. 
 
These and other issues have been responsible for the fact that about 60-70% of recombinant 
proteins in the pipeline of pharmaceutical companies are being developed on the basis of 
mammalian cells. Chinese hamster ovary cells opened the door for protein expression from 
recombinant mammalian cells. They continue to be the dominant host line since they have been 
shown to be amenable for “simple” large scale stirred tank technology. However, deep tank 
technology is not the only system used for hamster or mouse cells. Dependent on the nature and 
quantity of the desired protein, robot roller bottle systems, extended batch, perfusion or 
microcarrier based production systems have been developed.  
 
The presentation will try to summarise and highlight progress made during the last 4-5 years in the 
development of high yielding production processes from a number of angles: Molecular biologists 
have designed better vectors for driving high levels of expression. They also found ways to 
improve the integration of functional expression cassettes into preferred, i.e. transcriptionally 
active, loci of the mammalian genome. Cell biologists and cell physiologists have begun to unravel 
some of the most crucial needs of cells in bioreactors and have developed media and feeding 
strategies allowing better performance for cell growth and protein production. Finally, engineers 
have designed reactors and facilities allowing high success rates for cell culture processes and 
taking the distinct limitations of mammalian cells into account. 
 
Overall, yields between 500 and 1000 mg/L of secreted protein have been observed in supernatants 
from serum free cell cultures, leading the way to production systems which provide hundreds of 
kilograms of proteins per annum in large scale facilities.  
 
In addition to stable expression of proteins from chromosomally integrated copies of vector 
plasmids in clonal cell lines, recent developments appear to open up a window of opportunity for 
fast(er) expression of recombinant proteins, based on episomally provided vector plasmids. This 
addresses a drawback of the (stable) technology described above which requires considerable 
investment in time, work, and money in order to arrive at the productivities mentioned. Transient 
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transfection as a research tool for microgram quantities of proteins has been used for decades. 
However, improvements in transient transfection technology, while still in its’ infancy, allows to 
translate DNA into significant protein quantities in a matter of days now. The basis for this 
technology is the delivery of large quantities of expression vector DNA to every single cell in a 
reactor or cell culture vessel. About 0.5 mg of DNA is required for the transient transfection of 
10e9 cells (about 1 Liter of cell culture). With efficient delivery systems, such as calcium-
phosphate or polyethylene-immine, several milligrams of recombinant protein per liter can be 
produced in a few days. Efforts are underway in several laboratories to scale this technology up to 
the pilot scale. Production systems can be envisioned in which bioreactors at the 100 - 1000 Liter 
scale are maintained with “naïve” host cells, to be used as seed cultures for corresponding 
production vessels in which transfections at large scale are performed.  
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Abstract 
 
In an attempt to gain insights that might eventually lead to the development of new ways to avoid or 
minimize losses due to protein aggregation, we have performed dynamic Monte Carlo simulations on very 
simple lattice models of systems containing both isolated and multiple protein chains. Protein folding 
pathways, intermediate populations, refolding yields and aggregation were monitored as a function of both 
denaturant and protein concentrations. We find that optimum levels of denaturant and protein concentration 
exist at which the refolding yield is highest, in agreement with some experimental observations. 

1. Introduction 

To recover active protein from the denatured protein aggregates (inclusion bodies (1-5)) often 
formed during the synthesis of protein products in bacterial hosts, one first dissolves the protein in a 
strong denaturant and then refolds the resulting de-aggregated protein via multiple dilution steps or 
dialysis. A major problem that arises, however, is that as the denaturant is removed, partially-
refolded intermediates of the proteins themselves can aggregate, preventing the progression towards 
the native state and resulting in low yields of active protein. An intriguing way to circumvent this 
problem is to add a solute or cosolvent that has the ability to prevent aggregation. An example of 
such a solute is polyethylene glycol, a neutral polymer that has been shown to enhance the refolding 
yields of several proteins dissolved in aqueous denaturant solutions (6, 7). 

In this paper we briefly review the results (8-10) of an investigation aimed at learning how the 
competition between protein refolding and aggregation is influenced by changes in protein 
concentration and denaturant concentration. To accomplish this aim, we performed dynamic Monte 
Carlo simulations on isolated and multiple model protein systems. A simple two-dimensional HP 
lattice model (11) was used to represent a protein chain. This model captures what is arguably the 
most essential feature of the interactions that drive protein folding and aggregation, namely, the 
hydrophobic effect, yet is simple enough to allow the simulation of a many-chain system. Despite 
the obvious rudimentary nature of these types of models, they are well suited to our purpose which 
is to learn the general principles that underlie the competition between protein refolding and 
aggregation. 

2. Methods: The Model and the Simulations Technique 

The study focuses on a single sequence (Figure 1a) chosen for study because of its ability to form 
multiple, easily-recognized, partially-folded intermediates. The 20-bead sequence contains eight 
hydrophobic beads and 12 polar beads arranged so as to ensure that the β-sheet native state (Figure 
1b) contains a hydrophobic core surrounded by polar beads. When two non-bonded hydrophobic 
beads are nearest neighbors on the underlying square lattice, they attract each other with strength ε, 
a parameter that effectively measures the denaturant concentration. Low absolute values of ε (ε is 
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negative) signify high denaturant concentrations, while high absolute values of ε signify low 
denaturant concentrations. 
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Figure 1: (a) Sequence, and (b) native state of the model protein investigated. 
 
Exhaustive conformational searches and dynamic Monte Carlo simulations (8, 9) were performed 
on this single isolated protein sequence at different levels of ε/kT (different denaturant 
concentrations) in an effort to determine how denaturant concentration affects protein properties, 
folding transitions, and folding pathways. The exhaustive conformational searches provided 
information on the radius of gyration, energy, specific heat, and location (value of ε/kT) of the 
folding transition. The dynamic Monte Carlo simulations provided information on the folding 
pathways and intermediates. Two novel features of our Monte Carlo simulation algorithm were the 
use of strings of binary digits (ls and 0s) to keep track of, and effectively reduce, the number of 
distinct conformations along the folding pathway, and the removal of "loops" from the folding 
pathway. (Loops are essentially ineffective side trips that the protein takes as it moves through 
conformation space). The folding pathways were examined for the presence of partially-folded 
intermediates, conformations that regularly appear in a large number of pathways. Our aim here was 
to see if there was a critical denaturant concentration at which the population of aggregation-prone 
intermediates (intermediates with many exposed hydrophobic beads) was unusually high. 
Motivation for this aspect of our investigation came from experimental observations (12) of the 
existence of a critical denaturant concentration at which folding yields are low due to enhanced 
aggregation. 

Dynamic Monte Carlo simulations (10) were also carried out on multiple-chain systems containing 
between 25 and 40 model proteins at seven different protein concentrations (packing or occupation 
fractions ρ = 0.05, 0.10, 0.25, 0.40, 0.52, 0.68, and 0.80) and three different denaturant 
concentrations (ε/kT = -4.0, -6.0, and -8.0). Each simulation was started from a completely 
denatured (ε/kT = 0) random-coil initial configuration. The HH attraction was then “turned on”, i.e. 
ε/kT was set to the desired value, and the system was allowed to reach equilibrium, defined to be a 
steady state at which the fraction of chains that aggregate remains constant. The time scale for this 
aggregation process was at least two orders of magnitude greater than the time scale for refolding of 
an isolated protein. 

3. Results 

Highlights of our results on the folding of a single, isolated protein chain (8, 9) are the following. 
The protein goes through a relatively-sharp folding transition from a random coil state at high 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Healthy Products 
Oral Presentations 

 

133 

denaturant concentrations to the native state at low denaturant concentrations. The folding process 
for the model protein seems to mimic the folding process for real proteins in that it proceeds along 
well-defined pathways populated by partially-folded intermediates. This is illustrated in Figure 2 
which shows a partial pathmap for ε/kT = -4.0  where by "partial" we mean that branches 
appearing on less than 5% of the pathways are omitted. Numbers attached to the arrows between 
conformations represent the percentage of times that the protein takes the branch indicated by the 
arrow. Similar pathmaps were calculated for ε/kT = -5.0, -6.0, and -8.0. 
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Figure 2: Partial pathmap for model protein at ε/kT = --4.0 

 

Different intermediates are found to be populated at different denaturant concentrations. Folding 
pathways are also drastically affected by the denaturant concentration; parts of the pathway that are 
highly likely at one denaturant concentration can be missing altogether at a different value of the 
denaturant concentration. For example, we find that intermediates containing long open stretches of 
H beads (these are aggregation-prone intermediates) are more populated at high denaturant 
concentrations, whereas compact intermediates are populated at low denaturant concentrations. The 
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folding process is also observed to be cooperative in nature in that the chain does not start folding 
until a key fold in its middle section is formed; after this "nucleation event", the rest of the chain 
"zips up" into the native state in a relatively short time. This is consistent with the findings of other 
investigators (13, 14). 

Highlights of our results on the simulation of multiple-chain systems (10) are as follows. 
Aggregation is seen to arise from the association of partially-folded intermediates (chains with > 
60% native secondary structure) rather than from the association of denatured random-coil states. 
The size of the aggregates increases as the protein concentration increases. The multi-chain 
environment stabilizes some partially-folded intermediates that are not even present on the isolated 
chain folding pathway. 
 
Analysis of the variation in the population of the nine most-populated states with protein and 
denaturant concentration reveals that the stabilities of the different types of intermediates are 
profoundly influenced by solution conditions. This is illustrated in Figure 3, which displays the 
probability of finding a model chain at ε/kT = -4.0 in each of the nine configurations shown. The 
population of configuration A, a compact configuration, increases with protein concentration, ρ, 
because its unfolded end is more likely to get entangled with other chains at high ρ, thereby 
increasing its residence time. Although we would expect the same trend for configuration B, 
acompact configuration that is also a weak kinetic trap (its lone non-native H-H contact must be 
broken in order for the chain to fold), we see the opposite trend. This can be explained by the fact 
that configuration B is preceded on the folding pathway by configuration A. (See figure 2). 
 
At low ρ, the unfolded tail of A has low excluded volume restrictions and freedom to ‘flop around’, 
and hence is likely to fold to configuration B, giving rise to the relatively high populations of 
configuration B. At high ρ, the unfolded tail of A is relatively frozen and hence is not likely to fold 
to configuration B. Configuration C, also a compact configuration, is a much stronger kinetic trap 
than B in that three non-native contacts must be broken in order for the chain to fold. Its population 
is insensitive to protein concentration since it has only one exposed H bead (i.e. it is not very 
aggregation prone) and is stabilized almost entirely by intramolecular interaction. Configurations D 
and E are partially-folded intermediates that are not found on the isolated protein’s folding pathway. 
As slightly open and hence aggregation-prone species, their population increases with increasing ρ. 
Configurations F, G, H and I are very open and very aggregation prone; their populations increase 
strongly with increasing ρ. 

By analyzing Figure 3 and similar plots at the other denaturant concentrations, we come away with 
a reasonably clear picture of how and why changes in protein and denaturant concentrations affect 
the populations of partially-folded open intermediates in our model. We focus on the open, i.e. non-
compact intermediates because these are the configurations that have exposed H beads and hence 
participate in aggregation. Changing solution conditions has a two-fold effect upon the population 
of any given intermediate in that it can tend to favor the forward reaction, i.e. intermediate 
formation, for reasons having to do with intermolecular interactions, while simultaneously tending 
to favor the reverse reaction, i.e. intermediate disappearance, for reasons having to do with 
intramolecular interactions, and vice-versa. The following rules seem to be obeyed. 

(1) Low denaturant concentration (high ε / kT ) discourages the formation of open configurations 
because the strong intra-chain HH energy causes chains to collapse, and, at the same time, 
preserves open configurations because the strong inter-chain HH energy allows the open 
configurations to participate in very stable aggregates. The opposite is true for high denaturant 
concentrations. 
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(2) High protein concentration discourages the formation of open configurations because the 
excluded volume constraints force the chains to pack more tightly, and, at the same time, 
preserves open configurations because the greater opportunity for interchain HH contact results 
in the formation of very stable aggregates. 
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Figure 3: Probability of finding the model chain in a given conformation at ε/kT = -4.0 versus protein 
packing fraction, ρ.  

 
In general, we find that at a given denaturant concentration, the refolding yield is high at low 
protein concentration and drops sharply as the protein concentration is increased, as illustrated in 
Figure 4. This is similar to the refolding yield verses protein concentration curves observed 
experimentally (12, 15). At a given value of the protein concentration, the refolding yield is seen to 
be a maximum at an intermediate value of the denaturant concentration, decreasing slightly as the 
denaturant concentration is increased or decreased. This is believed to be a competition between the 
two effects described in the previous paragraph. At low values of ε, the open, aggregation-prone 
intermediates mentioned earlier are more likely to be populated, leading to enhanced aggregation 
and reduced refolding yields. At high values of ε , interchain contacts are hard to break; in addition, 
since chains take a longer time to fold, the probability that two partially-folded intermediates will 
find each other and aggregate increases, again resulting in lower refolding yields. The maximum in 
refolding yield at intermediate denaturant concentrations is consistent with refolding experiments 
on lactate dehydrogenase (15), whose refolding yield goes through a maximum at intermediate 
values of the pH (which is akin to our denaturant concentration). We believe that the reason that 
other experiments do not show a maximum in refolding yield as a function of denaturant 
concentration is that the very high denaturant concentration regime is not usually explored. Our 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Healthy Products 
Oral Presentations 

 

136 

simple model does not, however, offer any explanation for the experimentally observed minimum 
in refolding yield that has also been observed (12, 16), suggesting that more realistic models are 
necessary. 
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Figure 4: Yield versus protein concentration for the model protein investigated. 
 

4. Conclusions 

Based on the results described here, we can draw the following conclusions concerning the general 
theoretical principles that underlie the aggregation of real proteins. Protein aggregation appears to 
arise from the association of partially-folded intermediates rather than from the association of 
denatured proteins, as has been speculated (16). The multi-chain environment stabilizes some 
partially-folded intermediates that are not even present on the isolated chain’s folding pathway. This 
suggests that protein folding pathways are strongly perturbed by the presence of other proteins. It 
also suggests that aggregation occurs at high protein concentrations not solely because protein-
protein contacts are more likely, but also because the crowded environment makes it more likely 
than an aggregation-prone intermediate will appear on the folding pathway and be stabilized. 
Changing protein and denaturant concentration significantly affects the folding pathway and 
populations of partially-folded intermediates; this influence can be explained using arguments 
concerning the competition between intramolecular interactions (which promote folding) and 
intermolecular interactions (which promote aggregration). These arguments can also be used to 
explain the maximum in refolding yield as a function denaturant concentration observed in these 
simulations and in some experiments. 
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Abstract 
Effects of coupling enzyme reactions with the electro-transport processes in reactors with spatially 
continuous unstirred reaction media (e.g., gels or polymers) are studied. Two model enzyme 
reactions are chosen: sucrose hydrolysis by invertase and hydrolysis of penicillin G by penicillin 
acylase. The electrophoresis and electroosmosis are considered for control of transport rates of 
reaction components in reaction medium. Mathematical model of a reactor system with planar 
membrane (slab) containing immobilized enzyme with the DC electric field perpendicular to the 
membrane are studied by numerical techniques and the effects of principal operational parameters 
on system performance are analysed. Significant alteration of the effectiveness factor value of the 
enzyme reaction due to the electrophoretic and electroosmotic enhancement of transport of reaction 
components was observed. 
 
1. Introduction 
Immobilized enzymes and cells have been established as efficient biocatalysts in a variety of 
biotransformations performed on full- or pilot-plant scale (e.g., immobilized glucose isomerase, 
penicillin acylase and invertase biocatalysts). The immobilized biocatalysts are usually produced as 
solid particulate materials designed for an application either in stirred-tank reactors (STR's) and 
fluidised-bed reactors or in reactors with packed-beds (PBR's). Intra- and inter-particle mass 
transfer resistances can, however, impose serious limitations on the actual observed rection rate of 
the biotransformation. The external (inter-particle) mass-transfer resistances at the solid biocatalyst 
- substrate/product solution interface in the above reactor types can be reduced by increasing 
stirring speed or flow velocity. The effects of intra-particle diffusional resistances are commonly 
lowered by reducing biocatalyst particle size. However, both ways of lowering mass-transfer 
limitations are limited e.g., by increasing shear forces disrupting biocatalyst particles in STR's or an 
unacceptable increase of pressure drop across the fine particle bed in PBR's.  
Construction of novel types of bioreactors and use of other mass transfer mechanisms than 
„classical“ convection and molecular diffusion represent a possible way to increased overall 
biotransformation rate and productivity of the bioreactor. Multifunctional bioreactors composed of a 
large number of small reaction and separation compartments (e.g., membrane or capillary ones) 
connected via mutual mass-, charge- and heat-transport are the most promising candidates for such 
high-performance systems. These multifunctional reactors can, moreover, perform product(s) 
isolation and purification simultaneously with the biotransformation. 
Electrical field (current) driven mass-transport processes - electrophoretic flux of charged species 
and electroosmotic flux of a solvent in charged microporous environment - represent very 
convenient ways of alteration of mass fluxes of reaction components in stagnant reaction media. 
Transport rates of electrophoresis and electroosmosis attainable by an externally imposed electric 
field enable to consider reactors with unstirred environment as an alternative to the conventional 
STR's and FBR's. 
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Enzyme reactions generically exhibit nonlinear reaction kinetics reflecting, e.g., product and/or 
substrate inhibitions, pH- and temperature dependence of kinetic parameters etc. Interactions of 
such reactions with mass-transport processes may result in a wide variety of dynamical modes [1] 
that could be used in process scale reactors to improve system performance. Effects of coupling 
enzyme reactions with the electro-transport processes in reactors with spatially continuous unstirred 
reaction media (e.g., gels or polymers) are studied in this paper. The behaviour of a reactor system 
with planar membrane (slab) containing immobilized enzyme with the DC electric field 
perpendicular to the membrane are analyzed by numerical simulations and analysis of a 
mathematical model. The effects of principal operational parameters (electric field intensity, electric 
current density, substrate concentration, reaction slab thickness etc.) on reaction system 
performance are analysed. 
 
2.1  Mathematical models 
 
2.1  Immobilized enzyme system 
A slab of a microporous hydrophilic matrix (e.g., alginate, carrageenan, agarose, polyacrylamide 
etc.) being placed in between two metal mesh electrodes is considered as the enzyme reaction - 
diffusion - electrotransport medium (see Fig. 1). An enzyme is immobilized within the slab where 
the enzyme reaction takes place. The electrodes enable to apply electric field (current) in a direction 
perpendicular to the slab surfaces. The slab is in contact with the bulk liquid streams (containing 
substrate and/or products and a buffer) at its boundaries. The stream velocities specify magnitudes 
of the mass-transfer resistances at the slab - stream interfaces.  

 

 
Figure 1: Scheme of an immobilized enzyme reaction-diffusion-electrotransport system. 

 
Two model enzyme reactions were chosen for analysis: i) sucrose hydrolysis by invertase, and ii) 
hydrolysis of penicillin G (Pen-G) by penicillin acylase (PGA): The invertase catalyzes hydrolysis 
of sucrose to glucose and fructose in an aqueous solution. Only the electroosmosis can be 
considered for variation of transport rates in this case as no ionic reaction components are involved. 
The penicillin acylase in an aqueous solution splits the Pen-G molecule to 6-aminopenicillanic acid 
(6-APA) and phenylacetic acid (PAA): 

Pen-G- + H2O     →← PGA     6-APA- + PAA- + H+. 
 
All reaction components are present in ionic form and both the electrophoresis and electroosmosis 
can be used for alteration of their transport rates. The hydrogen ions produced by dissociation of 
PAA are being removed from the reaction mixture by additions of an alkali in order to keep pH 
value of the reaction mixture close to the optimum. 
 
2.2  General formulations 
The mass conservation law of the component k within the slab can be expressed as  
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where the total molar flux intensity jk of the component k is considered as a sum of diffusional, 
electrophoretic, electroosmotic and convective fluxes, respectively, 
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The intensity of electrophoretic flux jk
ef is expressed by means of Nernst-Planck relation and the 

intensity of electroosmotic flux jk
eo is related either to electric field intensity Eef via electroosmotic 

coupling coefficient keo
E or to electric current density i via electroosmotic coupling coefficient keo

i 
(cf., e.g., [2,3]). The convective flux jk

con due to pressure difference across the slab is not considered 
in this paper.  
Boundary conditions: Two kinds of boundary conditions were considered for the immobilized 
enzyme system in Fig. 1: BC1 - fixed values of all component concentrations at both boundaries 
(Dirichlet's boundary conditions) and BC2 - boundary conditions considering external mass transfer 
resistances at both slab boundaries (Robin's boundary conditions). The BC1 neglecting mass-
transfer limitations at the biocatalyst - external solution interface are given by relations 
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The BC2 are expressed by equality of the intra-particle and external mass-transfer rates 
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for the left boundary. Similar equation holds for the right boundary. Both BC1 and BC2 were 
considered either as symmetric (ckbl = ckbr, kcl = kcr) or asymmetric (ckbl ≠ ckbr,, kcl ≠ kcr) ones. 
 
2.3 Enzymatic sucrose hydrolysis 
The reaction rate of sucrose hydrolysis by invertase can be described by substrate inhibited kinetics 
[5], e.g., in the form 
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Considering only diffusional and electroosmotic transport of the sucrose within the reaction slab the 
mass balance Eq.(1) converts to 
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where dimensionless quantities are listed in Notation and values of model parameters are given in 
Table I. 
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Table I: Values of model parameters - sucrose hydrolysis 

Par.     Value   Par.     Value  

k1   =   5.1×10-3 m3 kg-1 s-1  wE  = 50 kg m-3 
k2   =   3.0×10-3 m3 mol-1  DS  =  7.0×10-10 m2 s-1  
k3   =   5.0×10-4 m6 mol-2  k eo

i  = 5.0×10-10 m3 A-1 s-1 
 
2.4 Enzymatic penicillin G hydrolysis 
The kinetic expression for the reaction rate of penicillin G hydrolysis proposed by Suga et al. [6] 
was adopted and converted to the dimensionless form (see [4] for details) 
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The values of kinetic parameters are those given in [6] if not stated otherwise in the text or in 
Table II. The parameters rm

*, Keq
*, KM

*, KiP
* and KiQ

* are all considered to be pH-dependent (see [6] 
for details and values of constants). 
 
The dimensionless mass-balance equations for the individual reaction components in the 
immobilized enzyme slab (derived from Eq.(1) - see [4] for details) considering both electrophoretic 
and electroosmotic transport of reaction components are 
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The model parameters are either summarized in Table II or given in figure captions. The 
dimensionless parameters in Eqs.(9) and (10) are listed in Notation.  
 

Table II: Values of model parameters - penicillin G hydrolysis 

Par.     Value   Par.     Value   Par.     Value  

DH   =   9.31×10-9m2s-1  nQ   =   -1  T   =   310 K  
DQ   =   2.0×10-10m2s-1  wE   =   1.0 kg m-3  DP   =   5.0×10-10m2s-1  
rm   =   1.0×10-2mol s-1kg-1  DS   =   1.0×10-10m2s-1  nP   =   -1  
DOH   =   5.3×10-9m2s-1  nS   =   -1  k eo

E   =   1.5×10-8m2s-1V-1  
 
2.5 Numerical methods  
 
Spatial derivatives in Eqs.(7), (9) and (10) were replaced by finite differences and the resulting sets 
of ODE's were solved using the LSODE package [7] in order to get temporal evolution of the intra-
slab component concentrations. Stationary solutions of Eqs. (7), (9) and (10) and their dependence 
on selected parameters were computed by multiple shooting method [8] after transformation of 
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Eqs.(7), (9) and (10) to the boundary value problems. The software package CONT was used [9]. 
The effectiveness factor X and the spatially averaged intra-slab substrate concentration 〈CS〉 were 
evaluated from stationary concentration profiles  
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Figure 2: Sucrose hydrolysis; symmetric BC1 (cbl = cbr >0). a): Regions of multiplicity of  stationary states 
in i - δ  plain. b): Effectiveness factor (full lines) and intra-slab mean sucrose concentration (dashed lines) as 
functions of the slab thickness; i = 0 A m-2. Sucrose concentration cbl: a - 500 mol m-3; b - 750 mol m-3; c - 
1000 mol m-3; d - 1500 mol m-3; e - 2000 mol m-3. 

3. Results and Discussion 

The substrate inhibition of sucrose hydrolysis can give rise to existence of multiple steady states 
within the reaction slab as documented in Fig. 2 for the immobilized enzyme slab with symmetric 
boundary conditions.  
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Figure 3: Effectiveness factor of sucrose hydrolysis as a function of electric current density. a): δ = 0.03m; 
symmetric BC1; b): δ = 0.05m; symmetric BC1; c): δ = 0.05m; symmetric BC2, kcl = kcr = 3.0×10-7 m s-1. 
See Fig.2 for curve labels. 
 
The crescent-like shaped regions of multiple steady states in i-δ parametric plane (see Fig. 2a) shift 
towards higher values of slab thickness δ with increasing bulk solution sucrose concentration. The 
width of these regions shrinks with increasing value of the electric current density applied to the 
system and the multiplicity vanishes completely at high current density values. Fig. 2b shows the 
effectiveness factor X and intra-slab mean sucrose concentration 〈CS〉 as functions of the slab 
thickness at zero current passing through the slab. Only single steady state with X close to 1.0 exists 

a) b) c) 

b) a) 
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at low slab thicknesses for all bulk solution substrate concentrations. Three steady states are 
possible at intermediate slab thickness values. The upper steady state exhibits severalfold increase 
of the effectiveness factor value compared to the lower steady state. The dependence of the intra-
slab mean sucrose concentration on the slab thickness in Fig. 2b explains observed values of the 
effectiveness factor: the mean sucrose concentration in thin slabs is close to its maximum value and 
the substrate inhibition becomes strong. The effectiveness factor is close to 1.0. The mean sucrose 
concentration decreases in thicker slabs, the inhibition effect is suppressed and the effectiveness 
factor can significantly increase. The decrease of intra-slab mean concentration within thick slabs is 
the reason for markedly decreasing effectiveness factor value.  
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Figure 4: Effectiveness factor of sucrose hydrolysis as a function of bulk sucrose concentration and reaction 
slab thickness. Asymmetric BC1 (cbl > 0, cbr = 0): a): i = 0 A m-2; b): i = +5.0 kA m-2; c): i = -5.0 kA m-2. 
Slab thicknessδ: 1 - 0.01 m; 2 - 0.02 m; 3 - 0.03 m; 4 - 0.04 m; 5 - 0.05 m; 6 - 0.06 m; 7 - 0.07 m. 
 
The electric current applied to the system can strongly alter the attainable steady states (see Fig. 3). 
The efectiveness factor assumes maximum value at zero current density in the case of thin slabs for 
all bulk solution substrate concentrations ( cf. Fig. 3a). The value of X is, however, quite close to 1.0 
in all cases due to strong substrate inhibition. Pronounced effects of the current density on the 
effectiveness factor value in thicker slabs are depicted in Fig. 3b. An optimum current density 
yielding maximum effectiveness factor exists at given δ and cbl values. This optimum value varies 
strongly with the bulk solution substrate concentration. The number and structure of stationary 
states are also affected by the magnitude of mass-transfer rate at the slab - bulk solution interface ( 
cf. Figs. 3b and 3c). Hence the system operational parameters have to be precisely tuned in order to 
attain maximum performance. 
Very strong effects of both magnitude and direction of electric current applied to the system with 
the asymmetric boundary conditions (BC2) are demonstrated in Fig. 4. In general the effectiveness 
factor increases with the increasing bulk solution sucrose concentration when no electric current is 
applied. Significant maxima of the effectiveness factor value exist at intermediate and high slab 
thickness (curves 3 - 7 in Fig. 4a). The performance of the system can be therefore optimized by 
controlling the bulk solution concentration. The positive current applied to the slab causes steep 
decrease of the effectiveness factor value in thick slabs ( cf. Fig. 4b). The maxima on the X- cbl 
curves are still present, however, the amplitude is reduced and the peaks are localized over 
substantially narrowed intervals of cbl values. The reversal of the electric current (Fig. 4c) leads 
(contrary to the previous case) to substantial increase of X values and the X- cbl curves exhibit 
monotonous growth over the entire range of the considered cbl values. 
 

a) b) c) 
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Figure 5: Penicillin G hydrolysis; Eef = 0 Vm-1; asymmetric BC2 (cbl > 0, cbr = 0); kcl = kcr =1.0×10-4 m s-1. 
a): Multiplicity of stationary states in δ - cbl plane (labels denote number of coexisting stationary states); 
Effectiveness factor of penicillin G hydrolysis as a function of slab thickness at: b): cbl = 4.0×10-1 mol m-3; 
c): cbl = 1.5×10-1 mol m-3. 
 
The kinetic equation (8) of the penicillin G hydrolysis by PGA involves (contrary to the invertase 
kinetics) also product inhibition terms and kinetic constants are considered to be pH dependent. The 
maximum number of possible coexisting stationary states in the reaction slab with asymmetric 
boundaries (BC2) increases to 5 (see Fig. 5). The regions with 5, 3 and 1 stationary states span the 
parametric plane δ - cbl when no electric field is applied. Dependence of the effectiveness factor X 
on the slab thickness at various cbl values is quite complex with high number of possible transitions 
between coexisting stationary states when operational parameters of the system are changed (see 
Figs. 5b,c). The interval of δ values with substantially distinct multiple steady states is shifted 
towards significantly lower values compared to the sucrose hydrolysis. The penicillin G hydrolysis 
can be effectively performed only in very thin slabs (membranes) where the effectiveness factor 
attains maximum values. 
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Figure 6: Penicillin G hydrolysis; Eef = 2×103 V m-1; asymmetric BC2 (cbl > 0, cbr = 0); kcl = kcr = 1.0×10-4 
m s-1. a): Multiplicity of stationary states in δ - cbl plane (labels denote number of coexisting stationary 
states); Effectiveness factor of penicillin G hydrolysis as a function of: b): bulk substrate concentration at δ = 
1.0×10-5 m; c): slab thickness at cbl = 1.0×102 mol m-3.  
 
The application of electric field to the slab (Fig. 6) leads to substantial simplification of the 
multiplicity diagram (see Fig. 6a) where only small region with 3 coexisting steady states persists 
within the large region of only single steady state. The value of the effectiveness factor X doubled 
approximatelly two times when compared to the case where no field is applied. Figs. 6b,c show the 
structure of the region of coexisting three steady states which is located at low slab thickness values 
and at very high substrate concentrations (above the penicillin G solubility level). The number of 
coexisting steady states can be therefore easily controlled by the variation of the intensity of the 
electric field applied to the slab. 

a) b) c) 

a) b) c) 
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4. Conclusions 
 
The results presented in the previous section clearly demonstrate principal effects of the electric 
field (current) applied to the immobilized enzyme system on the number of existing steady states in 
the reaction slab, the size and position of multiplicity regions within the parametric space and on the 
effectiveness factor of enzyme reaction. Substantial increase of the effectiveness factor value of the 
intra-membrane enzyme reaction due to the electrophoretic and electroosmotic enhancement of 
transport of the reaction components was observed. An increase of average intra-membrane pH 
value together with electrokinetic replenishment of depleted substrate are main reasons for the 
observed increase of the effectiveness factor in the membrane with immobilized PGA. Only the 
later mechanism acts in the membrane with immobilized invertase. Detailed parametric studies may 
yield guidelines for optimum control of the system performance.  
Mass-transfer rate at the membrane - external solution interface is also very important operational 
parameter of reaction system. Thus the extra-membrane hydrodynamics has to be accurately 
controlled, e.g., by stirring rate or flow velocity. 
The electric field applied to the system can be easily and precisely tuned and enables to direct the 
system back to regions of optimum performance, e.g., when an enzyme activity decays during the 
system operation. 
 
Acknowledgement: The authors thank the Grant Agency of the Czech Republic (Grant No. 104/96/1336) 
and the Ministry of Education of the Czech Republic (Grant No. VS96073) for support of this project. 
 
Notation 
ck  concentration of component k in the slab  mol m-3 
〈ck〉 spatially averaged concentration of component k  mol m-3  
ckb   concentration of component k in bulk solution  mol m-3  
Cbl0 = cbl / Kw

0.5 parameter in Eq.(9) 
Ck = ck/cbl   dimensionless concentration of component k   
Dk   diffusion coefficient of component k   m2s -1  
Da = (k1 δ2 wE)/Ds)

0.5     Damköhler number - sucrose hydrolysis  
Daef = [(rm wE R T δ)/(DH F Eef cbl)]

0.5 
 modified Damköhler number - penicillin G hydrolysis 
Daeo = [rm wE δ / (keo

E Eef cbl )]
0.5 

 modified Damköhler number - penicillin G hydrolysis 
DaH = [(rm wE δ2) / (cbl DH)]0.5 
 Damköhler number - penicillin G hydrolysis   
Eef   electric field intensity   V m -1  
F   Faraday constant   C mol -1  
i   electric current density   A m-2  
jk   intensity of molar flux of component k    mol m-2 s-1  
k c   external mass transfer coefficient   m s-1  
k eo   electroosmotic coupling coefficient   m3 A(V)-1 s-1  
k1   kinetic parameter in Eq.(6)   m3 kg -1s -1  
k2   kinetic parameter in Eq.(6)   m3 mol -1  
k3   kinetic parameter in Eq.(6)   m6 mol -2  
Keo = keo

i i δ)/Ds dimensionless electroosmotic coupling coefficient   
K2 = k2 cbl   dimensionless kinetic parameter   
K3 = k3 cbl

2   dimensionless inhibition constant   
KM

*, Keq
*, KiQ

*, KiP
* kinetic parameters in Eq.(8)- cf. [4,6]   

Kw   ionic product of water   mol2 m-6 
nk   ionic number of component k    
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r   reaction rate   mol m-3s-1  
r*   dimensionless reaction rate   
R   universal gas constant   J mol-1K-1  
T   temperature   K  
v   velocity of convective flux   m s-1  
wE   enzyme concentration   kg m-3  
X   effectiveness factor   
z   spatial coordinate   m  
δ immobilized enzyme slab thickness   m  
νk   stoichiometric coefficient of component k   
τ = Ds t/ δ2   dimensionless time   
ζ = z/δ  dimensionless spatial coordinate   

 
Subscripts   Superscripts  
b  bulk solution l  left  con  convection   E  electric field 
ef  electric field r  right dif  diffusion   eo  electroosmosis 
eo  electroosmosis S  substrate ef  electrophoresis i  current density 
P  product   Q  product 
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Abstract 

Octane-water interfacial tension was monitored in the presence of three different peptides: two 
peptides that self associate to form amphipathic helices and a peptide from the β-sheet region of 
human lysozyme. The helical peptides adsorbed rapidly to the surface with a surface pressure 
exceeding that for typical proteins. The dynamics of adsorption apparently depend on the stability 
of the self-associated form in bulk solution. The β-sheet peptide also absorbed rapidly at the 
interface, but with a considerably lower surface pressure. Aggregation at the interface prevented 
definition of an equilibrium surface tension for this peptide. The results suggest that different 
protein domains have quite different roles in protein interfacial adsorption. 

Introduction 

Protein adsorption at an oil-water interface is a ubiquitous phenomenon of considerable importance 
across a range of biologically-based disciplines and industries. Protein emulsification capacity is 
exploited in the food industry for the manufacture of products as diverse as margarine and salad 
dressings. Adsorption is necessary for biotransformations utilising interfacially-active enzymes such 
as lipases. Interfacial behaviour will also affect the performance of liquid-liquid extraction systems 
in downstream product-recovery operations. A fundamental understanding of the behavior of 
proteins at interfaces is a pre-requisite for the a priori design of these products and systems. 
However, studies of protein adsorption to date have largely focussed on gross behavioural 
characterisation, using large proteins of complex three-dimensional structure. There is little 
understanding of the conformational changes and protein-protein interactions following adsorption 
at an interface. Improved knowledge of the processes occurring, and their relative rates, is possible 
using peptides representative of protein domains. 

In this study, three peptides were synthesised using solid-phase chemistry, and their effect on 
octane-water interfacial tension was examined. Two amphipathic peptides were based on the C-
terminal oligomerization domain of the Lac repressor, and self associate with a monomer-tetramer 
equilibrium in solution [1]. An α-helical structure is obtained in the associated form, with the 
hydrophobic faces sequestered from solution into the tetramer’s interior. The 21-mer exists in a 
mixed equilibrium with a substantial amount of dissociated monomer at concentrations below 1000 
µM (∆G=15kcal/mol), while the 28-mer is predominantly tetrameric in solution (∆G=30kcal/mol). 
The third peptide was a 24-mer fragment from the β-strand region of human lysozyme, that is 
believed to self-associate leading to lysozyme aggregation. 

Materials and Methods 

Peptides were synthesized using solid-phase chemistry by Dr D.S. King (Howard-Hughes Medical 
Foundation, Berkeley, USA) and purified by reversed-phase chromatography using a water-
acetonitrile gradient with 1% trifluoroacetic acid counterion. The 21-mer and 28-mer helical 
peptides were as described previously [1], and were acetylated at the amino-termini and amidated at 
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the carboxy-termini. The 24-mer β-hLys peptide had the sequence YNTRA TNYNA GDRST 
DYGIF QINS corresponding to the β-sheet region of human lysozyme. Purified peptide molecular 
weights were confirmed by esi mass spectrometry. Identity and concentration were confirmed by 
quantitative amino acid analysis (Protein Structure Laboratory, UC Davis, USA). The helical 
peptides showed homogeneity by mass spectrometry. The β-hLys peptide comprised 80% of 
material at the theoretical molecular weight (2741 Da) and 20% at a MW of 2724 Da, believed to be 
the imide form at the DR residues. CD spectra were collected in 10 mM phosphate buffer pH 7.4 or 
pH 3.0 at various peptide concentrations. Path lengths varied between 0.1 mm and 10 mm with the 
following settings: bandwidth 1.5 nm; 260 to 190 nm in 1 nm steps; averaging time 3 sec. Surface 
tension was determined using a pendant drop apparatus as described elsewhere [2], with 10x silica-
purified-octane as the oil phase. 

Results and Discussion 

Far UV circular dichroism (CD) spectra were collected for each peptide to examine bulk solution 
characteristics, and to confirm that a monomer-tetramer equilibrium existed for the 21-mer peptide 
as reported elsewhere [1]. Figure 1 shows the CD results for the 21-mer peptide. The strong 
negative maximum at 222 nm for the most concentrated sample (750 µM) is characteristic of an α-
helical configuration. A strong concentration dependence of the helical content is seen. At 7.5 µM, 
the spectra resembles that of a random coil configuration with negative maxima in the 200 nm and 
the 220-230 nm regions. A thermal melt of the peptide suggests a simple random coil to α-helix 
transition with an isodichroic point near 203 nm (result not shown). Helical content at 68 °C is 
minimal (Figure 1). These results confirm that this peptide does indeed behave in a concentration 
dependent manner, with helix formation at the higher concentrations occurring through self-
association in a reversible manner. Far UV CD spectroscopy of the 28-mer peptide demonstrate a 
high degree of helicity at the lowest concentration examined (10 µM), confirming the higher 
thermodynamic stability of the tetrameric form of this peptide. In bulk solution, the 21-mer peptide 
populates both the monomeric and tetrameric form while the 28-mer is largely self associated with 
hydrophobic residues sequestered into the core of the tetramer [1]. 

Figure 2 shows representative CD spectra for the 24-mer β-hLys peptide. Interpretation of these 
spectra is complicated by the relatively high number of aromatic residues in the peptide. The large 
negative maximum near 200 nm suggesting random coil conformation is lacking, although this may 
be masked by a positive contribution near 190 nm from Tyrosine residues [3]. Negative maxima 
near 220-230 nm may be representative of some β-structure (β-sheet structure giving a negative 
maxima near 230 nm, or β-turn structure giving a negative maxima in the 220-230 nm range [3]). 
Regardless of the exact conformation, the time-dependent increase in negative ellipticity near 220 
nm is obvious and suggests structure formation through bulk-solution aggregation. This time 
dependence is accentuated at the lower pH, presumably due to higher aggregation rates resulting 
from titration and hence neutralisation of the acidic amino side-chains in the peptide. Indeed, the 
formation of aggregates in solution was apparent in the pH 3.0 samples stored at room temperature 
overnight.  
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Figure 1. CD spectra for the 21-mer helical 
peptide. Black lines are 25 °C and 7.5 mM 
(heavy line) or 750 mM. Grey line is 68 °C at 
150 mM. 
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Figure 2. CD spectra for the 24-mer β-hLys peptide at 
pH 7.4 (black) and pH 3.0 (grey). Samples were 
analysed after ca. 10 min (light lines) and 3 h (heavy 
lines). Pathlength 10 mm; sample concentration 45 µM. 

 
The effect of the purified peptides on octane-water interfacial tension was examined by pendant-
drop measurements [2]. Figure 3 shows results for the 21-mer helical peptide. At low 
concentrations, a diffusional limitation for transport to the interface occurred. At higher 
concentrations, very rapid (<5 sec) adsorption to the interface and a large decrease in surface 
tension were apparent. Energetic barriers to adsorption are apparently minimal. Throughout the 
experiments, no obvious formation of an interfacial network having mechanical strength was 
apparent, even at long times. Interfacial tension remained constant over a 20 h period, even at high 
peptide concentrations. Interestingly, the surface pressure obtained with this peptide is higher than 
for the adsorption of most proteins including lysozyme and β-casein, suggesting excellent 
emulsification capacity. 
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Figure 3. Surface tension versus time as measured 
by pendant drop for the 21-mer helical peptide at 
1.5, 4.5, 9, 15, 45 and 150 µM (lowest tension). 
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Figure 4. Surface tension versus time as measured 
by pendant drop for the 28-mer helical peptide at 
4.5, 15, 45, 150 and 300 µM (lowest tension). 

 

The 28-mer tetrameric bundle exhibited a rapid decrease in tension followed by a considerably-
slower further decrease even at higher concentrations (Figure 4). A comparison of Figures 3 and 4 
suggests there may be a barrier to adsorption of the 28-mer peptide at the interface. At equivalent 
molar concentrations, complete adsorption of the 28-mer peptide is considerably slower. This may 
reflect the fact that the 28-mer peptide exists predominantly in tetrameric form in bulk solution. 
Consequently, hydrophobic residues are sequestered into the core of the tetramer, and interfacial 
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adsorption is less energetically favourable once a specific surface coverage has been attained. 
Interaction of these peptides at the interface will also be considerably more complex than for the 21-
mer case, where monomeric peptide can exist in bulk solution with hydrophobic residues exposed. 
Surface-packing characteristics will therefore be different. Interestingly, a well-defined equilibrium 
relationship existed for both peptides (Figure 5), but with some evidence of self association and 
long-time tension decrease for the 28-mer peptide at higher concentrations (ca. 300 µM). 
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Figure 5. Equilibrium surface tension versus bulk concentration for the 21-mer (circles) and 28-mer 

(triangles) helical peptides. 
 

The β-strand-derived peptide exhibited a rapid decrease in surface tension, but with a considerably 
lower surface pressure than the helical peptides (ca. 15-20 mN/m). A longer-time decrease in 
surface tension occurred due to obvious self association and aggregation. A film with mechanical 
strength formed at the interface. No equilibrium surface tension could be defined. Similar results 
were obtained at pH 3 and pH 7. Clearly, the different rates of self-association observed by CD 
spectroscopy did not translate into significant differences in interfacial behaviour. 

Conclusions 

These results tentatively suggest that an exposed amphipathic helix provides a means for rapid 
protein interfacial adsorption. Longer-term dynamics may result from barriers to interfacial 
adsorption following partial surface coverage and domain aggregation at the interface. Further work 
with high-resolution analytical methods is required to confirm the preliminary results in this study.  
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Abstract.  
Two novel reactor systems for the biological removal of nitrogen from wastewater were 
investigated and optimized: the Sharon and Anammox processes. The Sharon system can be 
operated without sludge retention and pH control, in such a way that approximately 50% of the 
ammonia is oxidized to nitrite. The effluent of this Sharon process is ideally suited as feed for the 
Anammox process in which ammonia is used as the electron donor for nitrite reduction to 
dinitrogen gas. An investigation on a laboratory scale wastewater system demonstrated the 
feasibility of this combination.  

Introduction 

Two novel systems for the removal of nitrogen from wastewater - SHARON and ANAMMOX - are 
currently under investigation in the Kluyver Institute for Biotechnology. First, the Sharon process 
will be presented with special emphasis on the control of the process. Then the application and 
microbiology of the Anammox are summarized. Finally, the results of a laboratory scale study on 
the combination of the Sharon and Anammox processes will be presented.  

The SHARON (Single reactor for High Ammonium Removal Over Nitrite) 
process 

The Sharon process is ideally suited to remove nitrogen from waste streams with a high ammonium 
concentration (> 0.5 g N/l). The Sharon process is performed in a single, stirred tank reactor without 
any sludge retention [1]. At temperatures above 25 °C it is possible to effectively washout the nitrite 
oxidizers. This results in a stable nitrification with nitrite as end-product [1-3]. For the concept 
described here only 50% of the ammonium needs to be converted to nitrite (equation 1). This 
implies that no extra addition of base is necessary, since most of the wastewater resulting from 
anaerobic digestion will contain enough alkalinity (in the form of bicarbonate) to compensate for 
the acid production if only 50% of the ammonium needs to be oxidized. The Sharon process has 
been extensively tested on lab-scale for the treatment of sludge digester effluents and is currently 
under construction at two Dutch wastewater treatment plants. The most important characteristics of 
the system are briefly introduced below. 

 

NH4
+ + HCO3

- + 0.75 O2 → 0.5 NH4
+ + 0.5 NO2

- + CO2 + 1.5 H2O  (1) 

 
The Sharon process is operated without sludge retention. This means that the sludge retention time 
(SRT) equals the hydraulic retention time (HRT). In such a system the effluent concentration (C) is 
only dependent on the specific growth rate (1/SRT) of the bacteria involved, and independent from 
the influent concentration. During operation of the Sharon process fast growing ammonium 
oxidizers with a low affinity for ammonium are selected. The dilution rate can be set at such a rate 
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that ammonium oxidizers grow fast enough to stay in the reactor, while the nitrite oxidizers are 
washed out. The Sharon process has been operated on digestion effluent for more than 2 years in 
our Institute (Table 1). It has been shown that the process is indeed able to oxidize ammonium to 
nitrite. Furthermore the ammonium oxidizing bacteria which have been enriched in the system 
tolerate high nitrite concentrations (>1 g NO2

--N/l at pH 7). During the oxidation of ammonium to 
nitrite two equivalents of protons are produced per mol of ammonium converted. In waste streams 
with high amounts of ammonium, the pH therefore needs to be adjusted. In the case when sludge 
digester effluent is used one equivalent of base will be provided by the bicarbonate present in the 
effluent (equation 1). In the proposed set-up only 50% conversion of ammonium is needed. This 
can be achieved in effluents of anaerobic digesters, where bicarbonate is the counter-ion for 
ammonium. If no pH control is applied the major part of the bicarbonate will have been consumed 
when about 50% of the ammonium is converted. Thereafter the pH in the reactor will drop rapidly 
and the nitrification will stop at pH values around 6.4. In a chemostat-like process this means that if 
no pH control is applied only 50% of the ammonium will be oxidized to nitrite. An effluent with 
equal amounts of ammonium and nitrite is ideally suited as influent for Anammox reactor systems.  
 
Table 1. Overview of the parameters [1] of an Anammox fluidized bed reactor and a Sharon reactor both fed 

with sludge digester effluent. The nitrite for the Anammox process was supplied separately. 

 SHARON ANAMMOX 
Ammonium load 0.63-1.0 0.24 - 1.34 kg NH4

+-N/m3
reactor.day 

Nitrite load not applicable 0.22 - 1.29 kg NO2
--N/m3

reactor.day 
Nitrogen load 0.63-1.0 0.48 - 2.63 kg Ntot/m

3
reactor.day 

   
NH4

+-N effluent 199 27 ± 85 mg N/l 
NO2

--N effluent 469  3 ± 3 mg N/l 
   
Efficiency NH4

+ removal 76-90 88 ± 9 % 
Efficiency NO2

-removal not applicable 99 ± 2 % 
   
Sludge load 10.3 0.05 - 0.26 kg Ntot/kg SS per day 

 

The Anammox (anaerobic ammonium oxidation) process. 

The Anammox process is an anaerobic process whereby nitrite (or nitrate via nitrite) is converted to 
dinitrogen gas with ammonium as electron donor (equation 2).  
 

0.5 NH4
+ + 0.5 NO2

- → 0.5 N2
 + H2O  (2) 

 
The bacteria catalyzing the ANAMMOX reaction are autotrophic. This means that nitrite can be 
converted to dinitrogen gas without the use of COD or the addition of external methanol [1]. The 
Anammox process has been discovered in a pilot plant installation of Gist-brocades [4]. It was 
noted that large quantities of ammonium disappeared, while simultaneously the nitrate consumption 
and the dinitrogen gas production increased. The stoichiometry of the reaction was confirmed with 
batch experiments. The biological nature of the process could be demonstrated since the Anammox 
activity was inactivated by either gamma irradiation or heating of the pilot plant sludge [5,6]. 
Furthermore it was observed that nitrite was the preferred electron acceptor for the process. The 
micro-organisms responsible for the process have been enriched in a fluidized bed reactor on a 
synthetic medium containing ammonium, nitrite and bicarbonate. The growth rate of the organisms 
is very low, whilst its yield is as low as observed for aerobic nitrifying bacteria. A clear advantage 
of the Anammox process will therefore be a low surplus sludge production. However, systems with 
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an efficient sludge retention will be necessary to keep all the Anammox sludge in the reactor and 
long start-up times will be required to grow enough biomass. The mechanism of the ANAMMOX 
process was investigated using batch cultures. In these cultures, hydroxylamine could be converted 
to ammonium and dinitrogen gas. During the hydroxylamine conversion there was a transient 
accumulation of hydrazine (0.5 mM). Studies with 15N-labelled compounds confirmed the presence 
of the hydroxylamine and hydrazine during oxidation of ammonium [7]. The influence of oxygen 
on the Anammox process was studied under micro-aerobic conditions [6-9]. In four consecutive 
experiments, the oxygen tension was decreased stepwise (from partial O2 pressure 2 down to 0 %). 
No ammonium was oxidized in the presence of 2, 1, or 0.5 % air. After these three experiments all 
oxygen was removed by flushing vigorously with Argon until is was completely anoxic (0 % O2). 
Only under these fully anoxic conditions were ammonium and nitrite consumed. This clearly 
showed that the Anammox process could not proceed under micro-aerophilic conditions. 
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Figure 1. Ammonium removal from sludge digester effluents in an Anammox fluidized bed reactor using a 
synthetic nitrite solution [1,10] Ammonium-nitrogen load influent, o; ammonium-nitrogen load effluent, n. 

 

Feasibility study 

In a recent feasibility study [1,10] the removal of ammonium from sludge digester effluents was 
investigated with the Anammox process. Experiments with a laboratory scale (2-liter) fluidized bed 
reactor (Figure 1) showed that the Anammox sludge was capable of removing ammonium and 
(externally added) nitrite efficiently from the sludge digester effluent (Table 1). The nitrogen load 
of the Anammox fluidized bed reactor could be increased from 0.2 kg Ntot/m3

reactor per day to 2.6 kg 
Ntot/m3

reactor per day. Due to the nitrite limitation, the maximum capacity was not reached. The 
nitrogen conversion rate during the experiment with sludge digester effluents increased from 0.04 
kg Ntot/kg SS per day to 0.26 kg Ntot/kg SS per day. The Anammox biomass removed ammonium 
for 88 % and nitrite for 99 % from the sludge digester effluent.  

The Combined Sharon-Anammox Process 

The combination of the ANAMMOX process and SHARON process has been tested in our 
laboratory using sludge digester effluent (equation 3).  
 

NH4
+ + HCO3

- + 0.75 O2 → 0.5 N2
 + CO2 + 2.5 H2O  (3) 
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The Sharon reactor was operated without pH control with a total nitrogen load of about 0.8 kg N/m3 
per day [1]. The ammonium present in the sludge digester effluent was converted for 53% into 
nitrite (39%) and nitrate (14%) (Table 2). The nitrate formation was due to biofilm wall growth, 
which was not regularly removed. In large scale applications this will be significantly lower 
because of the small surface to volume ratio. In this way an ammonium-nitrite mixture suitable for 
the Anammox process was generated. The effluent of the Sharon reactor was used as influent for 
the Anammox fluidized bed reactor. In the nitrite limited Anammox reactor all nitrite was removed, 
the surplus ammonium remained. During the test period the ammonium removal efficiency was 83 
%. In Table 2 the nitrogen balances of the two systems are summarized. The optimization and 
application of the combination of these two processes on pilot plant and full scale remain challenges 
towards implementations in a future wastewater treatment plant. 
 

Table 2. Nitrogen balances in the combined Sharon-Anammox process.  
The results obtained from a prelimnary laboratory test with sludge digester effluent. 

 Sharon                   Anammox 
 Influent Effluent/Influent 

(mg N / liter) 
Effluent 

NH4
+ 584 267 29 

NO2
- <1 227 1.4 

NO3
- <1 64 83 

N2O
a <1 4 <1 

N2
a <1 <1 476b 

aconcentration relative to the influent flow 
bdetermined as the difference between dissolved and gaseous nitrogen compounds 
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Almost every natural compound, irrespective of its molecular weight or structural complexity, is 
degraded microbiologically in some particular environment. This also holds for the majority of 
synthetic compounds, which are funneled into the naturally existing metabolic cycles. Compounds 
with high xenobiotic character may, however, be subject to incomplete degradation or persist under 
normal environmental conditions. With increasing complexity of the chemical structure part of it 
may be subject to cometabolic and chemical misrouting giving rise to the accumulation of dead end 
metabolites. Nevertheless some mineralization is observed in natural communities. This is due to 
diverse cometabolic activities in different organism which complement each other [1]. 
 

Cases in point are the degradation of sulfonated aromatics and sulfonated azo dyes which are 
completely mineralized by defined syntrophic cultures [2, 3]. Typically, when grown in continuous 
culture these systems may become unstable because interspecies transfer of metabolites is disturbed 
by metabolic misrouting. This problem can be met by immobilization of the mixed culture or by 
generating hybrid organisms, that have evolved complete metabolic sequences. 
 

The modular nature of the catabolic sequences of sulfonated aromatic compounds that exist in 
natural communities is the basis for the evolution of highly efficient hybrid pathways. Thus, a 
naphthalene-2-sulfonate degrading mixed culture can generate hybrid organisms by mobilizing the 
genes of salicylate degradation plus a regulatory element from NAH (Pseudomonas putida NCIB 
98/6) [4]. Following this evolutionary concept multifunctional strains could be generated if the 
genetic determinants of the initial catabolic sequence were mobilized in natural salicylate degrading 
communities. 
 

This exciting area of experimental evolution of xenobiotics degrading microorganisms holds much 
promise to overcome biological constraints in bioremediation processes. Rational design of 
multifunctional pathways can circumvent incompatibilities of mixtures of substrates and avoid 
misrouting of metabolites through unproductive pathways that affect catabolic performance of 
naturally existing mixed cultures. 
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Environ. Mirobiol. 57, 3144-3149, 1991. 

[3] Nörtemann, B., Baumgarten, R., Rast, H.G., Knackmuss, H.-J., Appl. Environ. Microbiol. 52, 
1195-1202, 1986. 

[4] Ruß, R., PhD thesis, Universität Stuttgart, 1996. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Environmental Processes 
Oral Presentations 

 

158 

Anaerobic Waste Water Treatment and Reactors 
 
Alexander Aivasidis 
Environmental Engineering Department, School of Engineering, Democritus University of Thrace, 
67 100 XANTHI, GREECE 
 
Keywords: Wastewater, Bioreactors, Immobilization, Scale-up, Biotechnology 
 
 

Abstract 

Anaerobic wastewater treatment has substantial advantages over the common aerobic solution. For 
this reason, the application of this techniques for treatment of high polluted industrial effluents 
increases. Besides the most conventrional anaerobic system with pelletized biomass (UASB) and 
anaerobic contact processes, microbial immobilization by colonization of macroporous carries 
materials using fixed-bed loop reactors is very effective. In these bioreactors up to 100m3 biogas per 
m3 of total reactor volume per day can be generated and released. One important think, under the 
aspect of generalization of biotechnological concepts is the fact that this technique of cell 
immobilization on macroporous carrier materials using fixed-bed and fluidized-bed reactors, once 
developed for anaerobic wastewater treatment processes, has in the present time achieved wide 
applications also in beer fermantation/maturation as well as in production of monoclonal antibodies. 

1. Introduction 

Developments in production technology have frequently resulted in the concentrated local 
accumulation of highly organic-laden wastewaters, a factor that must then be taken seriously into 
account with respect to disposal technology. With conventional aerobic wastewater treatment (the 
activated-sludge process), however, the greater the organic load, the more problematic the process 
becomes, because the required level of oxygen transfer rapidly approaches limits that are both 
technical and economic in nature. The key odjective associated with the anaerobic processes 
described here is thus the develpment of alternative solutions to the overall problem of wastewater. 
The fundamental advantages of anaerobic wastewater treatment are: 
1. Energy-intensive oxygen transfer is avoided 
2. The energy content of the resulting biogas can be put to further use 
3. Very little excess sludge is formed, while at the same time up to 95% of the organic 

contamination is converted into a combustible gas 
4. Heavy metals are not sudjected to oxidative mobilization, but rather to reductive precipitation 
5. Aerosol formation accompanying oxygen transfer is avoided, as is the stripping out of volatile 

components 
6. Space-time yields (bioreactors performances) reach a level fundamentally unattainable in the 

activated-sludge process. 
Acquiring a more than empirical understanding of anaerobic wastewater treatment forces one to 
examine more closely the interactions between the various microorganisms in a food chain. The 
basic scheme is depicted in Figure 2. In simplified terms, at least three groups of microorganisms 
are involved in the degradation of comlpex organic molecules. To begin with, biopolymers are first 
hydrolytically degraded in the context of acidogenesis to give soluble monomers. This is followed 
by acid formation, with he simultaneous generation of hydrogen and carbon dioxide, a step referred 
to as acetogenesis. It is at this point that methane formation can commence. 
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The central problem from a reaction-engineering point of view is finding a way to achieve space-
time yields that are high, as in the anaerobic case. The more complex the substrate mixture from a 
chemical structure and particle size standpoint, the more difficult it becomes to meet this challenge. 
Also collecting reliable kinetic data is a very time consuming process, and possible only in the case 
of continuous fermentation. 

 
 

Figure 1: Schematic representation fo the course of anaerobic methane generation from coplex organic 
substances. 

 
Since the generation time for the microorganisms involved is comparatively long, the residence 
time of the catalyst must be uncoupled from the residence time of the substrate in order to increase 
the space-time yield. To this end, various approaches are available for retention and recycling of the 
catalytic biomass. 

2. Thermodynamics and kinetics 

As shown in Figure 1, the anaerobic degradation of organic matter proceeds via a series of 
intermediate steps. The concentration of hydrogen takes on a regulative role by influencing the 
distribution of metabolic products formed by the fermantative bacteria. 
While the decompositon of acetic acid is independent of the partial pressure of hydrogen, the 
degradation of propionic acid and butyric acid would be inhibited by a high partial pressure of 
hydrogen. At the same time, an adequate hydrogen partial pressure is necessary for the formation of 
methane from hydrogen and CO2 (either directly or via acetic acid). This results in a narrow 
«thermodynamic window» within which the decisive reactions are able to proceed simultaneously 
(see Fig.2). It follows that there must be a close correlation between microorganisms that form 
hydrogen and those that instead utilize it (interspecies hydrogen transfer). 
In practise, only continuously operated systems can be used for kinetic measurements, because 
batch-reactor experiments (shaken cultures) provide results that are poorly reproducible. This is due 
to the fact that in a batch experiment the reaction conditions change constantly over the course of 
the test period resulting in the appearence and disappearence of various limitations. In a chemostatic 
operating mode the reactor is maintained at a steady state with respect to outlet conditions. The 
influence of various parameters can thus be studied by varying either the residence time or the 
substrate composition. 
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To establish a set of model parameters it was necessary to solve simultaneously the substrate and 
the biomass balances for a stationary state in a continuous strirred-tank reaction: 

 
 

Figure 2: «Thermodynamic window» for simultaneous methane formation from propionic acid, butyric acid, 
and H2/CO2 as a function of hydrogen partial pressure (T=25oC, pH=7.0). 

 
Mass balance for the substrate (S=substrate concentration, x=cell dry-mass  
concentration): 
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The maximum specific growth rate µmax and the Michaelis-Methen constant Km can be determined 
by nonlinear regression by plotting the specific growth rate µ against the stationary substrate 
consentration S. With the help of the model parameters, the volume-specific biogas production rate 
and the biogas yield are also subject to calculation as a function of residence time. Calculated 
results are compared with the corresponding experimental data in Figure 3. Residence times that are 
only slightly larger than the critical residence time τcr results in a high biogas yield, because the Km 
value for acetate is only 4nmol/L, so a zero-order reaction is observed over most of the conversion 
range. 
A further increase in biomass activity could be achieved by successively reducing the residence 
time in the chemostats. This fundamental procedure also illustrates the basic idea behind the 
concept of selection-stress optimazation by maximizing the space-time yield thus permitting an 
optimally adapted pure or mixed microbial population with maximum activity to be obtained in the 
shortest possible time. 
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Figure 3: Comparison between measured and observed volume-specific gas formation (space-time yield) and 
biogas yield in the degradation of acetic acid. 

3. Reactor Design 

Fermentation displays typical autocatalytic behavior (i.e., a portion of the product functions 
simultaneously as a catalyst), and since Km values for the most important substrates are very small, 
every effort must be made at least with soluble substrates to approximate stirred-tank conditions 
(Fig.4). In the case of the backmixing reactor with low return flow (R=0.1), the same conversion 
requires a residence time that is longer by a factor of 3. As the extent of back mixing increases, the 
conversion behavior approaches that of a continuous stirred-tank reactor (CSTR). Achieving 
approximately the same conversion, however, requires a recirculation ratio of 10:1. 
Another approach to reducing the reaction volume entails the use of reactors connected in series, 
with a tubular reactor serving as the second stage. The first stage should then be operated in such a 
way that conversion in the first stage corresponds to the maximum value along the reaction-rate 
curve, while in the second stage the maximum conversion. 
As a result of stepwise degradation involving various bacterial populations, together with the 
complex interactions linking fermentative acid formation with methanogenesis, it has been 
suggested that these two individual steps be separated in space by the use of a multistage reactor 
combination. The most widely applied variant is a two-stage mode of operation (Figure 5), in which 
acidogenic microorganisms are most active in the first stage and mainly acetogenic and 
methanogenic microorganisms in the second. 
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Figure 4: Yield as a function of residence time in a backmixing reactor  
(tubular reactor with a relative returm flow R). 

 
Today the trend in anaerobic treatment of highly contaminated wastewater is clearly toward a two-
stage process design. The generation time of microorganism in the first stage is clearly shorter than 
in the second stage, so incorporation after the firth stage of a sedimenter with partial biomass return 
is sufficient to maintain stable conditions in the first stage. Nevertheless, in a large-scale operation 
it is extremely important to ensure effictive separation of preacidification biomass from the inlet of 
the second stage to prevent solids loading in the methanogenic stage. 

 
 

Figure 5: Schematic representation of a two-stage anaerobic fermentation with acidification followed by 
methanization. 

4. Biomass Retention / Recycling 

Achieving high perfomance in a reactor is not simply a function of the biomass activity. Because of 
the autocatalytic factor the biomass concentration is important as well. Decoupling of the residence 
times for liquid substrate and biomass in anaerobic wastewater treatment is possible via either 
internal retention or external separation and recycling. Various approaches to biomass retention are 
illustrated in Figure 6. 
A selection in favor of either flocculating or pellet-forming microorganisms that sediment easily in 
a bioreactor is still accomplished in most cases by empirical optimization of the reactor conditions. 
This principle of biomass retention is the basis for the upflow anaerobic sludge blanket (UASB) 
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reactor. Free biomass or pelletized biomass can be separated with the help of filtration techniques, 
depending on the pore size of the filter, although such filters easily become clogged. Moreover, 
activity losses must be anticipated due to the mechanical shear stress involved in recirculating a 
microbial suspension. The practical applicability of the approach to wastewater reactors is thus 
severely restricted. 
One way to achieve an increase in the particle size, with a corresponding improvement in the 
separability of the liquid phase, is to immobilize the biomass on a carrier material. Nevertheless, 
adsorption presents the risk that the biomass might become detached as a consequence of shear 
forces. Efforts are currently being made to counter this obstacle by binding biomass covalently to a 
carrier, or enclosing it in a gel. The method has so far resulted in essentially no practical 
wastewater-treatment applications. The colonization of macroporous carriers with high surface 
areas lowers the risk of biomass detachment and circumvents the cost entailed in covalent fixation, 
while at the same time substantially increasing the amount of biomass that can be accumulated per 
unit volume. Proper adjustment of the pore size of the carrier material permits the flow partially to 
penetrate the interior of the particles without also detaching the biomass. This has the further 
advantage that it facilitates the rapid removal of biogas as it is formed. A summary of common 
reactor configurations based on immobilized microorganisms is provided in Fig. 7. 

 
 

Figure 6: Schematic representation of various approaches to biomass retention a) Flocculation-pelletization; 
b) Filtration; c) Immobilization through adsorption; d) Immobilization through covalent bonding; e) 

Immobilization through colonization on a macroporous carrier. 
 
In the case of external biomass recycling, sedimentation is achieved either by flocculation induced 
by chemical additives, or by increasing the separation area with the help of lamella separators. This 
technique is also known as the anaerobic contact process. It is also possible to increase the density 
difference by flotation, or to increase the gravitational field by centrifugation. 
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Figure 7: Reactors for the immobilization of microorganisms in anaerobic wastewater treatment A) Fixed-
bed reactor; B) Fixed-bed loop reactor; C) Fixed-film reactor; D) Fluidized-bed reactor; 

4.1 Upflow Anaerobic Sludge Blanket (UASB) Reactors 

A simplified flow diagram of the UASB process is presented in Figure 8. Wastewater flows 
vetrically through the system starting at the bottom. Microbial pellets sediment on the reactor floor, 
forming a sludge bed. Enrichment of the biomass in the reactor is made possible by a three-phase 
separation system designed especially to minimize any disruptive influence on the part of biogas 
during sludge separation. Apart from granulate sludge, a considerable amount of flocculated sludge 
is formed as well, which in turn constitutes a basis for the formation of new pellets. 
A distributor on the floor of the reactor is used for uniform liquid feeding, and it must necessarily 
meet special design requirements. This distributor consists of a system of polypropylene tubes laid 
in a defined way and fixed to a concrete plate. Each tube assumes a prescribed hydraulic load 
determined by the cross section of the tude and the number of outlets provided. 
 

 
 

Figure 8: Schematic representation of the upflow anaerobic sludge blanket (UASB) process a) Sludge-liquid 
inlet; b) Gas screens; c) Settled-sludge return opening. 

 
Recirculation of partially purified wastewater to the UASB reactor is required only in the case of 
high COD concentrations in the wastewater in order to avoid pronounced concentration gradients as 
a function of height. Experience has shown that the height of the system should not exceed ca. 6m, 
because uncontrollable hydraulic conditions would otherwise result owing to gas coalecsence. This 
in turn generally also entails a considerable amount of surface area. 
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Most of the large-scale wastewater-treatment plants designed for anaerobic operation conceived as 
UASB plants. This speaks well for the idea, but there are also disadvantages to be considered. For 
example, the process of microbial pellet formation is still very empirical, and it is neither applicable 
to all types of wastewater nor uniformly reproducible. The formation of granulated sludge may 
occasionally require several months or even years, and sometimes it never takes place; moreover, 
existing pellets may redissolve and be washed out of the system due to a change in process 
conditions. For this reason, pellet sludge is extracted from existing plants for the purpose of 
«seeding» newly commissioned UASB reactors, and material may even be transported overseas to 
this end. The solids concentration approaches 75-85 g/L in the granular sludge region, but the 
specific sludge activity with respect to acetate conversion (methanogenic activity) amounts to only 
0.2 kg COD/(kgCDM d) as a result of hindered mass transport. This in turn limits the COD-
elimination capacity (at maximum space-time yield) to ca. 6-14 kg COD m-3 d-1. 
 

4.2 Fixed-Bed Loop Reactors 

The principle underlying this type of reactor combines the advantages of fixed-bed and fluidized-
bed reactors, but avoids several of the disadvantages of both (Fig. 9). Most of the liquid responsible 
for the upward flow in a fixed-bed loop reactor leaves the fixed-bed and returns once again through 
an external loop, where it is mixed with fresh influent. 
This particular anaerobic-reactor concept has become especially familiar in the literature in 
conjuction with the use of macroporous carrier materials for microbial immobilization with three-
dimensional colonization. For this concept Siran, a commercial sintered-glass material with 
adjustable properties manufactured by Schott Glaswerke, Mainz, is especially stable. A 
monogeneous mixture of the starting materials, glass, and salt powder of a defined particle size is 
first sintered, and the cooled material is subsequently extracted with water, resulting in structures 
with porosities as high as 70%, together with a defined pore-size distribution. 
Work in this area was performed at the Forschungszentrum Julich (Julich Research Center, 
Germany), leading to establishment of the «Biogas High Performance Process» for treating heavily 
organic-laden wastewaters. This process was successfully commercialized over a period of several 
years by licensing it to various parties interested in building treatment. In the present time eight 
large sale anaerobic plants according to this method exist. 

5. Conclusions 

The anaerobic treatment of wastewater represents another example of the fact that innovations may 
result from the joint application of biological and industrial principles. Despite sophisticated 
optimization of the oxygen transfer process, aerobic wastewater treatment becomes less competitive 
with the anaerobic technique the higher the contamination level of the wastewater. 
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Figure 9: Schematic  illustration of a fixed-bed loop reactor. 
 
The principle of carrier fixation as a way of preventing the washing-out phenomenon is also derived 
from a model frequently observed with sessile microorganisms in nature. 
Use of macroporous carries materials for biomas fixation is not only interesting in wastewater 
treatment but also in other applications. Spheres of Siran (Fig. 10) can be used in fluidized bed 
reactors for continuous fermentation of alcohol-free beer and alcohol-reduced wine. Continuous 
beer maturation with 2h residence time can be obtained in down-flow fixed-bed reactors. 
Monoclonal antibodies can be produced continuously with high productivities by immobilization of 
animal calls in fluidised bed reactors. As someone can see, the possibilities for application of Siran 
carries in Biotechnology are unlimited. 

 
 

Figure 10: Scanning electron micrograph of a Siran sphere (particle size ca. 2 mm, porosity 55%, pore 
diameter 60-300µm). 
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Abstract 

Biotechnology is one of the oldest technologies known today, used to preserve perishable food 
stuff, and to render it more digestible and tasteful. The technology makes use of micro-organisms 
already naturally occuring in or on food, like lactic acid bacteria, yeasts and molds. This paper will 
concentrate on recent developments in the field of food fermentation with lactic acid bacteria and 
on the role of these bacteria for the properties of the final food product. In particular, it will present 
a new generation of lactic acid bacteria used for the production of mild, shelf-stable yoghurts, the 
role of bacteriocin and exocellular polysaccharide producing bacteria, and the emergence of new 
probiotic milk products, which contain specifically selected health promoting bacteria.  

Introduction 

Spontaneous fermentation of fresh food products by lactic acid bacteria is a very old known 
phenomenon and used world-wide by many cultures to preserve perishable foodstuffs like milk, 
meat, vegetables and cereals. However, it was only at the beginning of this century that an industrial 
production of such fermented foods like cheese, yoghurt, raw sausages, pickles etc. began. At about 
that same time, I. Metchnikoff and other scientists realised the similarity between the food 
fermenting bacteria and some of the inhabitants of the human intestinal flora. Hence, yoghurt 
products first gained a wider-scale popularity because of their proposed health and life prolonging 
properties. However, the market was not sustained and only the development of fruit and flavoured 
yoghurt in the 1950s helped this product to become of major importance for the dairy industry in 
the western world. Today, a multitude of different fermented dairy and non-dairy foods are 
commercialised world-wide and the consumer demand especially for fresh refrigerated dairy 
products is still growing considerably. 
From the enormous variety of food preservation processes by lactic acid bacteria, the fermentation 
of milk is probably the best studied and advanced example. Milk can be fermented into a variety of 
different products, varying in appearance, flavour, texture and health beneficial properties. The art 
of producing such products is based on the different technologies and on the selection of specific 
bacterial starter cultures; from using remains of fermented milk of the former day to the use of 
sophisticated starter strains which arrive to the factory in frozen or freeze dried form. Over the last 
decades, more and more defined starter cultures were selected and developed for specific product 
and quality ranges. They are now available and commercialised by specialised culture producing 
companies. This development lead to an increased competition in the classical yoghurt market 
between food companies, local dairies and co-operatives, and distributors producing their own 
store-brands. It is a necessity for the food companies to further distinguish their products by 
superior quality and taste, and by offering innovative new products satisfying the consumer needs. 
Hence, food companies started to develop their proprietary starter cultures for the preparation for 
their own fermented dairy products.  



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Food Production 
Oral Presentations 

 

170 

The importance of classifying lactic acid bacteria 

Lactic acid bacteria are Gram-positive, non-spore forming bacteria producing lactic acid as major 
end product. They comprise different genera and more than 100 different species [1, 2]. To date, the 
systematics of lactic acid bacteria, initially based on morphology and physiology is still under 
investigation and not without some controversy on the definition of the boundaries between genera 
and species. With the help of new taxonomic tools such as rRNA sequence comparison, a clearer 
picture of the phylogeny of the lactic acid bacteria is emerging and becoming an important aid for 
the classification [for review see: 3, 4]. The group of lactic acid bacteria is evolutionary very 
dispersed. It comprises micro-organisms with different morphologies, coccoidal and rod-shaped, 
and with different optimal growth temperatures, mesophilic and thermophilic conditions. 
Furthermore, it comprises bacteria with different major fermentation pathways, such as uptake of 
lactose via the phosphoenolpyruvate-sugar phosphotransferase system (PTS) or as free lactose, and 
the fermentation of glucose via the glycolytic (homofermentative) or the pentose phosphate 
pathway (heterofermentative). Despite these differences, lactic acid bacteria are generally found in 
fermented foods. It is from such products that they can be isolated and used as starter cultures in 
controlled fermentation processes. Still today, artisanally produced or spontaneously fermented 
food serves as natural source for the isolation and identification of new lactic acid bacterial strains 
or even new species. As an example may serve the discovery of the new Lactobacillus species, L. 
pontis, named after the EU-BRIDGE research project [5]. Such strains can potentially be further 
developed into new starter strains for fermentation processes. 

The role of lactic acid bacteria as starter cultures 

As mentioned in the introduction, the use and development of starter cultures is most advanced for 
the dairy industry. Today, artisanal production of a fermented milk product without the help of 
defined starter cultures is the exception. Similarly to the dairy field, the use of starter cultures for 
raw meat fermentation gained increased popularity over the last 30 years and is commonly used 
today for the production of salami and other raw sausages. However, most of the industrial 
fermentation of vegetables is still spontaneous and determined by the endogenous micro-flora of the 
plant material. 
Lactic acid bacteria are generally used as well defined starter cultures for the fermentation process. 
They need to fulfil specific requirements for the transformation of the raw material to the final 
product. Depending on the nature of the raw material, the desired end product and the final quality 
demand, the specific requirements of the lactic acid bacteria are different. In general, however, the 
role of the lactic acid bacteria for a fermentation of food can be summarised in mainly four tasks: i) 
microbial preservation of the raw material, ii) generation of a "new" flavour of the product, iii) 
texturing capacities and iv) probiotic, health beneficial properties.  
In the following sections, some results and practical applications in the field of fresh fermented 
dairy products, including some examples from our own institute, will be presented. 

Mild, shelf-stable yoghurt 

Yoghurt results from growth association between Streptococcus thermophilus and Lactobacillus 
bulgaricus. They grow in milk where they ferment lactose to lactate and lower the pH from neutral 
to about 4.5 - 4.2. Upon storage of the final product at 4 - 12° C for several days (in the 
supermarkets or at the consumers home), the pH of the yoghurt may drop further to values below 
4.0. This post-acidification leads to a gradually increasing acid and bitter taste of the yoghurt, thus 
degrading the initial organoleptic quality of the product. 
S. thermophilus ferments milk into a mild but unaromatic product. It is L. bulgaricus which mostly 
contributes to the typical yoghurt flavour and lowers the pH to values below 4.2. The approach to 
limit post-acidification and still produce the yoghurt flavour was to regulate growth and 
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maintenance of L. bulgaricus by controlling its energy metabolism. Hence, L. bulgaricus starter 
strains were screened for the presence of spontaneous Lac- mutants, having no or reduced residual 
β-galactosidase activity. Mutants were identified having genetic deletions within the β-
galactosidase gene (lacZ) or expanding beyond the lac region, thereby inactivating a further gene 
vital for growth in milk, encoding the cell wall bound proteinase [6, 7]. Such Lac- and Lac-Prt- 
mutants were not able to grow in milk as single-strain cultures without the supplementation of 
glucose and peptones. However, if grown in mixed cultures together with a lactose fermenting 
S. thermophilus strain, Lac- L. bulgaricus strains were able to grow in spite of the absence of 
glucose. Hence, S. thermophilus provides the mutant partner strains with the necessary energy to 
propagate in milk. Once the fermentation process has been terminated, growth and lactose 
metabolism of S. thermophilus and L. bulgaricus cease, resulting in a mild, non post-acidifying 
yoghurt product. Such products have been shown to keep their mild taste and organolepic properties 
for more than 6 months stored at 4°C.  

Antimicrobial peptides, bacteriocins 

An other aspect of microbial protection of raw perishable food by lactic acid bacteria is the 
production and secretion of bacteriocins. A lot of information on the biochemistry, genetics and 
more recently also on the biophysics of bacteriocins has been accumulating over the last few years 
and was reported in the scientific literature [for reviews see: 8-10]. Thus, lanthionine and non-
lanthionine containing small peptides, peptides interacting in poration complexes, larger heat-labile 
proteins and peptide associated to lipids or carbohydrates have been identified as antimicrobial 
substances produced by lactic acid bacteria [11].  
Several of the identified bacteriocins exhibit a relatively broad range of activity and inhibit growth 
of micro-organisms such as Clostridium botulinum, Staphylococcus aureus, Listeria monocytogenes 
and Bacillus cereus. They may offer exiting new opportunities for the food industry to evaluate the 
use of new, "natural" antimicrobial hurdles in processed foods to increase safety by preventing or 
retarding spoilage and to ensure a reasonable shelf life. Furthermore, the use of bacteriocins may 
help to reduce destructive conventional safety measures such as sterilization and to reduce the use 
of chemical preservatives.  

Exocellular polysaccharides (EPS) for creamier yoghurt 

Over the past ten years, consumer preferences in the yoghurt market have moved towards sweeter, 
thicker yoghurt with low or no fat content. Increasing thickening properties of the yoghurt are 
required to compensate for the lower fat content. This could be achieved by adding stabilisers, 
gums, pectins or starch. However, the use of exocellular polysaccharide ("slime") producing 
bacteria for the fermentation process satisfies much better the market need for "natural" products 
and the legal definition of yoghurt in some European countries (e.g. Holland, France). The use of 
EPS producing strains increases the viscosity of yoghurt and decreases susceptibility to syneresis. A 
significant characteristic, and problem for the yoghurt industry, is the instability of the slimy 
property. Often, the spontaneous loss of the EPS producing ability of lactic acid bacteria has been 
related to the involvement and instability of plasmid encoded genes [12, 13]. However, this seems 
not to be true for the thermophilic bacteria like Lactobacillus bulgaricus and Streptococcus 
thermophilus which often do not contain such plasmids. 
The structure of several of the EPS produced by thermophilic lactic acid bacteria have been 
determined and revealed their nature as heteropolysaccharides [14-17]. By taking advantage of an 
agar plate assay containing ruthenium-red, colonies of EPS and non-EPS producing yoghurt 
bacteria can be differentiated and genetic experimentation became practicable [18]. Today, several 
genetic clusters involved in EPS synthesis and secretion have been identified from ropy starter 
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strains and genetic transfers of the EPS character between different starter strains has been 
documented [19-21]. 

Probiotics, bacteria with health beneficial properties 

Since the time of Metchnikoff, yoghurt products have a general reputation of contributing to health 
and longevity of their consumers. However, experimental and epidemiological data supporting this 
general claim are rather vague and a therapeutic effect of yoghurt has never been proven. It is only 
recent that a good scientific basis on the health beneficial effects of a few selected bacterial strains, 
which are used today in some dairy products, have been established and published in the scientific 
literature. 
The notion of probiotics generally refers to live bacteria, that upon ingestion help to improve the 
integrity of the intestinal microflora and thereby maintain and/or improve the health status of the 
consumer. Probiotic properties are not expressed by all lactic acid bacteria or all strains of a given 
species. However, they are most likely to be found among strains of the Lactobacillus acidophilus, 
Lactobacillus casei groups or the human Bifidobacterium species. Probiotic bacteria need to fulfil 
certain biological requirements like the survival of the passage through the stomach and the small 
intestine, and the resistance to the toxicity of the gastric conditions, bile salts and acids. This 
prerequisite considerably limits the number of the potential probiotic strains among the lactic acid 
bacteria [for reviews see: 22, 23]. 
To influence functions of the human intestinal tract, some probiotic bacteria have the capacity to 
adhere to human intestinal epithelial cells. Such tests can be reconstructed in vitro on cultivated 
human intestinal cell lines (HT-29 and Caco-2) [24, 25]. Adhesion of such probiotic bacteria to 
human intestinal cells may suggest that they exert a barrier effect against pathogens as does the 
indigenous microflora in vivo. Furthermore, several clinical studies showed a significant effect on 
the modulation of the specific and non-specific immune response upon consumption of selected 
lactobacillus strains in man, thereby promoting for example clinical recovery of acute rotavirus 
diarrhoea [26-29]. 
Research on probiotic bacteria will continue. It may center on the selection of further and more 
specific strains, taking into account that different regions of the gastrointestinal tract require 
different bacteria, and targeting specific diseases like rotavirus diarrhoea and gastritis caused by 
Helicobacter pylori [30]. Today, probiotic bacteria are mostly used in fermented milk products. 
However, present developments indicate that in the future new probiotic functional foods will 
include infant formulae, baby foods, fruit juices, fermented soya and cereal-based products etc. 
[31]. 

Conclusions 

The above mentioned examples illustrate the vast potential lactic acid bacteria bear for today’s and 
s applications in different domains of the food industry. They will continue to play an 

important role for the fermentation processes of a variety of different food products by contributing 
to their conservation, flavour development, texture and health beneficial properties. They will also 
be used increasingly as a natural source for food ingredients and additives to non-fermented 
products to accomplish for example antimicrobial, texturing or probiotic purposes.  
In earlier times, once the importance of lactic acid bacteria has been recognised, starter strains were 
selected by trial and error. Today, the food industry disposes of a modern microbiology, including 
analytical biochemistry and genetical tools, immunological and cell-biological tests to specifically 
screen and analyse hundreds or thousands of natural lactic acid bacterial strains. The progress in 
molecular biology and genetic engineering will further broaden the possibilities of using lactic acid 
bacteria in food and may allow in the future to improve existing products and to develop novel 
products and applications. 
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Abstract 
The malting and brewing processes have been improved over recent decades in terms of process 
efficiency, containment and in some instances operating time. However, the basic formats of the 
processes have remained unchanged. The application of new technologies has the potential to 
dramatically to streamline operations. Crossflow microfiltration can be applied to the separation of 
wort from mash and to shorten cold conditioning (storage) time. The options for accelerating 
fermentation and the processing benefits of genetic modification of yeast are reviewed. 

1. Introduction 

The malting and brewing industries have been 
undergoing rapid change in recent years as a 
consequence of business restructuring and 
improvements in scientific knowledge. This 
paper will place potential new technologies into 
the context of brewing and malting. It will show 
that there is scope for dramatic changes to the 
process and equipment with benefits of high 
throughput and process flexibility. 
 
The following paragraphs describe of the 
traditional malting and brewing processes. The 
production of malt is divided into “steeping”, 
"germination" and "kilning", see figure 1. The 
cereal, most commonly barley, is steeped in 
water, increasing the moisture content from circa 
12% to 45% over 24 hours or so. The moisture activates the embryo, resulting in the release of 
enzymes which modify structure of the grain enabling subsequent access to the starch stored in the 
endosperm. This germination process lasts up to 5 days. The malt is then kilned to prevent further 
action and excess consumption of starch. The kilning process takes place in static beds some 1m 
deep and lasts typically 24 hours using air heated to 70°C. Kilning results in some loss of enzyme 
activity but drives off volatile compounds which are deleterious to flavour and results in some 
colour development. 
 
The dried and stable malt can then be stored and transferred to a brewery where it is milled and 
“mashed” with water at 65°C to reactivate the enzymes for hydrolysis of starch to sugars, see figure 
2. Proteolysis at a lower temperature may also be required at this stage. The starch derived solution 
of sugars or “wort” is drained/washed from the malt matrix with water in a fixed bed “lauter tun”. 
The wort is then boiled to coagulate some proteins and to ensure further loss of volatile compounds 
which are deleterious to flavour, e.g. dimethyl sulphide. Hops are also added at this stage to develop 

barley water

humidified air

hot air malt

Steeping

Germination

Kilning

Figure 1. Schematic of the Malting Process
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bitterness. The coagulated protein and any hop debris are separated from the wort, generally in a 
hydrodynamic “whirlpool”. The total time for these brewhouse operations is 6 hours or more. 
 

barley

water

water
Milling

Conversion

Wort Separation
Boiling Whirlpool

Packaging

Fermentation

Maturation/
Conditioning Filtration

Figure 2. Schematic of the Brewing process
 

 
The wort is then cooled and pumped into the fermenters and pitched with yeast. Depending upon 
the type of beer and operating temperature (12-20°C) the fermentation period lasts 3-10 days, and 
again depending on beer and yeast types an additional warm maturation period of up to 5 days at 
12-15°C may be required. During the warm maturation process diacetyl (an off-flavour), and its 
precursors are destroyed via an autochemical and enzymatic route. The beer is then chilled to below 
0°C to encourage the precipitation of a protein-polyphenol "chill haze" and stored for additional 
settlement of yeast and other solids for between 3days - 10 weeks.  
 
If a long shelf life product is required, haze forming proteins are absorbed into silica gels or 
precipitated with tannic acid, or polyphenols absorbed into polyvinylpolypyrrolidone (PVPP). 
These processes are associated with the cold storage or subsequent filtration operations. Filtration is 
achieved by the addition of Kieselguhr filter-aid. The beer is finally made biologically stable by 
pasteurization or cold sterile filtration. 
 
The long production times result in high capital investment and poor flexibility to market needs. 
Other issues are related to the deleterious impact of oxygen on beer flavour and stability, and the 
presence of components in the raw materials which may hinder processing or give rise to unwanted 
factors such as the protein-polyphenol hazes. These factors are the drivers behind much recent and 
continuing research. 

 

Significant process developments already commercialised 

A number of significant developments have been made over recent years which have accelerated or 
otherwise improved processing. These include: 
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• Use of giberellic acid to stimulate the production of enzymes in malt to break dormancy. 
• Multiple steeps and associated systems to permit ingress of oxygen into steeping malt. 
• Forced convection of humidified air through the germinating malt bed. 
• Development of membrane filter presses to replace conventional gravity separation of wort from 

spent grains enabling 12 batches of wort to be made per 24 hours, rather than the conventional 8 
batches. 

• Energy economising devices for wort boiling, including mechanical and thermal vapour 
recompression, and high temperature wort boiling. The last process had a high thermal 
efficiency and provided a means of continuous operation with a residence time of only 2-3 
minutes rather than 1 hour, but resulted in beers with “burnt” and “biscuity” flavours. 

• Use of tall cylindroconical vessels up to 30m high, instead of traditional shallow open 
“squares”. Most importantly the enclosed design of the cylindroconical tank has reduced 
microbial contamination. The greater flux of carbon dioxide per unit cross sectional area also 
greatly improves mixing. Even so, the total reliance on gas induced mixing in beer fermenters 
leads to product inhomogeneity and process inefficiency.  

• Development of a genetically modified yeast for enhanced hydrolysis and fermentation of limit 
dextrins. The yeast is stable and has been granted UK government approval for use in food 
processing.  

• Accelerated warm maturation by use of a 7 minute hold at 90°C to ensure complete conversion 
of α-acetolactate to diacetyl followed by a 2 hour retention within an immobilised yeast reactor 
where diacetyl is reduced to the less flavour active acetoin [10].  

• Regenerable PVPP systems for beer stabilisation with low running costs. 
• Crossflow filtration for the recovery of beer from fermenter and conditioning tank sediments.  
 

New Technologies 

The major thrusts in process development are: process intensification to improve return on 
investment and to speed responsiveness to market demands; and to enhance process sustainability 
by reducing energy and water usage. Some examples of processes which fulfil some or all of these 
needs are Crossflow Microfiltration as applied to brew-house and end-processing operations and the 
Intensification of Fermentation. 

2. Crossflow Microfiltration 

The principle of crossflow filtration is that the flow of fluid over a membrane creates a shear which 
limits the build up of solids (fouling) on the membrane surface. Crossflow microfiltration has been 
used for some time for recovering beer from tank sediments. It can also be applied to beer filtration 
itself (see later) and separation of wort from the mashed malt matrix. 
Brewing Research International first studied the use of stainless steel mesh crossflow membranes in 
the mid 1980’s for the continuous production of wort from mash [4]. The process used the 
conventional approach to crossflow filtration, pumping the mash along 20mm diameter tubes 
constructed from the stainless steel mesh and recirculating the mash to the header tank, where 
“sparge” water can be added to leach residual sugars from the malt matrix. The process worked well 
as a separation device, but failed to deliver a wort of sufficient concentration. Researchers at the 
Technical University of Munich in Weihenstephen has taken the concept further, succeeding in 
generating strong worts by two actions [9]: 
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• eliminating some of the malt components, such as husk, which are unnecessary for brewing in 
order to reduce the volume of solids in suspension 

• using rotating disc crossflow system, where the role of imparting shear to the system is achieved 
by rotating discs at high speeds between membranes and the role of pumping is then simply the 
removal of thickened mash from the system, see figure 3. 

drive shaft

mash

thickened
mash wort

membrane

membrane

Figure 3. Principle of rotating disc filter.
 

The use of PTFE membranes as fine as 0.1 µm pore size results in worts which are free of 
suspended matter, especially ß-glucans, thereby permitting the use of low quality malts for brewing. 
The processing time required to wash wort from the malt is only 1.5 hours, roughly twice the speed 
of a lauter tun, thereby enabling more brews to be processed in the brewhouse. 
 
The precise form of the mash/wort separator of the future is still open to question, but the above 
work demonstrates the significant advances which can be made by re-evaluating the dry processing 
procedures for malt in association with new liquid/solid technology separation technology. 
 
Crossflow microfiltration can also be applied successfully to the filtration of beer. Membranes with 
pore sizes as fine as 0.1 µm cannot be used, as the membrane in association with the inevitable 
fouling removes high molecular weight components which are critical to beer quality. These 
components include colour (Maillard products), bittering compounds, head retention proteins and 
dextrins. Precisely why these compounds are not removed in the mashing duty is a matter for 
conjecture, but the effect of temperature (>65oC for wort separation and 0oC for beer filtration) is 
likely to be critical. To prevent the removal of beer components it is necessary to filter on 
membranes with nominal pore size 0.4 - 0.5 µm [2]. The effect of fouling also has a marked effect 
on flow rate, see figure 4, where flux can fall to 20 l /m2h at 0oC over 4-5 hours. This fall-off in flux 
can be reliably reduced by backwashing the membrane every minute or so, or for some beers at 
least, virtually eliminated by high frequency backflushing every second or so. Alternatively the 
process can be maintained in the high flux region without the use of backflushing by the use of 
frequent cleaning. The attraction of the crossflow process is its capability to handle high 
concentrations of suspended matter. This means that the entire contents of a cold conditioning tank 
can be filtered in a multi-stage crossflow system, see figure 5 [11]. Furthermore, the need for 
settlement in the cold conditioning process is no longer required, giving the possibility for 
considerable reduction in processing periods. 
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Figure 5. Multistage concentration of suspended
using crossflow filtration. (Pumps and chillers 
have been excluded for clarity.) 

 

3. High Rate Fermentation 

Given the potential for developments in the wort separation, the acceleration of warm maturation 
and the potential use of crossflow filtration or centrifugation to eliminate the need for settlement in 
cold conditioning, reduction in fermentation volume remains an area of considerable technical 
challenge. To date process intensification of fermentation has been achieved by fermenting high 
gravity worts with subsequent dilution with water. The alcohol content in the majority of beers is 
equivalent to carbohydrate concentrations in the wort of 10-12o Plato. High gravity fermentation has 
been widely adapted up to 15o Plato, although it has been difficult to increase rates and 
concentrations by more than 30-50% over traditional processes [3]. 
 
The rate of conversion of carbohydrate to alcohol is primarily determined by yeast concentration, 
temperature carbohydrate profile and ethanol concentration. Complete continuous fermentation of 
10o Plato glucose to ethanol can be completed in under 10 hours with high yeast concentrations at 
25-30oC, compared with conventional brewery fermentations of 5-10 days at 8-18oC. Brewing yeast 
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strains exhibit a poor tolerance to alcohol and generate an increasing profile of higher alcohols and 
esters with increase in temperature. 
 
The engineering solutions to fermentation process intensification rely largely on the presentation of 
wort to high concentrations of yeast in continuous reactors [12]. Yeast is retained by: 
• immobilisation on a fixed bed 
• retention through flocculation within a heterogeneously mixed fermenter  
• recycle to a homogeneous, stirred fermenter by external flocculation or centrifugation 
 
The first and third processes have been successfully applied to some products and resulted in 2-10 
fold reductions in process time, though immobilised fixed bed fermentations present formidable 
problems of scale-up beyond the microbrewery level. The technical limitations are cost and the 
need for improved strategies for control of higher alcohols and esters in order to flavour match 
existing products. 
 
There are two other options in addition to increasing cell concentrations to increase overall 
fermentation rate: 
• increasing the specific rate of fermentation of the biomass 
• increasing the process concentration beyond 15o Plato feed stock 
 

Fermentation rate 

As well as operating at relatively low cell concentrations the specific activity of yeast biomass in 
beer fermentations is well below the maximum reported for Saccharomyces of 2-3g carbohydrate/g 
yeast. hour. [12]. 
 
Beer fermentations operate very close to the theoretical maximum alcohol yield of 51%. However, 
in experiments with glucose fermentation in continuous laboratory cultures using S. uvarum [1] it 
was shown that increasing the growth rate of the yeast in order to increase the rate of sugar 
fermentation, caused the yield of alcohol to fall to 40%. If higher fermentation rates are to be 
satisfactorily applied to brewing, it will be necessary to uncouple growth from fermentation. One 
approach is the use of "futile cycles" in which ATP hydrolysis unconnected to yeast growth is 
promoted. Limitation of growth by substrates other than carbon, e.g. nitrogen [12] causes a two fold 
increase in maltose fermentation. Currently there is excess nitrogen in beer fermentation. 
 
Fermentation at elevated concentrations of ethanol 
 
Ethanol inhibits, both fermentation and growth. The specific rate of fermentation of sugar (qs) is 
described by the equation 

1

max

i

s
Ki

i
qq

+
=  

where “i” is the concentration of ethanol and Ki is a constant. Ki is typically 40-60g/l in brewing 
strains, which results in greatly extended fermentation times as the gravity of the wort increases 
beyond 15o Plato. Overcoming ethanol inhibition is central to the development of more intensified 
processes. 
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Approaches to overcoming the effect of ethanol are: 
• selection of insensitive strains 
• use of multi-stage systems in continuous cultures in order to maximise fermentation rate when 

the concentration of ethanol is low. 

4. Genetic Modification of Yeast 

As has already been noted, brewing yeast strains have limited temperature and ethanol tolerance. 
More importantly they are inefficient at fermenting wort carbohydrates in terms of excessive yeast 
growth and inability to ferment some of the carbohydrates which represent up to 25% of the wort 
sugars. In addition it is difficult to control some of the positive and negative flavour compounds 
generated by the yeasts. Commercially the dextrins could only be converted into fermentable sugars 
by the addition of food grade glucoamglase enzymes, usually derived from Aspergillus. In 1985 a 
gene coding for α -1,4 glucan glucohydrolase from a distilling yeast Saccharomyces cerevisiae var. 
diastaticus was successfully inserted into brewing yeasts at BRI. The modified yeast lacks the α -
1,6 debranching activity which limits the degree of dextrin degradation. Its stability has been 
subsequently improved and a yeast producing about 1% (v/v) ethanol compared to the parent strain 
has been developed [7]. The transformant has now been used in a small commercial brewery in 100 
hl fermenters for test production. A gene from A. niger, encoding both α -1,4 and α -1,6 hydrolytic 
activity has been included in an expression cassette [13] and integrated into the HO gene of yeast 
chromosome IV. Fermentation trials at 100 hl scale have been successful and the stability of the 
yeast proven over several years [5]. Work with genes derived from A. awamori, Bacillus subtilis 
and Schwanniomyces occidentalis to produce superannuating yeasts continue.  
 
Other transformations of yeast have been demonstrated for: 
• the reduction in the formation of diacetyl by direct conversion of acetolactate to acetoin and 

increase in the flux through the valine pathway, see figure 6. 
• release of ß-glucanase during fermentation to 

improve beer filterability and quality [6] 
• reduced generation of H2S 
• increased sulphur dioxide production as an 

oxygen scavenger 
• increased flocculence of the yeast 

5. Conclusions 

The processes of wort filtration and cold 
conditioning can be accelerated by the 
application of crossflow microfiltration. There is 
scope to intensify fermentation by the 
application of high yeast concentrations and 
possibly decoupling of growth from 
fermentation. The genetic modification of yeast 
has demonstrated benefits in terms of super attenuation of the wort, thereby eliminating the need for 
addition of commercial enzymes, and in principle eliminating warm conditioning. Control over the 
production of flavour compounds will follow. The factors limiting the commercialisation of genetic 
modification are not technical, but (i) gaining approval for the production of beer for the general 

Valine

Pyruvate

αα - Acetolactate

Dihydroxyisovalerate

αα - Ketoisovalerate

Diacetyl

Acetoin

ALDC

F i g u r e  6 .  A l t e r n a t i v e  r o u t e s  f o r  t h e  r e d u c t i o n  i n

               d i a c e t y l  f o r m a t i o n .  
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public (at least one strain has been approved) and (ii) more importantly the public perception of the 
use of genetically modified organisms and the lack of readily identified benefits to the consumer. 
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Abstract 

Saccharomyces cerevisiae strains H158 and CEN.PK were transformed with a plasmid containing 
the XYN2 gene encoding an endo β-1,4-xylanase from Trichoderma reesei under the control of the 
S. cerevisiae alcohol dehydrogenase 2 (ADH2) promoter. Batch cultivations showed that strain 
CEN.PK was more respiratory in that it produced less ethanol. Its maximum concentration of 
ethanol during growth on glucose was 1.9 g.l-1 compared to 2.9 g.l-1 with strain H158. Strain 
CEN.PK produced more heterologous protein both in batch and continuous cultivations. The 
specific xylanase activity decreased with increasing dilution rate, indicating that expression of the 
xylanase gene was influenced by the glucose flux and/or residual glucose concentration. With strain 
H158 xylanase activity decreased from 67 nkat.mg biomass-1 at a dilution rate of 0.1 h-1 to 36 
nkat.mg biomass-1 at a dilution rate of 0.20 h-1. With strain CEN.PK the specific xylanase activity 
decreased from 126 nkat.mg biomass-1 at a dilution rate of 0.1 h-1 to 101 nkat.mg biomass-1 at a 
dilution rate of 0.20 h-1. In fed-batch cultures with strain CEN.PK with feeds of ethanol or glucose, 
there was an initial increase in xylanase production, but after 4 h and 6 h, respectively, xylanase 
production decreased. 

Introduction 

The yeast Saccharomyces cerevisiae is one of the most studied micro-organisms and has been used 
by man in food and beverage production for thousands of years. In recent years S. cerevisiae has 
also been used as a host for heterologous protein production. It does not produce any endo- or 
exotoxins and has complete GRAS (Generally Regarded As Safe) status. As with other eucaryotes, 
S. cerevisiae is capable of post-translational modification of proteins, namely glycosylation and 
endoproteolytic cleavage. Furthermore, S. cerevisiae only secretes small quantities of extracellular 
proteins, thus making downstream processing easier. An extensive review of heterologous protein 
production has been given by Romanos et al [12]. 
 
The S. cerevisiae alcohol dehydrogenase 2 (Adh2) catalyses the conversion of ethanol to 
acetaldehyde. The promoter is repressed by glucose and derepressed in the absence of it. Using the 
ADH2 promoter for heterologous protein production thus enables the cells to grow to a high density 
in a glucose rich medium before the onset of protein production [11]. 
 
The mesophilic fungus Trichoderma reesei, common in decaying wood, secretes two xylanases, 
Xyn1 and Xyn2, which together account for more than 90% of the hydrolytic activity when grown 
on a xylan substrate. Both enzymes are endo β-1,4-xylanases (E.C 3.2.1.8) which degrade the main 
chain of xylan, consisting of β-1,4-linked D-xylopyranosemonomers [2], to give xylobiose, 
xylotriose and xylotetraose as main end hydrolysis products [15]. The XYN2 gene encoding endo β-
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1,4-xylanase from Trichoderma reesei has been succesfully expressed in S. cerevisiae under the 
control of the ADH2 promoter [8]. 
 
In this work, heterologous protein production was evaluated in two different strains of S. cerevisiae 
using batch, continuous and fed-batch cultures. The strains H158 and CEN.PK have previously 
been used in the construction of xylose utilising S. cerevisiae strains [6], [9], [17]. The strains were 
transformed with a URA3-based plasmid containing the XYN2 gene from T. reesei, under control of 
the S. cerevisiae ADH2 promoter. The selective pressure to prevent plasmid loss during growth in 
complex medium was achieved by disruption of the FUR1 gene in the chromosomal DNA, thus 
forcing dependence on the URA3 gene on the plasmid [7]. 

Material and Methods 

S. cerevisiae H158 was obtained from Gregg Payne, University of California, Berkeley, Calif., USA 
and S. cerevisiae CEN.PK was obtained from K-D Entian, University of Frankfurt, Frankfurt, 
Germany. All enzymes were from Boehringer Mannheim (Mannheim, Germany) and were used 
according to the supplier's recommendations. DNA isolation and yeast transformations were carried 
out using standard protocols [13]. The pDLG5 and pDF1 plasmids had previously been constructed 
[8]. 
 
Fermentations. Batch and continuous cultivations were carried out at 30°C in a 2 litre F-2000 
Multigen bioreactor (New Brunswick Scientific Co. Inc, Edison, N.J., USA) containing 1000 ml 
medium which was controlled at pH 5.5 by automatic titration with 3 M KOH. The dissolved 
oxygen tension (DOT) was maintained at 30% saturation by manual adjustment of the stirrer speed 
in the range of 400 to 600 r.min-1. A Biostat C bioreactor (B. Braun Biotech International, 
Melsungen, Germany) was used for the fed-batch cultivations with automatic pH, temperature and 
DOT control at the same values as above, using a feed of either an ethanol or a glucose solution. 
 
Inoculum and medium. The bioreactors were inoculated with a 24 h shake flask culture which in 
turn was inoculated with a single colony from a fresh YPD plate and incubated at 30°C. The YPD 
medium used in the fermentations contained (per litre): 2 g yeast extract, 4 g peptone, 2 g KH2PO4, 
0.4 g MgSO4.7H2O 0.02 g CaCl2.2H2O, 0.5 ml silicone antifoam and 0.5 ml trace element solution 
[5]. The glucose solution was autoclaved separately and combined with the basal nutrient solution 
after cooling.  
 
Analyses. The biomass concentration was monitored with a Klett-Summerson colorimeter (Klett, 
Philadelphia, Pa, USA) using a no. 64 red filter and converted to dry biomass by means of a 
standard curve. Whole broth samples were centrifuged at 3000 r min-1 for 10 min, washed and dried 
at 105 °C overnight prior to gravimetric determination of the dry biomass concentration. The 
supernatant was used in the subsequent analyses. Ethanol determination was done immediately 
whereas the samples were stored at -20 °C before analysis for glucose and xylanase activity. 
Glucose concentrations above 1 g l-1 were determined by a Waters Associates Sugar Analyser I 
HPLC equipped with a refractive index detector and Sugar Pack 1  column(Waters Associates, 
Milford, MA, USA). Glucose concentrations below 1 g l-1 were analysed with a UV method D-
glucose enzymatic bioanalysis kit (Cat. No. 716251, Boehringer Mannheim, Mannheim, Germany). 
Ethanol was determined using a Hewlett-Packard 5710A gas chromatograph (Hewlett-Packard, 
Atlanta, GA, USA) fitted with a stainless steel column packed with Porapak N (Waters Associates) 
[16]. Xylanase assays were performed using the DNS method of Bailey et al. [1] with a 1% solution 
of birchwood xylan (Sigma, St. Louis, USA) as substrate at pH 6.0 and 60 °C. The specific activity 
was expressed as nkat.mg biomass-1. 
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Results and Discussion 

Batch cultivations. In batch cultures, the onset of xylanase production by S. cerevisiae H158 and 
CEN.PK coincided with the depletion of glucose (Figures 1 and 2). While glucose was  
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Figure 1. Cultivation characteristics and specific xylanase activity in batch culture of S. cerevisiae H158 

grown in YPD medium.  
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Figure 2. Cultivation characteristics and specific xylanase activity in batch culture of S. cerevisiae CEN.PK 

grown in YPD medium.  
 
present in the medium, no xylanase activity was detected. This is in agreement with the results 
of  Denis et al. [4], who reported that ADH2 mRNA was not present during growth on glucose-
containing medium. Sierkstra et al. [14] noted a ten-fold increase in Adh2 activity under glucose 
derepressed conditions as compared with glucose repressed conditions. The maximum specific 
xylanase activities were 45 and 76 nkat.mg biomass-1 with strains H158 and CEN.PK, respectively. 
With both strains the specific xylanase activity was highest during the early phase of ethanol 
utilisation. Strain H158 appeared to have a greater fermentative activity than strain CEN.PK, in that 
its maximum ethanol concentration was 2.9 g. l-1, whereas strain CEN.PK produced up to  1.9 g 
ethanol. l-1.  The maximum specific growth rate of strain H158 was 0.41 h-1 compared to 0.45 h-1 for 
strain CEN.PK. The final biomass concentrations were 2.9 g.l-1 and 2.8 g.l-1, respectively, for these 
two strains. 
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Continuous cultures. Figure 3 shows the glucose flux and specific xylanase activity during growth 
of these two strains in a carbon-limited chemostat culture. With respective glucose concentrations in 
the feed of 4.5 g.l-1 and 7 g.l-1 for strains H158 and CEN.PK, the concentrations of ethanol and 
residual glucose in the culture were negligible and the biomass concentrations were about 3.0 g.l-1 
and 4.3 g.l-1, respectively. With strain H158, the specific xylanase activity was 67 nkat.mg biomass-

1 at a dilution rate of 0.1 h-1 and corresponding glucose flux of 0.15 g glucose.g biomass-1.h-1. It 
decreased to 36 nkat.mg biomass-1 at a dilution rate of 0.20 h-1 and glucose flux of 0.30 g glucose.g 
biomass-1.h-1. With strain CEN.PK, the specific xylanase activity was 126 nkat.mg biomass-1 at a 
dilution rate of 0.1 h-1 and glucose flux of 0.16 g glucose.g biomass-1.h-1, whereas it decreased to 
101 nkat.mg biomass-1 at a dilution rate of 0.20 h-1 and glucose flux of 0.35 g glucose.g biomass-1.h-

1. This indicates that the expression of the heterologous protein was influenced by the growth rate. 
Similar results were found by Sierkstra et al. [14] who reported a ten-fold increase in Adh2 activity 
when the dilution rate was reduced from 0.30 h-1 to 0.15 h-1 in a carbon-limited chemostat. 
However, the effects of glucose flux and concentration cannot be separated since the residual 
glucose concentration, even though hardly detectable, increases with the dilution rate.  
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Figure 3. Glucose flux and specific xylanase activity in continuous cultures of S. cerevisiae H158 and 

CEN.PK in YPD medium. The dilution rate was varied with a constant glucose concentration in the feed of 
4.5 and 7 g l-1, respectively. 

 
Fed-batch cultivations. Since the results obtained in the batch and continuous cultivations showed 
that strain CEN.PK was superior in terms of growth rate and xylanase production, only this strain 
was evaluated in fed-batch experiments with glucose and ethanol feeds.  
 
Ethanol feed. A feed of a solution of 400 g ethanol.l-1, with the rate set to maintain an ethanol 
concentration of 1 to 2 g.l-1 in the culture, was initiated 12 h after inoculation when the ethanol 
concentration reached 1 g.l-1 (Figure 4). After an initial increase, where the specific xylanase  
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Figure 4. Fed-batch cultivation profile and specific xylanase activity for S. cerevisiae CEN.PK grown in 
YPD medium. The feed of 400 g ethanol l-1 was started 12 h (indicated by an arrow) after inoculation. 

 
activity reached 75 nkat.mg biomass-1 6 h after starting the feed, it decreased to 40 nkat.mg 
biomass-1 at the end of the cultivation. 
 
Glucose feed. In Figure 5, a feed of 12 g glucose.l-1 was started 12.33 h after inoculation when the 
initial carbon source was exhausted. A specific growth rate of 0.10  h-1 was chosen to ensure fully 
respiratory metabolism. To maintain the growth rate at this predetermined level during fed-batch 
cultivation, the feed rate was continuously increased to keep up with the rate of increase in biomass 
concentration. By using a combined mass balance over the reactor with respect to biomass and 
substrate, the following equation is derived [10]: 

( ) ( )F t
x V e

Y s s

t

x s in

=
−

µ µ
0 0

/

, 

where F(t) is the flow rate (l.h-1) at time t, µ the specific growth rate (h-1), x0 the biomass 
concentration at the time the feed is started (g biomass.l-1), V0 the initial reactor culture volume (l), 
Yx/s the biomass yield coefficient (g biomass.g substrate assimilated-1), sin the concentration of the 
substrate in the feed (g substrate.l-1) and s the substrate concentration in the culture (g substrate.l-1). 
 
A plot of the logarithm of volume times biomass concentration versus time gave a straight line with 
a slope of 0.103 h-1 (data not shown). As with the ethanol fed-batch culture, the specific xylanase 
activity increased from 60 to 102 nkat.mg biomass-1 in 4 h after starting feed; thereafter it decreased 
to 70 nkat.mg biomass-1. Since the growth rate was constant, the specific rate of glucose uptake 
varied only between 0.175 and 0.186 g glucose.g biomass-1.h-1 during fed-batch cultivation. The 
residual glucose concentration was also low; therefore, the decrease in xylanase secretion was 
unlikely to have been due to changes in glucose concentration or glucose flux. 
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Figure 5. Fed-batch cultivation profile and specific xylanase activity for S. cerevisiae CEN.PK grown in 

YPD medium. The feed of 12 g l-1 glucose was started 12.33 h (indicated by arrow) after inoculation. 

Conclusions 

Both recombinant strains were capable of producing the heterologous protein and the plasmid 
appeared to be stable, but further experiments are needed to confirm this. Strain CEN.PK secreted 
less ethanol during growth on glucose and produced higher xylanase activities than strain H158. It 
was not clear whether the ADH2 promoter was influenced by the glucose concentration and/or the 
flux of glucose. Using an ethanol feed as the sole carbon source in fed-batch cultures proved 
ineffectual in increasing xylanase production. These results show that the production of the same 
heterologous protein under control of the same promoter differs considerably in different strains of  
S. cerevisiae. 
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Multiple-Limited and Energy Sufficient Microbial Growth 
 
U. von Stockar, N. Schill, I.W. Marison, Ph. Duboc 
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EPFL – Ecublens, CH-1015 Lausanne, Switzerland 
 
 
Dual and multiple limitations in microbial growth are of general relevance for biotechnology. It is 
most often by changing from one type of limitation to another or 'by inducing dual limitations that 
biotechnologists force the metabolism to respond in a desired fashion or induce the culture to start 
bio-synthesis of a desired product. The understanding of the phenomena is therefore important as a 
rational basis for bioprocess development. The response of microbial cultures to limitations of the 
supply of particular nutrients often either involves partial decoupling of energy metabolism, 
modification of biomass composition or windows of dual limitations, in which the metabolism may 
be fine tuned to accommodate a range of supply ratios of the limiting substrates. Similar effects are 
encountered in transient cultures when the up-take of particular nutrients is limited by a transiently 
insufficient metabolic machinery rather than by supply limitation. 
 
These concepts will be illustrated by several cases of dual limited cultures of 5. cerevisiae and iron- 
limited cultures of Methanobacterium thermoautotrophicum. The behaviour of Sacchoromyces 
cerevsiae was investigated in continuous cultures with glucose or ethanol as energy source and 
subjected to supply restrictions in oxygen or ammonium. Dual limitation by glucose and oxygen, or 
glucose and ammonium (at moderate nitrogen 1imitation), was observed. In addition, triple 
limitation by glucose, ammonium and oxygen was observed when the oxygen uptake rate was 
limited by the metabolism. However, in experiments with ethanol as energy source and restricted 
ammonium supply no double limitation was observed, however a partial decoupling of catabolism 
occurred: growth stoichiometry was influence by both the nitrogen and the carbon supply rate. 
Partial decoupling was also, observed when continuous cultures of M. thermoautotrophicum was 
subjected to iron limitation, 
 
Compared to continuous cultures of M. thermoautotrophicum limited by the energy substrate H2, a 
5-fold decrease in the biomass concentration and a 3-fold decrease in H2, CO2, and CH4 conversion 
rates were observed in iron limited cultures. At the same time however, the specific substrate and 
product conversion rates were increased compared to the values determined in energy limited 
cultures. The extent of uncoupling is a function of both the dilution rate and the iron supply rate. It 
was found that the specific H2 consumption rate increased in parallel with the H2 partial pressure in 
the culture medium. This suggests that the catabolic activity of M. thermoautotrophicum can be 
considerably stimulated by the H2 partial pressure in the medium, and is not stringently controlled at 
the enzymatic level. A simple black-box model will be presented which describes all of these 
phenomena. 
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Whole cell redox biotransformations are of interest because they can produce complex molecules in 
a highly chemo-, stereo- and enantioselective manner, and, unlike free enzyme biotransformations, 
do not necessitate the costly addition of cofactors. However, biotransformation reaction rates are 
low compared to competing chemical routes, and the reactions of interest frequently involve 
compounds toxic to the microorganism. In addition, these molecules typically exhibit low aqueous 
solubility, whilst the biocatalyst works at its best in an aqueous medium. This results in low 
volumetric productivity in a straightforward bioreacor. The current state of the art to improve 
productivity is the use of two liquid phase systems, which combine the reaction and primary 
extraction step in the reaction vessel. Problems with this state of the art technology are that 
downstream separation is expensive and phase toxicity can occur. We are currently developing a 
bioreactor, which avoids these problems and yet gives high product outputs. It consists of a gas loop 
containing the actual bioreactor and a module acting as a substrate saturator and product absorber. 
We modelled this set-up as a function of biotransformation kinetics and the physical properties of 
the compounds involved, and showed thereby which types of biotransformations can be carried out 
with the proposed Closed Gas Loop Bioreactor. We successfully applied this reactor concept on a 
5l-scale to the oxidation of 1,7-octadiene to (R)-1,2-epoxyoct-7-ene by a native strain of 
Pseudomonas oleovorans, which represents a group of terminal alkene epoxidations interesting for 
e.g. the synthesis of β-blocker precursors. Previous work showed that epoxidation involves the 
same enzyme system than growth on alkanes, and suggested that it needs to be continuously 
expressed for long term epoxidation activity, i.e. a cell culture growing on alkane should be used. In 
order to optimise epoxide productivity, we performed a kinetic study, using a biotransformation 
substrate which does not support growth. Substrates were added via the gas phase. Similar kinetic 
expressions are expected for other microbial epoxidations. 
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For understanding the cellular responses of bacteria to gradients in bioreactors the study of the 
expression of stress genes is a tool for monitoring the influences of different stress parameters on 
the cell. Very early stress responses can be detected by the measurement of mRNA levels of genes 
expressed in a stress dependent manner. Repeated contact with the gradients in the fermenter may 
cause an accumulation of general and specific stress mRNAs which could trigger a change in the 
protein pattern of the cells. These stress responses might negatively influence the physiology of the 
cells and consequently the productivity of the whole fermentation process.  
 
Our experimental data verified the suitability of specific and general Escherichia coli stress genes 
as probes for monitoring process related stress. Specific stress genes are induced more or less 
specifically in response to one kind of stress, whereas general stress genes are induced by various 
stresses. 
Our results show that there are zones in large scale fermenters which induce general and also 
specific stress genes depending on the composition of the medium (nutrients, pH). Furthermore, the 
results demonstrate that bacteria response extremely rapidly to these gradients in bioreactors.  
 
The approach presented here offers a tool for monitoring process related stress, which enable us to 
better understand the physiology of cells in large bioreactors and consequently to develop new 
strategies for scale-up of fermentation processes.  
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New paradigms in drug discovery exploiting strategies circumscribed as functional genomics 
require the isolation of gene products of several hundred cDNA clones in a fast and versatile 
manner. Conventional purification strategies will fail to accomplish this goal within a reasonable 
time frame. Integration of cell disintegration and affinity techniques for rapid isolation have been 
developed to shortcut the purification procedure. Tagged proteins produced by fusing the FLAG-
sequence has been cloned adjacent to the 5' end of cDNAs coding for the respective proteins. A 
cassette has been designed and inserted in two different expression vectors. The YepB expression-
vector contained a corn-ubiquitin sequence, a Cu-promoter and two selection makers: AMP 
resistance for cloning in E.coli and TRP prototropy for selection in yeast. The expression-plasmids 
were transformed into yeast host strains BJ3505 and H449 and yeast colonies were cultivated in 
small scale shake flasks. The overexpressed FLAG-tagged-fusion-proteins were released into the 
cytoplasm. The FLAG-peptide (Kodak) is a hydrophilic octapeptide, which is considered to be 
exposed on the surface of the fusion-proteins. Purification and detection of the FLAG-fusion-
proteins were carried out by using a mouse monoclonal antibody directed to the FLAG-peptide. 
The antibody binds only in presence of Ca2+. The peptide conformation withouth bivalent ions is 
not recognized by the antibody. For purification purposes, the antibody was immobilised on 
PROSEP (Bioprocessing Ltd) magnetic glass beads. The core of the magnetic beads is covered by 
a layer of controlled pore glass with an aldehyde group for coupling of proteins; in our case the anti- 
FLAG mouse monoclonal antibody. The magnetic glass beads with 500µm diameter have been 
investigated for disintegration of yeast and simultaneous binding of the target protein. The yeast 
suspension has been agitated for 30min and more than 90 % of the yeast cells have been ruptured. 
In the presence of Ca2+ FLAG-fusion-protein bound to magnetic glass beads. By contacting with a 
stationary magnet, the magnetic glass beads could be separated from ruptured yeast-cells in a very 
efficient way. After a wash step the FLAG-fusion-proteins have been eluted with chelating agents 
such as EDTA. As a model Human Serum Albumin (HSA) has been studied to demonstrate the 
efficiency of the integrated process. A yield of 60% FLAG-fusion-protein after elution from 
magnetic glass beads with a purity >80% measured by SDS-PAGE and HPLC was observed. This 
system is considered as a rapid tool for protein purification for purposes in functional genomics and 
other related areas. 
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The filamentous bacterium Saccharopolyspora erythraea produces the commercially important 
antibiotic Erythromycin. The size of this organism in submerged culture has previously been shown 
to influence its antibiotic productivity [1]. A fundamental understanding of the organisms’ 
resistance to breakage in such cultures could shed light on potential breakage mechanisms and 
possibly lead to process improvements. A method of measuring the mechanical strength of the 
organisms hyphae is reported here. Briefly, a free end of the organism is glued to the end of a force 
transducer while another end is trapped under a glass micromanipulator probe against a glass 
surface. The force transducer is then moved at a fixed rate, extending the trapped hypha until 
breakage while the force transducer continuously measures the applied tension. 
 
Rapidly growing cells were found to be weaker than stationary or slowly growing cells since the 
peptidoglycan responsible for cell wall strength is believed to be immature and less extensively 
cross linked. The conditions of agitation were found to have a less marked (or negligible) effect on 
cell strength, indicating that the smaller diameter hyphae observed at higher agitation rates are most 
likely generated by increased exposure to stress, rather than a cell weakening process. 
 
[1] S.M. Martin & M.E. Bushell “Effect of hyphal micromorphology on bioreactor performance of 

antibiotic producing Saccharopolyspora erythraea cultures.” Microbiology 142 pp1783-1788 
(1996). 
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Filamentous microorganisms are used for the production of antibiotics, protein, organic chemicals 
and food in industry. Most of these processes are carried out in submerged cultures. Dispersed 
filamentous mycelial form is the common morphology in commercial submerged cultures. The 
resulting highly viscous and non-Newtonian rheological properties of the broth are widely 
considered to cause problems in fermentations in terms of mixing, gas dispersion, mass and heat 
transfer in bioreactors. Some research on the broth rheological properties have been reported on 
several filamentous microorganisms in the literature. Difference in operation conditions, 
microorganisms, media, dissolved oxygen tension and culture age was claimed to influence broth 
rheology. This hampers the estimation of broth rheology without measurement since each research 
was performed under its particular conditions. Lack of information on how to estimate broth 
rheology gives to a large uncertainty for process scale-up, process optimizations and prediction of 
bioreactor performance. 
 
In order to estimate quantitatively broth rheology as a function of biomass concentration, 
morphology, the type of microorganism and the scale of reactors both submerged batch 
fermentations and a literature study have been carried out in the present work. The power law is 
chosen to describe the rheological behaviour. Streptomyces clavuligerus, an important species for 
antibiotics productions, was used as a model filamentous microorganism in the present submerged 
batch fermentations. Fermentations have been run at different power inputs and at different scales 
of bioreactors. Biomass concentration, cell morphology and broth rheology were determined during 
the fermentations. Based on the results a rheological correlation for Streptomyces clavuligerus broth 
was developed.  
 
Data of broth rheologies of several kinds of filamentous microorganisms were collected from the 
literature. After processing, the literature data were compared with each other to see the difference 
in broth rheologies between different microorganisms and different cultivation conditions. Based on 
both the results of the literature study and our experimental data a general rheological correlation of 
filamentous microorganism broth is discussed. 
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Producing a Factor for Enhancing Collagen Synthesis of Animal Cells 
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Eucommia ulmoides has been known as a medicinal plant containing more than 30 kinds of 
bioactive compounds in its bark and leaf. Additionally, a recent research revealed that E. ulmoides 
leaf includes a factor which enhances collagen synthesis of animal cells (FECS). FECS improved 
the muscle texture of eel and chicken when they were grown on feed supplemented with leaf extract 
of E. ulmoides. A mass production process of FECS by cell culture will be beneficial to food, 
cosmetic and medicinal industries.  

Preliminary study of E. ulmoides callus culture showed that FECS was effectively produced under a 
partially redifferentiated condition of callus. This callus was too hard in its surface layer to be 
disintegrated by the agitation of culture medium, i.e., it grows in size not in number in a standard 
mixing-type bioreactor, which limited cell growth rate and FECS production rate. In order to 
improve the callus growth and FECS production efficiency, a new type bioreactor was invented, 
with which a device to disintegrate callus into smaller size was equipped.  

The objectives of the present study are to make clear the effect of callus fragmentation to both the 
callus growth and FECS productivity in flask scale cultures, then thus obtained resultsare to be 
examined in the novel bioreactor.  

Callus of E. ulmoides was induced from an infant plant, which had been cultured in a flask, then 
transferred to the bioreactor. Callus amount was measured in terms of fresh-weight. FECS was 
evaluated by measuring the collagen amount produced by cultured HSK cell, an animal cell, which 
had a capability of synthesizing collagen.  

In the flask scale experiment, the callus size was classified into three as above 3.0 mm, from 0.6 to 
1.0mm and less than 0.6 mm. The results showed that the callus size from 0.6 to 1.0mm was an 
optimum for producing FECS. Similar results were obtained in the growth rate. Too small size 
callus was suggested to be ineffective to maintain the callus in partial redifferentiation which was 
appropriate for FECS synthesis. Based on these results a novel bubble column bioreactor was 
designed to disintegrate the grown callus into the size around the optimum size obtained by the 
flask experiment. The fragmentation operation was carried out every week, which succeeded in 
controlling the callus size within the optimum range. The increase in FECS productivity was also 
improved compared with the case of the flask scale experiment. 
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Characterization of crude extracellular enzyme preparations from Candida rugosa ATCC 14830 
pilot plant fed-batch fermentations showed the presence of multiple forms of lipase and esterases. A 
synthetic medium with oleic acid as a carbon source was used [1].  

Two esterases, I and II, from the enzyme preparation were purified by hydrophobic interaction and 
ion-exchange chromatographies. The molecular mass values were 43.1 kDa and, 50.4 kDa 
respectively. The N-terminal sequence for esterase I was homologous to acyl-CoA thioesterases 
YTE-1 and YTE-2 from C. rugosa [2], whereas the sequence for esterase II did not show a 
correspondence with any previously described sequence reported in protein databanks.  

In addition, two different lipase isoforms were separated by means of hydrophobic and ion-
exchange chromatographies in the presence of detergents. Both lipases were obtained in an 
aggregated form even in the presence of detergent. The aggregated behaviour of the lipases was 
analized by gel filtration chromatography in the presence of several agents. N-terminal sequencing 
of these proteins revealed that they corresponded to previously described LIP2, LIP3 lipase-
encoding gene products, but not to LIP1, an isoform usually present in Sigma crude lipase 
preparations from Candida rugosa [3].  

All four proteins have been also characterized in terms of pI, glycosylation degree and activity 
against different substrates. 

 

[1] Gordillo, M.A., et al., Biotechnol & Bioeng. (in press), 1988. 
[2] Diczfalusy, M.A., et al., Arch. Biochem. Biophys. 334, 104-112, 1996. 
[3] Grochulski, P., et al.,The Journal of Biological Chemistry286, 17, 12843-12847, 1993. 
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Isolated cofactor requiring enzymes are not currently exploited industrially despite the added 
benefits which using isolated enzymes as opposed to whole cells can bring. This is due to the high 
cost of the nicotine adenine dinucleotide cofactors (NAD(P)(H)) which are required in 
stoichiometric amounts. Many groups have researched methods of cofactor regeneration including 
methods involving a second substrate, second enzyme, chemical and electrochemical methods, 
along with various options for the retention of the cofactor which together provide a recycle system. 
The regeneration process must be both highly efficient (>106 turnovers) and very selective for the 
cofactor (>99% accurate regeneration). Although enzymatic methods have proved most appropriate 
for bench scale work due to the highly selective nature of the regeneration reaction, the criteria on 
which to make the decision of which method to use is not clear. 

 

A model reaction was chosen which involves the reduction of a pro-chiral ketone (6-bromo-β-
tetralone) to a chiral alcohol ((S)-6-bromo-β-tetralol), which is a step within a chemical process to 
produce a drug candidate which cannot be successfully achieved by chemical means. This reaction 
has been done previously with a preparation of whole cells of the yeast Trichosporon capitatum, 
with an enantiomeric excess greater than 99% [1]. This reaction incorporates many of the problems 
associated with industrially relevant reactions, including poor substrate solubility and stability.  

 

There are a large number of possible decisions to be made when choosing a cofactor recycle process 
including decisions regarding enzyme immobilisation, type of regeneration reaction, reactor choice, 
for both the synthetic and regeneration reactions. We have set out to define the problems associated 
with making these choices and to ascertain on which basis these decisions should be made. The 
operating conditions for the synthetic reaction were defined for all the substrate, products and 
enzyme to provide a set of parameters with which to compare additional processes.  

 

[1] Reddy, J., Tschaen, D., Shi, Y-J., Pecore, V., Katz, L., Greasham, R., Chartrain M., J. Ferment. 
Bioeng., 81(4), 304-309, 1996.  
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Neural Network Control of Continuous Production in a Enzyme 
Membrane Bioreactor 
 
Z. Kurtanjek 
Faculty of Food Technology and Biotechnology 
University of Zagreb 
Pierottijeva 6, 10 000 Zagreb, CROATIA (zkurt@mapbf.pbf.hr) 
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Productions in enzyme reactors involve series of reactions with complex kinetics. Complexity 
involves multisubstrate activation/deactivation, enzyme-coenzyme dependencies, and high 
sensitivity of enzyme reaction rate and saturation parameters on temperature and pH. Enzyme 
reaction systems exhibit complex static and dynamic behaviour, such as multiple steady states and 
appearance of limit cycles Modelling and kinetic parameter estimation can be very time consuming 
due to mathematical complexities of enzyme kinetics, large sets of interdependent parameters and 
difficulties in a prior selection of appropriate experimental conditions for kinetic parameter 
estimation and their extrapolation to production conditions. The main objective of modelling is 
optimisation of reactor conditions and process control. An alternative approach to optimisation of 
reaction systems is based on application of neural networks dedicated for on-line adaptive control. 
Such models do not reveal reaction mechanism and kinetic parameters, but can account for 
unmodelled effects and have a distinct advantage for adaptive optimal control. In this work are 
presented results of optimisation of continuous (R)-mandelic acid production in an enzyme 
membrane reactor. Applied are the reaction kinetics and mass balances provided from literature and 
introduced are additional models for the rate dependencies on pH and temperature. The computer 
model is applied as a source of patterns for neural network training. Investigation of neural network 
structure is emphasised. Tested are structures with feedforward and recursive propagation of 
patterns with autoregression of exogenous inputs. Applied are internal model structures with 
specialised training and feedback correction of modelling errors. The objective of the control is to 
maintain a maximum value of the substrate conversion. The control performance is tested for 
disturbances in feed composition, temperature, pH and enzyme activity.  
 
[1] Vasiæ-Raèki, Ð., M. Jonas, C. Wandrey, W. Hummel and M.R. Kula, Appl. Microbiol. 

Biotechnol., 31, 215-222, 1998. 
[2] Buaghman D.R., Y.A. Liu, "Neural Networks in Bioprocessing and Chemical Engineering", 

Academic Press, San Diego, 1995. 
[3] MatLab v. 5.2., The MathWorks Inc., Natick, MA.,1998. 
[4] Nørgaard M., Technical Report 96-E-830, T.U. of Lyngby, Denmark, 1997. 
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The use of multi-staining flow cytometry to monitor batch, fed-batch 
and continuous cultivations of E. coli W3110 
 
C. J. Hewitt1*, G. Nebe-Von Caron2, A. W. Nienow1 and C. M. McFarlane1 
1Centre for Bioprocess Engineering, School of Chemical Engineering, The University of 
Birmingham, Edgbaston, B15 2TT, UK. (c.j.hewitt@bham.ac.uk) 
2Unilever Research, Colworth Laboratory, Sharnbrook, Bedfordshire, MK44 1LQ, UK  
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Flow cytometry combined with the use of specific dyes is proving to be a powerful technique for the 
rapid characterisation of the physiology and viable state of individual bacterial cells [1]. It has been 
shown previously by using multi-staining flow cytometry that E. coli W3110 can be rapidly stained 
with a mixture of two fluorescent stains, propidium iodide (PI) and bis-oxonol (BOX) [2, 3]. The 
former binds DNA but can not cross an intact cytoplasmic membrane, whilst the later is cationic, 
lipophillic and accumulates intracellularly provided the cytolplasmic membrane is depolarised. 
Based on PI/BOX staining three physiological states can readily be identified in stressed bacterial 
populations. Healthy cells, no staining; cells with depolarised cytoplasmic membranes, stained with 
BOX; cells with depolarised permeablised cytoplasmic membranes stained with both PI and BOX. It 
is thought that as a healthy cell is stressed the metabolic pumps will be inactivated and the 
cytoplasmic membrane will depolarise eventually permeabilising prior to cell death. In this work 
flow cytometry along with more traditional microbiological methods were used to characterise the 
physiological state of E. coli W3110 during batch, fed-batch and continuous cultivation. Throughout 
the course of both batch and continuous culture fermentations no staining was observed indicating 
that all the cells were healthy with intact, polarised cytoplasmic membranes. However, during the 
course of high cell density fed-batch fermentations all three staining patterns were observed and the 
three physiological states were readily identifiable. The BOX positive and PI/BOX positive sub-
populations gradually increased throughout the fermentation with the dead cells making up 
approximately 20% of the total at the end. This is important since fed-batch high cell density 
cultivation is the preferred industrial method for increasing the volumetric productivity of bacterial 
products eg. heterolegous recombinant proteins and the presence of a large number of dead cells will 
have an obvious detrimental effect on this. In addition, since it is hard to see how cells can exist 
without a membrane potential it is thought that this intermediate state is very short lived with cells 
either quickly progressing on towards cytoplasmic membrane permeablisation and death or re-
polarising in the presence of a fresh energy source. From this work it appears that conditions of 
severe energy limitation occur during the later stages of high cell density fed-batch fermentations 
that do not occur in either batch or continuous cultures and that this stress leads to membrane 
depolarisation and eventually cell death. It is envisaged that on-line flow cytometric analysis 
coupled to a control strategy based on the feeding of an energy source according to the number of 
cells identified as being in the intermediate physiological state could be used as a means of 
increasing overall process productivity. 
 
[1] Davey, H. M. and Kell, D. B. (1996). Microbiol. Rev. 60: 641-696. 
[2] Nebe-Von Caron, G., Badley, R. A. (1995). J. Microsc. 179: 55-66. 
[3] Hewitt C. J., Boon L., McFarlane C. M. and Nienow A. W. (1998) Biotech. Bioeng. (In press.) 
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Automated glucose feeding control based on CO2 Evolution Rate in 
Streptomyces virginiae cultures 
 
E. Bugabo, Th. Marneffe, J-M. Coremans, F. Gosselé and Ph. Dehottay* 
Innovation Cell, Pfizer Antibiotics Plant, rue de l’institut 87A, 1330 Rixensart, Belgium 
(dehotp@pfizer.com). 
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Glucose consumption was modeled in fed-batch cultures of Streptomyces virginiae. CO2 Evolution 
Rate (CER) was used as an indirect sensor to calculate glucose consumption, and subsequently, the 
feeding rate. The model was based on the observation that the so called integral ratio (IR) of the 
amount of exhaust CO2 on the amount of consumed glucose was constant during fermentation from 
40 hours on. CER data obtained by mass spectrometer analysis were used as the parameter to control 
the substrate feeding. The feeding control algorithm governing glucose concentration in the broth was 
based on the equation (1). 

IR
rdt

CERdt

s= ∫
∫

  (1)  

where rs  is the glucose consumption rate. The IR ratio was determined in 10 standard fermentations. 
This ratio was very similar from batch to batch with an average value of 40 g of glucose per mole of 
CO2. Computer simulations based on this model enabled us to calculate glucose concentrations 
directly from CER data. Calculated glucose concentration profiles were very similar to measured 
concentration profiles. The glucose concentration present in the broth at time t (ct ) was given by the 
equation (2) which is valid from 40 hours of fermentation on. 
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where c0 is the glucose concentration at time 0, c f is the feeder glucose concentration, V0  is the 

volume of broth at time 0, Vt  is the volume at time t, VF  is the volume of glucose feed added 
and IR40 is the integral ratio calculated 40 hours after the start of the fermentation. VF  needed to 
maintain a given glucose concentration in the broth could be extracted from the equation (2). A 
software called “Virtual Feeder” was developed to interface the historical database containing all the 
data collected from fermentations and the Distributed Control System (DCS) controlling the process 
and feeding delivery. The software collects data from the database (CER, amounts of added feed,...) 
and calculates glucose consumption, residual glucose concentration and feed rate every hour. Off-line 
data such as measured glucose concentration can be manually introduced. The feed rate calculated by 
“Virtual Feeder” is transferred into the DCS in order to adapt glucose addition to consumption. We 
monitored and controlled about 50 fermentation batches using “Virtual Feeder”. These data showed 
that the system was able to keep the estimated glucose profile close to the measured values. An 
average deviation of 1.12g/L was observed between the measured and the calculated values. The 
method reduced significantly the number of manual operations like broth sampling, glucose analyses, 
feeding rate calculation and its fine tuning. 
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Compartment Model Approach: Prediction of local concentration 
gradients in large scale fermentations 
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*Kluyver Institute for Biotechnology, Delft University of Technology Julianalaan 67, 2628 BC Delft, 
The Netherlands (VanderLans@stm.tudelft.nl) 
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The growth of micro-organisms is influenced by the existence of local concentration gradients. This 
can be a problem in large scale bioreactors, because in these cases mixing might be a critical factor. 
If the mixing behaviour and the microbial kinetics during a fermentation in a bioreactor with a 
certain configuration are known, gradients may be predicted. That knowledge may result in a better 
design of the process to avoid critical phenomena. 

The aim of this contribution is to predict local concentration gradients in large scale stirred 
bioreactors. The mixing behaviour of the bioreactor was calculated by using a verified compartment 
model for mixing behaviour in large scale fermentors [1]. Compartment Model Approach (CMA) is 
a prediction method based on the known or assumed knowledge of the flow pattern in the fermentor 
with a certain configuration. Integration of this method with a kinetic model should give 
information about concentrations throughout the fermentor. This study has been done in the 
framework of EU-project ‘Bioprocess Scale-up Strategy’. 

The experimental work was done in a 30 m3 aerated vessel (working volume: 22 m3) with four 
Rushton impellers (Biocentrum Stavanger, Norway). The bacterial strain used was Escherichia coli, 
wild type strain W3110. The growth was modelled by using unstructured kinetics (Monod). The 
predictions, obtained with the CMA-model, were compared to the measured experimental values. 

Comparison of the predictions with the experiments shows that CMA with integrated kinetics is a 
useful tool for prediction of local concentration gradients. Future work will include the use of 
different stirrer configurations. Another task will be the refinement of the kinetic model to obtain 
more accurate predictions. 

 

 

[1] Vrábel, P., Van der Lans, R.G.J.M., Luyben, K.Ch.A.M., CMA: Mixing time prediction for 
large aerated vessels with multiple Rushton turbines, manuscript in preparation. 
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Recombinant A production of Saccharomyces cerevisiae in pulsed 
continuous cultures under control of two different promotors 
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Denmark, DK-2800 Lyngby, Denmark 
+Department of Chemical and Process Engineering, Warsaw University of Technology, Poland  
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Chemostats are valuable tools for well characterized experiments in the fermentation technology 
research laboratory. In scale-up of a chemostat culture into an industrial large scale continuous 
fermentation it may be difficult to maintain the macro homogeneity of an ideal bioreactor. 
 
Simulations with two different yeast models (1) of the effects of dividing the feeding of an 
chemostat into pulses suggested that the introduction of such heterogeneities might cause both 
benefits and disadvantages 
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Continous Enzymatic Production of Phenylacetylcarbinol in an Enzyme-
Membrane-Reactor 
 
G. Goetz*, P. Iwan, H. Bruhn, K. Mesch, M. Pohl and M.-R. Kula 
* Institute for Enzyme Technology, University of Düsseldorf, D-52426 Jülich (g.goetz@fz-juelich.de) 
 
Keywords: Enzyme-Membrane-Reactor, continous production, pyruvate decarboxylase 
 
 
Pyruvate decarboxylases (PDC) (E.C. 4.1.1.1.) have been isolated from various yeast, fungi, plants 
and a few bacteria [1]. Zymomonas mobilis contains a very active and very stable PDC. Besides the 
main reaction, the decarboxylation of pyruvate to acetaldehyde, these enzymes are capable of 
forming C-C-bonds between aldehydes. The resulting α-hydroxyketones are versatile building 
blocks for the organic synthesis. The carboligase potential of PDC is applied for the production of 
(R)-phenylacetylcarbinol (PAC), a chiral pre-step for L-ephedrine, in an industrial process using 
fermenting yeast [2]. 

COOH

O

H

O

CH3

O

OH

CO2
+ +

PDC

 
Compared to PDC from yeast the carboligase activity of PDC from Z. mobilis is reduced, due to a 
bulky tryptophane residue which id located in the channel leading to the active center [3]. 
 
Mutation of this Trp-residue to alanine enhanced the carboligase activity of the enzyme by a factor 
of 3 3. Both the wt-enzyme and the mutant PDC-W392A are sensitve towards acetaldehyde. Thus, 
enzymatic production of (R)-PAC from pyruvate and benzaldehyde resulted in progressive 
inactivation of the enzyme due to acetaldehyde accumulating in the reaction mixture. This 
inactivation could be circumvented by addition of yeast ADH reducing the acetaldehyde in situ, 
thereby using formate dehydrogenase from Candida boidinii for regeneration of NADH. 
 
Investigation of further mutants in position 392 yielded PDC-W392I which is less sensitive towards 
acetaldehyde and twice as active compared to mutant PDC-W392A. The potential of PDC-W392I 
with respect to the continous production of (R)-PAC was investigated using an enzyme membrane 
reactor [4]. Optimal conditions for the synthesis were found using 90 mM pyruvate and 30 mM 
benzaldehyde. Under these conditions the continous production of 8 mM (R)-PAC was possible. 
 

PDCsubstrates

products

 
 
[1] Pohl, M., Adv. Biotech. Eng / Biotechnol., 58, 15-43, 1997 
[2] Hildebrandt, G., Klavehn, W., Deutsches Reichspatent 548459, 1932 
[3] Bruhn, H. et al., Eur. J. Biochem., 234, 650-655, 1995 
[4] Kragel, U. et al., Patent: DE 39 37 892 C2, 1991 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Health Care Production Processes 
Posters 

 

208 

Improvement of defined medium formulation for CHO cells by 
cholesterol and vitamins 
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Departament d’Enginyeria Química. Universitat Autònoma de Barcelona. (Godia@uab-eq.uab.es) 
 
Keywords: CHO, Vitamins, Cholesterol, Growth enhancement. 
 
 
High scale production of therapeutic products by animal cell culture has been achieved in the past 
using serum and other animal-derived materials in the medium. However, its use is undesirable for 
a number of reasons such as high cost, batch to batch variability and increased requirements for 
quality assurance testing. Hence, development and improvement of serum-free and/or low protein 
culture medium is a topic of industrial interest. 
 
Batch cultures of an industrial rCHO cell line that produces tPA growing in a propietary defined 
low-protein content medium (BioPro 1, Bio-Whittaker) were improved by supplementation of the 
culture medium with cholesterol and vitamins. With this new medium formulation both specific 
growth rate and culture time span were improved. 
 
Vitamins are a diverse collection of organic compounds that form part of the prosthetic group of 
active center of certain enzymes. The essential role of enzymes in cell growth and the inability of 
animal cells to synthesize vitamins in general requires its inclusion in all cell culture medium 
formulation. On the other hand an excessive vitamin addition of cell culture medium can cause cell 
death. Thus, the addition of vitamins up to a certain level can improve cell cultures. In the present 
work we report that a three-fold increase in the vitamin level of the Biopro1 (Bio-Whittaker) 
enhances growth rate when cells are cultured in batch using 100 ml spinner flasks. This addition 
does not enhances neither the cell viability nor the cell culture span. These results show that an 
increase of the vitamin levels makes possible a more efficient and equilibrated use of the resources 
available in the culture medium. 
 
Plasma membranes consist of a set of phospholipids, glycolipids and cholesterol and in eucaryotic 
cells contains as many cholesterol molecules as phospholipid molecules. Thus, an exogenous 
supply of cholesterol can diminish the carbon an energy requirements for membrane synthesis and 
hence an enhancement of cell growth. In the present work we report that an addition of 3 mg/l of 
cholesterol enhances cell growth, cell viability and culture span. a three-fold increase in the vitamin 
level of the Biopro1 (Bio-Whittaker) enhances growth rate when cells are cultured in batch using 
100 ml spinner flasks. 
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Chromatographic Purification of IgG from Plasma 
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Safe blood plasma is available only in limited amounts. Therefore, fractionation has emerged as a way of 
optimizing the use of individual components according to patient needs. Breakdown of the international 
market in 1997 indicated albumin 35%, factor VIII 26% and immunoglobulin (IV) 20% as the leading 
products. According to official data (Instituto Português do Sangue), the consumption in Portugal in 1995 
was: factor VIII - 8,921,000 IU, IgG - 130 Kg and albumin 5,745 Kg. Since the 40´s proteins have been 
obtained from plasma by precipitation with ethanol via Cohn (1946), Oncley (1949) and Kistler/Nitschman 
(1962) methods. For IgG, which may liderate the market in the future, low yields are obtained with the Cohn 
(25%) and Kistler/Nitschman (10%) methods. Chromatographic fractionation, mostly based on ion exchange 
and size exclusion (Andersson et al., 1994) has been used as an alternative. Higher yields, low aggregation, 
high product stability and high efficiency in viral elimination are some of the advantages in comparison with 
the traditional methods. 
The aim of this work is to develop a chromatographic process to obtain an IgG product rich in subclass 3. 
This may have therapeutical interest due to the higher activity of IgG3 in the complement reactions cascade, 
an important mechanism in immune response. Research was focused on the chromatographic fractionation of 
crioprecipitated plasma using a Biopilot  unit with 16 mm id columns (scale down of Pharmacia process). 
Analytical procedures were: protein – biuret; total IgG – nephelometry; IgG subclasses - radial 
immunodiffusion; native and SDS PAGE. The first stage of the process combines size exclusion with ion 
exchange (see purification table).  
 

Step in Process % IgG yield PF  Step in Process % IgG yield PF 
Gel Filtration  86 1.1  CM Sepharose 91 1 
Euglob. Precip. 71 0.8  Viral Disinfection 100 - 
DEAE Sepharose  83 4.5  CM Sepharose 70 - 
Q Sepharose  93 1.3  OVERALL 30 - 

 
Recovery yields in ion exchange steps were acceptable and may be improved by adjusting peak collection 
and sample pH. Euglobulin precipitation accounts for a 29% loss in IgG. The (overall) recovery yield for IgG 
of 30% in this process is fairly good when compared to the yield of the Cohn process. An enrichment in 
subclass 3 was observed from 6% in initial plasma to 17% in purified IgG. Though viral elimination was not 
evaluated, previous results (Andersson et al., 1994) showed a very good performance for the combined 
solvent/detergent, thermal treatment and chromatographic steps. A second stage in the process is under 
development to provide a further enrichment in IgG3. Affinity, size exclusion and ion exchange 
chromatography are under evaluation. 
 
Kistler, P., Friedli, H., "Ethanol precipitation" in Curling, J.M.(ed.), Methods of Plasma Protein 
Fractionation. Academic Press, 1980. 
Andersson, I., Lindquist, L. O., Berglof, J. H., "An improved chromatography method for production of IgG 
from human plasma", XXIII Congress of the International Society of Blood Transfusion, Amsterdam, 1994.  
 
A Plasma Fractionation Plant for the portuguese blood products with a capacity of 200,000 litre plasma per 
year has been preliminarly estimated to cost around $US 48 million, with a return of the capital in 3 years. 
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Close monitoring and control of biotechnological processes is necessary to obtain high quality 
products at the lowest possible cost. However, there are still few on-line sensors available. Mass 
spectrometry is a flexible, precise and fast response analytical technique with which the 
concentration of exhaust gases of bioprocesses can be measured, allowing the on-line estimation of 
key process variables by software sensors relating measurable and controllable variables to the 
desired ones. 

Proper set-up and calibration of the mass spectrometer are crucial to the accuracy of the gas 
concentration measurements. A reliable calibration method using several calibration mixtures, the 
compositions of which were determined by experimental design techniques, was developed and was 
shown to be the most accurate when compared with a number of commonly used methods. With 
this method, the calibration spans the whole of the experimental space and is simultaneously 
focused in the area of interest and not in the entire range of concentrations. In addition, the 
developed method does not require the measurement of background signals, provided that these are 
stable [1]. 

The on-line analysis of both inlet and exhaust gaseous streams of a bacterial fermentation carried 
out in a batch stirred fermentor was performed with a quadrupole capillary inlet mass spectrometer 
equipped with a multi-valve inlet system and a Faraday cup detector. On the basis of the gas 
analysis and by measuring the inlet stream mass flow rate, oxygen uptake rates, carbon dioxide 
evolution rates and respiratory quotients were estimated on-line. In addition, mass spectrometric 
measurements were interfaced with dissolved oxygen measurements by a data acquisition program 
(MFCS/win, from B.Braun), allowing the on-line estimation of the volumetric oxygen mass transfer 
coefficient. 

Different metabolic stages could be identified through the estimated variables, which proved to be 
valuable metabolic indicators. Cell growth was shown to be correlated to the oxygen consumption 
by an observed biomass to oxygen yield. Once this yield was obtained, biomass concentration could 
be accurately estimated from the gas analysis, even when the culture was oxygen limited. 

The developed method for mass spectrometer calibration provided enhanced exhaust gas analytical 
accuracy. This allowed the implementation of reliable software sensors for biomass concentration, 
oxygen uptake rate, carbon dioxide evolution rate, respiratory quotient and volumetric oxygen mass 
transfer coefficient. The accurate on line estimation of the concentration of fermentation products, 
that would otherwise be measured after sampling by off-line and, sometimes, time consuming 
analysis, provides a powerful tool for close monitoring, control and optimisation of bioprocesses. 

[1] Ferreira, B.S., van Keulen, F., da Fonseca, M.M.R., Novel calibration method for mass 
spectrometers for on-line gas analysis. Set-up for the monitoring of a bacterial fermentation, 
Bioprocess Engineering, in press. 
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Simultaneous measurement of key analytes in a submerged fungal 
fermentation using near-infrared spectroscopy 
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The feasibility of using near-infrared spectroscopy (NIRS) for the simultaneous ‘at-line’ 
measurement of upto five key analytes, including biomass, in a submerged fungal fermentation 
process was investigated. Samples from different runs of a Penicillium chrysogenum fermentation, 
carried out at 10 L scale, were collected at frequent intervals and their near-infrared spectra were 
acquired using a scanning Vis.-NIR-spectrophotometer operating between 400 - 2500 nm. The 
samples were later analysed for the concentration of fungal biomass, sucrose, lactose, ammonium, 
and penicillin, each by a reference assay method. Models for the prediction of these five analytes by 
NIRS were then developed by regressing NIR spectral data and the reference assay data for each 
analyte, using MLR and PLS. The models developed were validated using samples from a separate 
fermentation process. The chemometrics of model development and the performance of the models 
are discussed. 

 

Different methods of assay, such as, total protein, DNA, and dry cell weight determination were 
used as the reference assay for biomass. Performance of the models based on each measure are 
compared and contrasted, and the suitability of each method to both adequate representation of 
biomass and proper correlation with spectral data is discussed.  



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Health Care Production Processes 
Posters 

 

212 

Verification of Local Oxygen-Deficient Zones in Aerobic Large-Scale E. 
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A large-scale fed-batch bioreactor is characteristic of a strongly scale-dependent chemical 
heterogeneity, owing to insufficient momentum and mass transport [1]. Local high substrate 
concentrations are recognizable and cause immediate responses in the cell. By analysis of formic 
acid accumulation micro-environments that were deficient in dissolved oxygen were identified in a 
large-scale fed-batch process of E. coli, which is suggested to account for the drastic reduction of 
the biomass yield. 
 
Hypothetically, local high glucose concentrations induce the cells to produce acetate by overflow 
metabolism. At high cell density this may also result in local oxygen depletion zones in which the 
affected cells are expected to switch to mixed-acid metabolism which gives acetate, formate, 
lactate, succinate, ethanol, carbon dioxide and hydrogen as the end-products. To experimentally 
investigate the kinetics of these reactions, we applied a scale-down two-compartment reactor [2] to 
simulate the situation of high glucose concentrations plus oxygen depletion. Cells were circulated 
between the PFR zone in which the glucose was fed and a well-mixed stirred tank reactor (STR). 
The specific rates of glucose uptake (1.85 g g-1 h-1) and formation (g g-1 h-1) of the mixed-acid end-
products D-lactate, 0.58; formate, 0.156; and acetate, 0.09; were performed along the PFR. 
(Succinate and ethanol formation was negligible). Of these products only formate was found to 
steadily accumulate in the PFR (230 mg/L), while all lactate and most of the acetate were re-
assimilated by the cells in the oxygen-sufficient part with low glucose levels (STR). In the 20 m3 
culture a corresponding accumulation of formate (up to 60 mg/L) was observed at cell densities 
above about 25 g/L. 
 
The biomass yield on glucose was drastically reduced both in the scale-down reactor and in the 
large-scale process: 0.32 and 0.38 g g-1 respectively, compared to the yield in the homogenous lab-
scale cultivation 0.45 g g-1. Thus, one explanation to the lowered cell yield in the large-scale 
process may be that the cells lose energy by producing mixed-acid products in local oxygen-
deficient zones, and later consume these products again under glucose limited and oxygen sufficient 
conditions in another reactor zone. Yet an explanation in the same context was obtained by studying 
the expression of oxygen-starvation specific stress genes under the same experimental conditions 
[3]. 
 
The kinetic parameters from the scale-down reactor were used for simulation of formic acid 
formation in the large-scale reactor, which indicated that the total size of oxygen-deficient zones 
was about 2 M3 of the 20 M3 medium volume. 
 
[1] Bylund, F., Collet, E., Enfors, S.-O., Larrson, G., Bioprocess Eng. 18, 171-180, 1998. 
[2] Neubauer, P., Häggström, L., Enfors, S.-O., Biotechnol Bioeng. 47, 139-146, 1995. 
[3] Schweder, T., Krüger, E., Xu, B., Jürgen, B., Mosterz, J., Enfors, S.-O., and Hecker, M., Poster 

presented at ESBES2, Porto, 1998. 
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The separation technique reported here is based on common liquid chromatography, which is 
modified to the effect that the potential of the utilized packing material can be controlled by 
external means [1, 2]. 

To perform the experiments a chromatographic column was constructed in which glassy carbon 
particles are used as the packing material. The glassy carbon packed-bed serves as a working 
electrode in a three-electrode arrangement.  

By this means the potential of the stationary phase can be controlled by a potentiostat. The 
potential, in turn, influences the interaction of the packing material and the biomolecules. 

The chromatographic experiments were carried out with phosphate buffer as the mobile phase and 
the electrolyte. 

The results indicate that, for charged organic compounds, there is a relationship between the column 
potential and the capacity factor within a special potential range, e.g. a potential change of 1V (+0.6 
to -0.4 V vs. Ag/AgCl) increases the capacity factor of glutamic acid by a factor of 25. 

Furthermore it is possible to improve the efficiency of separation for organic acid mixtures by 
varying the column potential: the peak resolution (Rs) for the separation of a fumaric acid/crotonic 
acid mixture was enhanced by a factor of 8 by changing the column potential from +0.6 to -0.4 V 
(vs. Ag/AgCl). 

Investigations for the separation of proteins with this type of potential-controlled chromatography 
also indicate a noticeable effect of the column potential on the retention characteristic. 

These results prove that this chromatographic approach has some advantages in comparison with 
conventional chromatographic techniques. It is possible to influence the efficiency of the 
chromatographic column selectively just by changing the potential of the stationary phase, 
depending on the separation problem.  

Further investigations aim to improve this separation technique for biomolecules in analytical and 
preparative fields. 

 
 
References: 
[1] Deinhammer, R. S. et al., J Electroanal Chem, 362, 295-299, 1993 
[2] Nagaoka, T. et al., J Electroanal Chem, 336, 45-55, 1992 
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The objective of this work is the development of a process using membranes for separation and 
concentration of α-agarase. This enzyme is used in biomolecular chemistry for the determination of 
DNA sequences [1]. Production of α-agarase represents a particular interest in this sense that it is 
nowadays not commercialized due to a lack of efficient purification way. 

 
This study consists in separating the enzyme (180kDa) from its fermentation broth which contains a 
microbial suspension, hydrocolloids and macromolecules. Limiting factors are : concentration 
polarization [2] and membrane fouling [3]. These two phenomena are emphasized in the present 
case because of the gelifiant character of the culture medium, which limits performance of the 
process and the sieving coefficient. In addition, this enzyme is relatively fragile and sensitive to 
conditions of the flow, such as wall shear rate, transmembrane pressure and temperature. We have 
attempted to reduce this fouling by limiting the solute polarization on membrane during separation 
process. 
 
The microfiltration filter used was of hollow fibers type with 0.5 µm pores. Pressures and flows 
were controlled by a computer. To increase the permeate flux, we used a pulsatile pump in order to 
destabilize the flow, and then disturb the solute cake. Efficiency of our process is given by the 
permeate flux through the membrane and by the enzyme activity of this flux. 
 
Preliminary results show that a pre-filtration on a 0.1mm support is necessary before the treatment. 
Thereby the filter works at a constant head loss of 20 mmHg. The enzyme is very sensitive to the 
temperature: high temperatures denature it whereas low temperatures increase the broth viscosity. 
Pulsated flow and high transmembrane pressure increase the permeate flux by 50% but decrease the 
enzyme activity by 20% due to its fragility. In fact, we found that a mean pressure (100 mmHg) and 
a mean inlet flow (200 ml/min) for a 5°C temperature insure the best compromise between activity 
and permeate flux and permits an activity recovery of 64%. 
 
This study is supported by the Regional Council of Picardy. 
 
References: 
[1] R. Armisen, Agar and agarose biotechnological application, Hydrobiologia, 221, 157-166, 

1991. 
[2] W.F. Blatt, A. Dravid, A.S. Michaels, L. Nelson, Solute polarisation and cake formation in 

membrane ultrafiltration : causes, consequences and control techniques, Membrane science and 
technology, New-York : Plenum, 47, 1970. 

[3] G. Belfort and F.W. Altena, Toward an inductive understanding of membrane fouling, 
Desalination, 47, 105-124, 1983. 
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Foam separation utilises the selective adsorption of surface active components for their 
purification/separation. Through adsorption to the gas-liquid interface, proteins can be enriched 
from an initial feed solution. Many factors are thought to influence this adsorption, including the 
flexibility of the protein structure, the conformational stability at the interface, and the distribution 
of hydrophobic and hydrophilic residues in the primary and tertiary structure [1]. 

Previous foaming experiments have been carried out mainly on single protein solutions, with 
limited investigations into mixtures [2], [3], [4], [5]. These have focused on β-Casein, Lysozyme 
and Bovine Serum Albumin (BSA). β-Casein, a protein that is very hydrophobic, negatively 
charged and contains little secondary structure, has good foam properties. Lysozyme, however, is 
very poor at foaming because of its hydrophilic nature and its many positive charges. BSA had an 
intermediate foamability because it is globular and also has an overall negative charge. This gives 
them a relative foamability order of β-Casein, then BSA and Lysozyme. This corresponds with the 
order in which they are taken up at the gas-liquid interface. Subsequent experiments with binary 
mixtures have shown that β-Casein is preferentially adsorbed at the interface in solutions containing 
it and either lysozyme and BSA. This suggests that the hydrophobicity of the protein has a role in 
its selective separation. 

To investigate the effect of the hydrophobicity of a protein on its ability to foam, investigations 
have been carried out using a number of enzymes. Enzymes have been chosen because assay 
procedures are available to check for changes in activity that may result from conformational 
changes. Investigations have also been carried out to determine if there are changes to the protein’s 
conformation. The surface hydrophobicity of the protein has be determined before and after 
foaming takes place to see if there are any permanent changes to the protein hydrophobicity. 
Techniques being used to check this include spectrofluorimetry using cis-parinaric acid [6] or the 
apolar dye 1-anilinonapthalene-8-sulphonate [7]. 

 

[1] Damodaran, S., Food Proteins and their Applications (A Paraf, ed.) p57, 1997 
[2]  Anand, K., Damodaran, S., Journal of Colloid and Interface Science, 17, p63, 1995 
[3]  Xu, S., Damodaran, S., Langmuir, 10, p472, 1994 
[4]  Anand, K., Damodaran, S., Journal of Agriculture and Food Chemistry, 44, p1022, 1994 
[5]  Cao, Y., Damodaran, S., Journal of Agriculture and Food Chemistry, 43, p 1995 
[6]  Kato, A., Nakai, S., Biochim. Biophys. Acta, 624, 13, 1980 
[7]  Cardamone, M., Puri, N. K., Biochem. J., 282, 589, 1992 
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Intensive studies in biosynthesis and properties characterization of intracellular products from 
Escherichia coli mainly of enzymes, recombinant proteins, and more recently plasmid production 
had been reported at laboratory scale. However, the implementation of their manufacturing at large 
scale find some difficulties. At this level, the ultimate objective is to obtain a reproducible operation 
for a purified product which meets the required specifications and simultaneously to maximize the 
throughput and recovery yields. 
The use of traditional processes and technologies, and the high degree of purification required for 
these products tend to enhance the recovery and purification costs and consequently the overall 
process economics. Otherwise, the manipulation of high volumes materials within batch processes 
increases the investment and operational costs. One way to contribute for the minimization of these 
disadvantages at downstream stage and batch to batch variation is the use of continuous processes 
that provide smaller equipment, reduce labor requirements, increase throughput and produce 
compounds with more consistent quality than the corresponding batch processes. 
The aim of this work is to contribute for the implementation of continuous protein recovery and 
purification processes. The continuous protein process studied in this work was the adsorbent bead 
recycle through three vessels well agitated with disc filter of stainless steel on the bottom. The 
Escherichia coli penicillin acylase from crude extracts was the protein model evaluated. The 
strategy adopted was the hydrophobic adsorption of this enzyme on modified agarose beads under 
high concentration of ammonium sulfate (16 to 22% w/v). 
The selection studies of enzyme adsorption on several carriers obtained from the derivatization of 
CH Sepharose-4B with different dyes from Cibacron and comparison with a commercial 
hydrophobic carrier of Phenyl-Sepharose are presented, the last carrier being the adsorbent selected. 
After the selection of experimental conditions of adsorption and desorption of the penicillin acylase 
on this adsorbent, the continuous protein extraction from crude extracts was implemented. 
The results obtained have been promising as the continuous operation for 6 hours (3.5 hours at 
steady state) led to excellent consistent stability of enzyme adsorption and desorption, recovery 
yields higher than 90%, purification factor of 2 and without mechanical problems during the 
experiments. 
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Local concentration gradients influence the behaviour of microorganisms. Mixing quality inevitably 
deteriorates on scale-up and is a major factor responsible for inhomogeneities in large scale 
bioreactors whether of dO2, pH, nutrients or products. As a consequence, process yields can be 
affected. Therefore, mixing can be regarded as a limiting phenomenon in the scale-up of a 
bioprocess. It has been shown at pilot scale that radial impellers such as Rushton turbines are 
particularly poor at homogenisation when multiple impellers are used at aspect ratios >1. Multiple, 
down-pumping, wide blade hydrofoils can significantly improve homogenisation in such cases. A 
single up-pumping hydrofoil has particularly advantageous gassed power characteristics with Pg/P 
values close to 1 without torque instabilities, and is able to handle high air flow rates without 
flooding [1]. It is important to validate such findings in industrial scale fermenters and such studies 
have been undertaken within the framework of the EU project "Bioprocess Scale-Up Strategy". 
Fluorescent and pH tracers were used to obtain pulse response curves in a 30 m3 reactor of diameter 
2.09 m equipped with four impellers. Stirrer speed and aeration rates were varied in the range of 70-
130 rpm and 0-10 m3/min and power characteristics were measured. Two different stirrer 
configurations were tested: four Scaba stirrers (T/D=1/2), radial at the bottom and with three axial 
up-pumping ones above it; and four Rushton turbines (T/D=1/3). Overall, gas hold-up was also 
measured at the same conditions as an indication of relative mass transfer potential.  
Both techniques for characterising mixing showed that in addition, the Scaba impellers improved 
mixing significantly with respect to Rushton turbines at the same power input. This improvement 
held for both aerated and unaerated conditions. The mixing time was correlated with the mean 
specific energy dissipation rate with a negative exponent value close to 1/3. Overall gas hold-up 
values were correlated with the mechanical power input of the stirrers, and the characteristic 
superficial gas velocity. The results indicated that both Rushton and Scaba impeller configurations 
behave almost identically with respect to gas hold-up. 
The use of up-pumping axial stirrers in combination with radial stirrers seems to be very promising 
with respect to the quality of mixing without compromising mixing power and mass transfer. 
Though pilot scale tests have shown that a single Rushton impeller and an up-pumping hydrofoil 
have the same mass transfer performance, the effect of axial stirrers on oxygen transfer should be 
investigated further at the large scale. The overall gas hold-up behaviour is not a sufficient criterion 
to draw a final conclusion. 
 
[1] Nienow, A.W., Chem. Eng. Res. Des., (Trans. I. Chem. E., Part A), 74, 417-423, 1996. 
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Acetate excretion is one of the most important factors related to the reduction of process 
performance in aerobic E. coli fermentations. To reduce the acetate accumulation a deeper 
understanding of cellular metabolism must be achieved. This understanding could be obtained by 
the knowledge of intracellular metabolic fluxes. In the present work the development of a 
mathematical model for the metabolism of an E.coli strain is presented. This model is used in 
conjunction with the extracellular measurements to estimate the intracellular metabolic fluxes in the 
studied strain. 
 
The analysis of the estimated metabolic fluxes indicates that the glycolytic rate is higher than the 
tricarboxylic acid cycle (TCA cycle). From this regard, acetate excretion is the cellular mechanism 
to compensate this difference. From the point of view of metabolic engineering, these fluxes could 
be modified overexpressing an enzyme that would decrease the amount of pyruvate available for 
acetate production such is the phosphoenol pyruvate carboxylase. 
 
The physiological results obtained shows more than 80% decrease of the specific acetate production 
rate and also a 60% decrease in the specific glucose uptake rate. However, the specific growth rate 
of the transformed strain is 50% that of the untransformed strain. These results could be explained 
by the fact that the transformed cell is more efficient (from a glucose utilization point of view) but 
as the level of phosphoenolpyruvate is decreased the glucose transport system (PTS) is no longer 
able to enter glucose at the required rate to achieve the original growth rate. 
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Classical models of biotechnological processes in stirred tank reactors usually represent the specific 
reaction rates under the form of rational functions of the species concentrations. An interesting 
alternative is to use black-box models for the reaction rates (like fuzzy or neural net models). Their 
advantage is they have a flexible structure and can be dependent on qualitative features as well as 
on the quantitative values of the state variables.  

A new approach was recently proposed in [1] to identify so-called 'hybrid models' which combines 
the flexibility of a neural network representation of the specific reaction rates with a global mass-
balance-based process description.  

A similar hybrid modelling approach is followed in the present paper. However neural nets (radial 
basis functions) are used for modelling the absolute reaction rates instead of the specific reaction 
rates. The proposed methodology allows to separate the identification of the stoichiometric-like 
coefficients of the model from the identification of the reaction rates. It can be viewed as an 
application of the general methodology for the structural identification of bioprocesses described in 
[2]. 

The procedure is illustrated with experimental data from a process of natural vanillin production 
from natural agricultural wastes by Pycnoporus cinnabarinus. A presentation of this process and the 
experimental conditions is given in [3]. 

 
[1] Feyo de Azevedo S., B. Dahm, F.R. Oliveira, "Hybrid modelling of biochemical processes: A 

comparison with the conventional approach", Computers in Chemical Engineering, 21 (1997) 
S751 - S756. 

[2] Bernard O. and G. Bastin, "Structural identification of nonlinear mathematical models for 
bioprocesses", Nolcos IFAC Symposium, Enschede (The Netherlands), July 1 - 3, 1998. 

[3] Bernard O., G. Bastin, C. Stentelaire and M. Asther, "Mass balance modelling of vanillin 
production from vanillic acid by cultures of the fungus Pycnoporus cinnabarinus in 
bioreactors", submitted for publication. 
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Cephalosporin C is a β-lactam antibiotic, produced by Cephalosporium acremonium strains in 
submerged culture. Cephalosporin C is the raw material of several synthetic antibiotics and its 
purification is the most expensive step of the process.  

In this work, an experimental investigation on cephalosporin C adsorption in a fixed bed column 
with Amberlite XAD-2, describing the behavior of breakthrough curves at different conditions (bed 
depth - column diameter ratio L/θ, particle size - column diameter ratio dp/θ, superficial velocity v), 
was carryed out. The effect of these variables in the bed utilisation efficiency, adsorbed 
cephalosporin C and productivity was analyzed using the sensitivity factor.  

A mathematical model for the cephalosporin C adsorption in a fixed bed column was suggested, 
considering internal and external mass transfer resistances and axial dispersion. This model was 
obtained from a mass balance and adsorption kinetic equations following a Langmuir equilibrium 
isotherm. The numerical resolution was obtained using Crank-Nicolson method for the partial 
differential equations and 4th order Runge-Kutta method for the ordinary differential equations. The 
model parameters fitting was performed using the variable-size simplex procedure [1]. 

The experimental results showed that an increase in L/θ and a decrease in both dp/θ and v lead to an 
improve in the bed utilisation efficiency and in adsorbed cephalosporin C at the time to 
breakthrough. Productivity was increased with an increase in L/θ and v, and with a decrease in dp/θ. 
Moreover, it was observed that adsorption process is limited by internal mass transfer. Intraparticle 
diffusion is the process critical step. The fitted parameters showed that the initial estimates for the 
kinetics and equilibrium constants according to a Langmuir isotherm were satisfactory. Finally, the 
effective diffusivity and bed porosity affected considerably the breakthrough curves. 

 

[1] Nelder, J. A., Mead, R., The Computer Journal, 7, 308-313, 1965. 
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Traditionally, some of the largest industrial application areas for Saccharomyces cerevisiae are the 
production of bakers yeast and alcohol. However, by the means of metabolic engineering, many 
secondary metabolites e.g. human insulin are now produced by S. cerevisiae as well. In the 
production of bakers yeast and human insulin, it is desired to obtain as high a productivity of 
biomass as possible. 
 
The purpose of this work has been to develop a reliable mathematical model, which describes the 
metabolism of the microorganism. A better understanding of the metabolism would enable us to 
treat two important issues of biomass production: The optimization of biomass productivity and 
secondly an understanding of the problems regarding control of a continuous culture at maximum 
productivity. In this work, a model describing the growth of S. cerevisiae on a glucose limited 
medium was developed. The model is structured with respect to the metabolic pathways and 
biomass, and consists of 10 ordinary differential equations based on mass balances. The metabolism 
is modelled as 11 reactions, which includes major pathways such as the glycolysis and the 
tricarboxylic acid cycle. The model is designed to describe the onset of the Crabtree effect: The 
occurrence of reductive metabolism together with oxidative metabolism using a key signalling 
component which is assumed closely related to acetaldehyde. Application areas of the model covers 
both short (from 15 min - 2 hrs) and long-term effects (up to 20 hrs) of the microorganism, which 
renders the model very flexible. 
 
Most of the 41 kinetic parameters in the model were determined from literature although some 
parameters (mainly rate constants) were fitted from experimental data. The estimation was 
performed mainly on steady-state data, whereas the model was validated on dynamic experimental 
data. An investigation of the process dynamics revealed multiple steady-states in a region of 
dilution rates at the transition between oxidative and oxido-reductive growth. A bifurcation analysis 
using the two external variables: The dilution rate (D) and the inlet concentration of glucose (Sf) as 
parameters, revealed that a fold bifurcation occurs when the dilution rate is increased above the 
critical dilution rate (corresponding to the onset of the Crabtree effect) resulting in multiple steady-
states. It was found that the region of multiple steady-states increases along with Sf. As a 
consequence of the bifurcation, the operation point corresponding to maximum productivity of 
biomass is very sensitive towards perturbations, especially at high Sf-values, which generally are 
used in industrial production of biomass.  
 
To obtain maximum productivity for a given microorganism in a continuous cultivation, it is 
necessary to use closed-loop control. This can be achieved by applying feedback control of the 
dilution rate by measuring some key-signalling components during production. Thereby 
productivity can be increased substantially compared to open-loop operation. 
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It is well known that animal cell cultures cultivated on microcarriers are very sensitive to shear 
stress, resulting in death or alteration of their metabolic activity. Amongst the several environmental 
requirements for animal cell cultivation, the homogenisation of the culture medium is necessary in 
order to obtain optimal conditions of growth and production of antibodies or proteins. This is done 
by an impeller. The agitation results in three sources [1] of shear stress: the interaction between the 
impeller and the microcarriers covered of cells, the velocity gradients in the medium and the 
interaction between the microcarriers and the wall of the bioreactor. 
A classical limit of shear stress value is around 1N/m2. That value was determined by Stathopoulos 
[2] in a very simple system for human embryonic kidney cells. 
Some studies have been performed in agitated vessels using Laser Doppler Anemometer [3] and a 
Particle Tracking Velocimetry Approach [4]. 
 
In this paper, a systematic method based on the use of Computational Fluid Dynamics (CFD) is 
proposed to quantify the shear stress threshold of death for anchorage dependent cells in culture. It 
consists in three steps. Firstly, the critical speed of rotation ωcrit is determined experimentally in a 
given geometry. Secondly, the velocity and shear stress fields are calculated thanks to numerical 
simulations consisting in solving the balances equations of the flow in the vessel. A commercial 
CFD software (FLUENT) based on a finite volume technique was used. Thirdly, the computed 
velocity field is validated against Particle Image Velocimetry measurements. The shear stress field 
is calculated directly from the velocity field and is therefore also validated. 
From these validated numerical simulations, it is possible to quantify the maximum shear stress in 
the bioreactor corresponding to ωcrit previously determined from experiments. This value of shear 
stress can be used as a criterion for scale-up of bioreactors respecting the same kind of geometry. 
The results that will be presented are relative to CHO cells cultivated on microcarriers, but the 
proposed methodology can of course be extended to any type of animal cells. Simulations of 
velocity field will be presented, validated against PIV measurements. 
A correlation law will be presented, giving the largest values of the shear stress field as a function 
of the speed of rotation of a classical bioreactor (provided by BIOLAFFITE) with an hemispherical 
bottom. 
 
[1] Gooch, K.J.and al., Current Opinion in Biotechnology, 4, 193-196, 1993 
[2] Stathopoulos, N.A. and al., Biotechnology and Bioengineering 27, 1021-1026, 1985 
[3] Jyeshtharaj, B.J., Chemical Engineering Science, 50, 2431-2440, 1995 
[4] Chalmers, J.J. and al., Biotechnology and Bioengineering 49, 456-466, 1996 
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Enzymatic synthesis of semisynthetic antibiotics catalyzed by penicillin g acylase has interesting 
industrial perspectives: protection of the carboxyl group of “antibiotic nuclei”, the extremely low 
temperatures (-40 °C) and organic solvents required by the chemical synthesis becomes 
unnecessary because enzymes are spec ific and work in mild media. The enzymatic synthesis of 
amoxicillin, which contains a free amino group in its acyl moiety, needs an activated form of the 
acyl donor as penicillin g acylase binds the desprotonated form of the substrate only [1].  
The enzymatic synthesis of amoxicillin from p-hydroxyphenylglycine methyl ester (HPGME) and 
6-aminopenicillanic acid (6-APA) competes with two undesirable side reactions: the hydrolysis of 
HPGME and the hydrolysis of the formed antibiotic (amoxicillin). T he concent ration of the 
substrates and products during the reaction is followed using HPLC; penicillin G acylase is 
immobilised on agarose in a multipoint form [2] after activation of the support with glyoxyl groups. 
Preliminary studies in two different temperature s and pHs showed to be 4° C and pH 6,5 the best 
conditions to get the highest yield of amoxicillin. However, the kinetic model and the respective 
kinetic parameters of the reaction were estimated at 25° C and pH 6,5 in order to take advantage of 
the higher rate of reaction in these conditions. It seems that the binding of 6-APA to the enzyme 
does not change its affinity to the ester - first step of reaction. Based on this assumption [1], kinetic 
paramet ers of ester and amoxicillin hydrolysis were estimated in the absence of 6-APA and used in 
the complete model. Inhibition studies were made in order to determine the effects of amoxicillin in 
the ester hydrolysis and the effects of the HPGME and 6-APA i n the amoxicillin hydrolysis. 
Maximum velocities, Michaelis-Menten constants and inhibition constants were estimated fitting 
Michaelis-Menten models (with or without inhibition) to initial velocities data. The kinetic model 
for the antibiotic hydrolysis i s a Michaelis-Menten equation with an ester competitive inhibition. It 
also considers the fact of some part of the present antibiotic after suffering hydrolisis can react 
again with 6-APA regenerating the antibiotic. The true substrate concentration in th e Michaelis-
Menten equation is in fact lower than the one measured in the experiments. The complete model 
also considers that the rate of ester hydrolysis in the absence of 6-APA is equal to the sum of the 
rate of antibiotic synthesis and the rate of produc tion of p-hydroxyphenylglycine and methanol. 
The complete kinetic model seems to be representative as it showed a good fitting to synthesis data.  
  
[1] Blynkovsky, A.M. & Markaryan, A.N., Enzyme Microbial Technology, 15, 965-973, 1993.  
[2] Guisán, J.M et alli., Biotech. & Bioeng., 42, 455-464, 1993.  
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The Programmable Logic Controllers (PLC) were developed at the late sixties in the american 
automotive industry. A versatile, easily utilizable equipment resulted then, which, with further 
improvements, met the requirements for its application in different industrial fields. PLG present 
many advantages in comparison with other conventional data acquisition and control systems, 
namely, improved reliability and flexibility, and simple maintenance. 
 
This work depicts the implementation of a data acquisition system utilizing a PLC (GE Fanuc, 
Series 90-30) and the experimental results obtained in a cephalosporin C production bioprocess 
with Cephalosporium acremonium ATCC 48272. The runs were carried out as a fed-batch 
fermentation with invert sugar as the main carbon and energy source. The operational conditions 
were defined from a set of experiments previously performed. 

The experimental apparatus is composed of: 5 liters working volume vessel, temperature controller, 
pH meter and transmitter (Digimed, model TH-41), oxygen and carbon dioxide meter in the exit 
gas, pressure transducer and peristaltic pumps addition of acid, alkali, anti-foamimg agent and 
supplement media. 

Each signal concerning the equipment status and the analogical variable values were acquired by a 
Programmable Logic Controller and transferred to its central processor through the input and output 
modules. 

The interface machine-user was developed employing a Supervisory System (Unisoft version 1.1) 
in a PC 486 100 Mhz microcomputer. 
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Dep.Eng.Química,Universidade Federal de São Carlos,SP, Brazil *(drcg@power.ufscar.br) 
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This work presents estimates of kLa in a fed-batch fermentor used for the production of 
cephalosporin C by Cephalosporium acremonium. The dynamic method (or “gas out 
Taguchi and Humphrey [1] is applied, and different situations with respect to the delay in the 
measurements are considered: fast (instantaneous) response, first-order electrode dynamics and 
second order dynamics with time delay. An amperometric electrode (Ingold) is used during the 
experiments. The idea is to check the importance of the dynamics assumed for the electrode on the 
estimates of kLa. 
Following Taguchi and Humphrey [1], the system aeration is turned off for a short period of time, 
and then turned on again. It is assumed that, during the experiments, the microorganism respiration 
kinetics remains of order zero. The dissolved oxygen concentration (represented in the Laplace 
domain, for the sake of convenience) is: 
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If the electrode delay is not taken into account, kLa may be obtained fitting the time domain solution 
of (1) to the empirical data, C(t). The range of propeller rotation rates used here is 250-350 rpm, and 
air flow rates are between 2.4 SLPM and 3.5 SLPM for a 5 L fermentor. This methodology gives 
kLa between 43.6 h-1 and 69.7 h-1. 
In order to reduce the errors caused by the delay in the electrode response, Tribe et al. [2] consider a 
first-order dynamics for the dissolved oxygen measurements: 
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The electrode time constant τ is obtained from step disturbances. According to this approach, kLa 
ranges from 49.8 to 95.4 h-1. 
The probe response to a step disturbance, nevertheless, was not accurately represented by a first-
order dynamics in the present case. Assuming a second order dynamics with time delay, one 
obtains: 
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The time delay may be represented by a first order Padé approximation, and the Laplace inverse of 
this equation gives the electrode measurements, Ce, which are fitted to the empirical results. kLa 
values so obtained are between 48.1 and 85.3 h-1. It is apparent from these results that the accurate 
estimate of kLa is closely related to the adequate consideration of the electrode dynamics.  
 
[1] Taguchi, H. and Humphrey, A. E., J. Ferm. Technol., 44: 881-889, 1966. 
[2] Tribe, L.; Briens, C.L.; Margaritis, A., Biotech. Bioengng. 46(4): 388-392, 1995. 
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Ultrafiltration is a membrane based separation process which uses a porous membrane to selectively 
separate colloids and biocolloids. It is a widely used unit operation for the recovery of bioproducts 
from fermentation broths, and more generally the concentration and diafiltration of proteins and 
enzymes. However, little success has been achieved in the fractionation of mixtures of similarly 
sized proteins. There exists great scope for improvement of ultrafiltration selectivity and efficiency 
through control of pH, ionic strength and pressure. With a knowledge of the inherent 
physiochemical properties of the proteins and membranes one can apply colloid science insights to 
model interactions taking place at the membrane surface.  
Proteins are driven towards the membrane pore by hydrodynamic forces. As they approach the pore 
entrance they usually experience repulsive electrostatic forces. An important concept is that of the 
‘critical velocity’, the velocity at which the hydrodynamic forces and repulsive electrostatic forces 
are exactly balanced [1]. This is calculated using finite element techniques. The critical velocity 
relates to a ‘critical pressure’, the applied pressure at which the forces are balanced. If pressures 
below the critical pressure are applied, proteins may be retained by the membrane and at pressures 
above the critical pressure, they are transmitted through the membrane. 

Filtration and fractionation experiments have been conducted in “dead-end” mode with Bovine 
Serum Albumin (BSA), Hemoglobin and Lactoferrin using 85nm, 50nm and 15nm pore diameter 
track etched polycarbonate membranes. All the proteins have a similar size but different 
physiochemical properties, which are measured experimentally. Results for single protein 
transmission and mixed protein fractionation will be presented. 
Agreement between experimental and theoretical results for the critical applied pressure were 
excellent and have shown that protein rejection can be predicted, Figure 1. This physics based 
predictions of the performance of ultrafiltration processes allow ab initio optimisation of rejection 
and fractionation during membrane bioseparations. 
 

 
 
[1] Bowen, W.R., Sharif, A.O.,(1996) The hydrodynamic and electrostatic interactions on the 

approach and entry of a charged spherical particle to a charged cylindrical pore in a pore in a 
charged planar surface - with implications for membrane separation processes, Proc. Roy. Soc. 
(Lond.) A. 452 (1996) 2121-2140. 

Figure 1. The rejection of BSA at a 85nm pore diameter Isopore 
polycarbonate track etched membrane at different applied 

pressures.  The solution conditions were pH9, 0.001M NaCl 
electrolyte.  The theoretically predicted critical pressure ‘PC’ is 
calculated to be 230kPa for the BSA fractionation.  Around the 

critical pressure there is a rapid drop in BSA rejection. 
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The forces of interaction of biological materials are important determinants of process operation 
and efficiency. Knowledge of biocolloid-biocolloid and biocolloid-surface interactions is important 
in the fundamental understanding of biochemical engineering processes and their control. Atomic 
force microscopy (AFM) allows the direct quantification of such interaction forces. 

In the present study, AFM was used to directly measure the interactions of cells and proteins to 
relevant surfaces. Cell probes were constructed by immobilising cells at the end of AFM 
cantilevers. The cells were then brought into contact with surfaces and the forces of interactions 
determined. The force distance curve observed when a Saccharomyces cerevisiae cell was retracted 
from a mica surface, in 0.01M NaCl pH4, allowed direct quantification of the adhesive force. The 
shape of the force curve also showed a degree of stretching and that the separation of the cell from 
the surface was not instantaneous [1]. The degree of cell adhesion was also seen to increase with the 
time that the cell was left in contact with the surface.  

Protein-protein interactions at different electrolyte concentrations and pH were studied by adsorbing 
BSA onto a silica sphere held at the end of AFM cantilever (colloid probe) and onto a planar silica 
surface. The measured force-distance curves were in good quantitative agreement with DLVO 
theory using zeta potentials (outer Helmoltz plane potentials) calculated from an independently 
validated site-binding-site-dissociation surface model [2]. 

The performance of filtration membranes was also studied in terms of fouling by measuring the 
adhesion of a BSA coated probe and a yeast cell to a conventional commercial membrane and a 
modified membrane [3]. This research confirms that AFM and the colloid/cell probe technique can 
be used to directly measure the forces of interactions between cells or proteins and surfaces found 
within a biochemical engineering process.  
[1] Bowen, W.R., Hilal, N., Lovitt, R.W., Wright, C.J. (1998) Direct measurement of the force of 
adhesion of a single cell using an atomic force microscope. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 136, 231-234, 1998 
[2] Bowen, W.R., Hilal, N., Lovitt, R.W., Wright, C.J. Direct measurement of interactions between 
adsorbed protein layers using an atomic force microscope. Journal of Colloid and Interface Science, 
139, 269-274, 1998. 
[3] Bowen, W.R., Hilal, N., Lovitt, R.W., Wright, C.J. Characterisation of membrane surfaces: 
Direct measurement of biological adhesion using an atomic force microscope, Journal of Membrane 
Science, submitted for publication, 1998. 
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Membrane filtration is a potential attractive process for the fractionation of protein solutions in the 
downstream processing of recombinant products. Protein retention with a membrane depends on 
concentration polarization, adsorption and fouling. Retention of charged proteins by a membrane is 
not only based molecular exclusion but also on the physico-chemical environment of the protein 
and the chemical nature of the membrane [1]. 

The aim of this work was to investigate the influence of the electrokinetic potential or the 
dependence of both pH and electrolyte concentration, on the membrane microfiltration fluxes of 
cellular debris suspensions. The biological system used was a recombinant intracellular enzyme, 
namely cutinase of Fusarium solani pisi, which was cloned and expressed in Escherichia coli WK-6. 

The influence of the electrostatic interactions on the membrane microfiltration was studied. The 
average diameters of cell and cell fragments were determinated by light scattering. The particle and 
membrane charge densities were evaluated by their zeta potentials. 

The values of zeta potentials obtained for the cells and fragments were all negative (-23 to -47 mV) 
and its module was directly proportional to the pH value of the liquid medium. On the contrary, the 
zeta potential values obtained for the filtration membranes were inversely proportional to the pH. 

The effects of ionic strength, pH and composition on the microfiltration flux were evaluated, for a 
fixed value of conductivity. Higher membrane permeation fluxes (200%) were obtained at the 
operational conditions that exhibited the highest zeta potential difference between the cellular 
fragments and the membranes (pH 4.5). 

The modelling of the microfiltration, through the Hermia’s pore blocking models, was attempted. 
More than one model could fit the filtration experimental results and probably there are several 
mechanisms leading to membrane fouling. 

  

[1] Bowen, W.R., Cao, X., “Electrokinetic effects in membrane pores and the determination of zeta-
potential”, J. Memb. Sci., 140, 267-273, 1998. 
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Expert System: Selection Criteria and Validation 
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A hybrid Expert System (Prot_Ex), that combines expert rules and mathematical correlations to 
manipulate physicochemical databases for selecting the optimum sequence of operations for 
purification of proteins, has been built. This paper describes how the physicochemical data of the 
protein product and the other proteins present in the culture (contaminants) was used to select a 
sequence of operations with a minimum number of steps to achieve a defined level of purity. An 
algorithm was developed to model the amount of each protein eliminated after each step. The 
system was tested in a practical example and it was found that the process selected was sufficiently 
sensitive to important changes in the physicochemical parameters of the product and protein 
contaminants and rather robust to small variations or errors in the measurements of such parameters 
(10 %). Two criteria were implemented to select the optimum sequence of purification. One of 
these uses the Separation Selection Coefficient (SSC) and the other uses the final level of Purity. 
The sequences suggested by the expert system have been investigated experimentally using both 
criteria and it has been shown that both are valid for practical application, but the sequences 
suggested by the Purity criteria have fewer steps than those suggested by the SSC criteria. 
 
To calculate the SSC the expert system will read the database containing the information on the 
properties of the main contaminant proteins present in the expression system used. Such a database 
has been obtained for E. coli and CHO cell culture. This database contains data on pI, 
concentration, m.w., hydrophobicity and charge as a f(pH) for the 13 predominant proteins present 
in a commercial strain of E. coli and is then used to select the first high resolution purification step. 
After each high resolution step, the concentration of contaminant proteins decreases and the number 
of steps has to be sufficient to eliminate contaminants until the product reaches the desired level of 
purity. In order to find the new concentrations of all proteins after each separation step we 
developed a simple algorithm based on the behaviour of a chromatographic separation that will give 
an approximate value of the concentration of each of the contaminants after each separation 
step.Considering that the most important parameter when choosing a separation is the final purity 
level, and that we have developed an algorithm to calculate the purity after a separation, we 
implemented this Purity criteria. In this case the final overall purity of the protein is compared when 
a particular chromatographic technique has been applied. After determining which chromatographic 
technique gives the highest purity the system chooses this as the technique to use for this step. 
 
In this presentation we will show an experimental comparison of the use of both selection criteria 
that have been tested. Consultations were carried out using both criteria (SSC criteria and Purity 
criteria) implemented in our Expert System (Prot_Ex) for the purification of a protein mixture. 
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A large number of recombinant proteins of clinical, scientific and industrial importance are being 
manufactured in yeast cells and many of these cannot be secreted by the yeast cells. Moreover, a 
large fraction of the proteins that are secreted remain inside the cell and its periplasmic space. The 
only practical methods presently used for extracting intracellular proteins and protein particles from 
yeast cells are mechanical (e.g. homogenizer or bead mill) which are very inadequate as they are 
totally non-specific, they micronize the cell debris and release all cellular components including 
RNA which increases the viscosity and makes the latter purification stages of the target protein very 
difficult. It also can result in partial destruction of the product. 
 
A very attractive alternative to release intracellular proteins is the use of specific yeast lytic 
enzymes, particularly lytic glucanases, that can selectively release specific proteins from individual 
cell compartments in the yeast cell. A major limitation is the low levels of expression of yeast lytic 
glucanases presently obtained in bacteria (e.g. Oerskovia, Arthrobacter). Available yeast-lytic 
preparations contain a mixture of glucanases and proteases, the latter causes proteolytic degradation 
of the protein product. We have shown that by using a pure lytic β-1,3- glucanase in the absence of 
any proteolytic activity it has been possible to carry out very controlled lysis which resulted in the 
selective release of cloned intracellular protein particles (VLPs) with very little cell lysis (wall 
permeabilization) and virtually no degradation products as compared to mechanical breakage or 
normal enzymatic lysis by crude enzymes. In order to have practical amounts of the pure lytic 
glucanase the enzyme has been cloned in E. coli and subcloned in a Bacillus subtilis protease weak 
strain. 
 
In our present work a highly structured model to describe the behaviour of continuous and fed-batch 
cultures of recombinant Bacillus has been developed. After validation it has been used for 
optimization of enzyme production in an unstable recombinant culture. Currently we are using a 
Genetic Programming Algorithm and the mechanistic data of our system to find better 
approximations for the part of the model where the mechanism is uncertain. Details on both these 
investigations will be presented and discussed in this paper.  
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Hydrophobic interaction chromatography has been used to successfully separate proteins according 
to differences in their content of hydrophobic aminoacid side-chains on their surface. Many 
traditional hydrophobic ligands have been covalently immobilized on chromatographic supports, 
resulting sometimes in almost irreversible adsorption or denaturation of proteins during the elution 
with harsh conditions. An example is the hydrophobic interaction between the lipase of 
Chromobacterium viscosum and a PhenylSuperose column, where the elution is only obtained with 
a gradient of 0-65% (v/v) ethylene glycol [1]. Therefore, ligands with intermediate hydrophobic 
character are of great interest, as they provide an adequate binding strength without the drawbacks 
above mentioned. The elution is in general performed by decreasing the salt concentration of the 
eluent. 

The analogy between partitioning in aqueous two-phase systems and chromatographic procedures 
has been utilized to achieve new mild hydrophobic ligands. In this way, the interaction between 
lipases and polyethylene glycol was previously reported [2] and the results thus obtained as well as 
the preliminary results obtained for the interaction between the lipases and polypropylene glycol 
(PPG) immobilized on Sepharose [3] supported this study. 
In this work, PPG (with different molecular weights) was covalently bond on Sepharose CL-6B and 
the influence of mobile phase composition on the chromatographic behaviour of C. viscosum lipase 
was studied. The effectiveness of some salting-out salts (at different concentrations) at various pH 
values in increasing lipase-adsorbent interactions are described. 

In conclusion, the properties of the gel used seem to provide an adequate approach for lipase 
fractionation based on their hydrophobic properties. The retention of lipase is affected by the salt 
used and increases with increasing the ionic strength in eluent buffer. Most of the bound lipase was 
effectively desorbed by simply washing the support with buffer. 
 

[1] Taipa, M.A., Moura-Pinto, P. and Cabral, J.M.S., Biotechnol. Tech., 8, 27-32, 1994. 
[2] Queiroz, J.A., Garcia, F.A.P. and Cabral, J.M.S., J. Chromatogr. A, 734, 213-219, 1996. 
[3] Diogo, M.M., Cabral, J.M.S. and Queiroz, J.A., J. Chromatogr. A, 796, 177-180, 1998.  
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Large eddy simulations (LES) of turbulent flow and mixing in a 30 m3 bioreactor were performed. 
The reactor was equipped with four standard Rushton turbines and filled with 22 m3 of water. An 
inert additive was introduced just below the liquid surface in a plane between baffles.  
 
LES is conceptually different from the widely used turbulence models based on the Reynolds 
averaged Navier-Stokes (RANS) equations. In LES the flow is fully resolved in time and space 
down to a size of approximately the order of the Taylor micro scale. Only scales smaller than this, 
the sub-grid scales (SGS), require modelling. In this work the SGS terms are modelled implicitly 
through the truncation errors of momentum equations, i.e. these errors are used to represent energy 
transport from the resolved scales. The equations are solved on a Cartesian using a finite difference 
multi-grid code.  
 
The impellers are modelled by adding source terms to the momentum equations. The magnitude of 
these source terms is dependent on the local fluid velocity and they are recalculated in each time 
step. 
 
The calculations show large variation in concentration in the volume above the top impeller. The 
additive tends to accumulate near the tank centre line and is then dispersed in the radial and 
azimuthal by the top impeller. However, the impellers tend to inhibit the downward axial movement 
of the additive, causing high concentration variations in the axial direction.  

Figure 1. Instantaneous velocity and concentration at the mid-plane of the reactor. 
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In the recent years automated image analysis has provided a way to quantify morphology and, to a 
lesser extent, physiology, in the field of filamentous microorganisms (bacteria and fungi). They can 
exhibit very different morphological types: simple filaments, filament entanglements, pellets and be 
subject to differentiation phenomena. Due to the large industrial interest in those species they were 
the first ones to be studied from that point of view. The main drawback of the image analysis 
techniques is that they are used off-line, a sterile sampling system being necessary. They are 
generally judged to be too elaborate to be used in a plant environment. A continuous on-line 
monitoring of biomass using electrical capacitance would be preferred. However in the case of 
microrganisms such as filamentous bacteria, with a complex structure, there are still questions about 
the relationships between the biomass activity and quantity and the capacitance signal. 
 
Fed-batch cultures of Streptomyces ambofaciens have been performed in a fully instrumented (pH, 
dissolved oxygen, gas balances) bioreactor under various operation conditions. Samples were 
regularly taken for off-line characterization of biomass morphology [1] and physiology [2] by 
image analysis. The degree of entanglement of the filaments was calculated from images at low 
magnification (x400). The fraction of empty compartments, which can be related to the metabolic 
activity of the bacteria, was measured on images at high magnification (x1000). 
 
Simultaneously the electrical capacitance has been monitored, continuously and on-line, using a 
Bugmeter.  
 
Correlations between the different types of informations (on-line, off-line) have been considered 
and will be discussed. 
 
[1] Pichon, D., Vivier, H., Pons, M.N., Lounes, A., Lebrihi, A., Acta Stereol., 13, 215-220, 1994. 
[2] Drouin, J.F., Louvel, L., Vanhoutte, B., Vivier, H., Pons, M.N., Germain, P., Biotechnol. 

Techniques, 11, 11, 819-824, 1997. 
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Microbiologists and bioengineers have always been interested in looking at the morphology of 
microorganisms as a way to characterize the species that they were using. In the recent years 
automated image analysis has provided a way to quantify morphology. It is especially important in 
the field of filamentous microorganisms (bacteria and fungi), which can exhibit very different 
morphological types: simple filaments, filament entanglements, pellets. Due to the large industrial 
interest in those species they were the first ones to be studied from that point of view. 
 
There are two ways to characterize the various morphological types which can be observed in 
cultures of filamentous species: 
 1- a priori definition a few morphological types, with a few parameters enabling a binary 
discrimination between them: for example the presence of a pellet core will discriminate between 
pellets and non-pellets. The morphological descriptors can be different from one morphological 
type to another. The classification can be conducted simultaneously to the analysis of the image, 
with interference between them. 
 2- calculation of general morphological descriptors, with no interference with the image 
analysis procedure. This choice is particularly interesting when there is a large spectrum of 
morphological shapes: in such a case the a priori choice can be difficult and could be found 
erroneous in a later phase. The frequency distribution of each descriptor can be in itself a signature 
of the sample. Multivariate data analysis is useful used in a second phase to have a more clear view 
of the morphological distribution. 
 
This approach has been tested on two different types of microorganisms: Streptomyces ambofaciens 
[1] and Trichoderma reesei. The microroganisms are observed by optical microscopy after staining 
(Ziehl Fuchsin or Neutral Red). Images are captured by a video camera and analyzed using 
Visilog™5.1. The morphological characterization is mainly based on the number of intercepts and 
on the distance function particularities. Finally a principal component analysis of the obtained data 
is conducted. 
 
[1] Pichon, D., Vivier, H., Pons, M.N., Lounes, A., Lebrihi, A., Acta Stereol., 13, 215-220, 1994. 
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Stizolobium hassjoo (Leguminosae) hairy roots transformed by Agrobacterium rhizogenes A4 strain 
has L-DOPA content comparable to that of the original plant roots. To enhance L-DOPA 
production, basal B5 medium was serially diluted (3/2X, 1X, 2/3X, 1/3X, 1/4X, 1/8X, 1/12X) to 
examine the limits for experimental design. 211-6 fractional factorial design, steepest ascent method 
and central composite design were sequentially employed to shake flask cultivation systems. The 
enhancement of root biomass, L-DOPA content and L-DOPA volumetric yield were objective 
functions used through this media optimization work, thus obtaining the corresponding optimal 
media of one stage culture (GM, PM and GPM). When cultivating S. hassjoo hairy roots in GM, 
PM and GPM for 16 days, the dry weight of hairy roots, L-DOPA content, and L-DOPA volumetric 
yield obtained were 10.6 g/L, 10.8% dry wt. and 806 mg/L, respectively, which were 1.8, 2.2, and 
2.8 folds of control runs (basal B5 medium). A two stage process using media of GM and PM for 
the first and the second stages was tested (14 days and 6 days, respectively). After 20 days of 
culture, the L-DOPA content of the hairy roots reached 9.9% dry wt. The concentration of biomass 
increased up to 10.4 g dry wt. / L, and the volumetric yield was enhanced up to 1,040 mg/L. L-
DOPA volumetric productivity of the two stage culture from GM to PM was twice that of B5 to B5 
(control). However, L-DOPA volumetric productivity of GPM one stage culture was 50.4 mg / L / 
day, only 3.1% less than that of GM to PM two stage culture, and was much higher than 40 mg / L / 
day of GM and 32.5 mg / L / day of PM. Thus, one stage culture of GPM was regarded as an 
economic medium comparable to two stage culture for Stizolobium hassjoo hairy roots producing L-
DOPA.  
 
Based on the preliminary serial dilution experiments, an optimal L-DOPA content of 5% dry weight 
existed within the tested range between 3/2X and 1/4X, thus the middle value of 7/8X was 
determined to be a starting point for the optimization work. Through statistical experimental design 
as well as multiple regression analysis, medium composition of GM, PM, and GPM gained were 
seven-eighth strength of basal B5 formula with modified concentrations of specific ingredients. 
Among them, GM were sucrose, KNO3 and CuSO45H2O; PM were sucrose, (NH4)2SO4 and 
CuSO45H2O; GPM were sucrose, KNO3, (NH4)2SO4, and CuSO45H2O, respectively. 
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Molecular Modelling for the Study of Protein-Ligand Interaction and 
Ligand Design. Application to the Case of a Biomimetic Bifunctional 
Ligand for the Purification of Bovine Heart Lactate Dedydrogenase 
 
N. Labrou, E. Eliopoulos and Y. Clonis* 
Laboratory of Enzyme Technology, Department of Agricultural Biotechnology, Agricultural 
University of Athens, Iera Odos 75, GR 118 55 Athens, Greece (Fax: +30+1.529431 1, e-mail.. 
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Molecular modelling is becoming an important tool for ligand design and, thus, for affinity-based 
protein purification techniques [1-3]. In the present work we employed molecular modelling for 
predicting the mode of interaction between L-lactate dehydrogenase (LDH) and a synthetic dye 
which should function as a biomimetic bifunctional affinity ligand for LDH. The practical 
significance of this computational approach is demonstrated with the rapid purification of LDH 
from bovine heart by affinity chromatography, using the biomimetic bifunctional ligand 
immobilized on agarose. This new ligand [4] is an anthraquinone monochlorotriazinyl derivative 
comprising two moieties, (i) a ketocarboxyl biomimetic moiety linked on the monochlorotriazine 
ring, mimicking L-lactate, and (ii) an anthraquinone chromophore moiety, linked also on the 
monochlorotriazine ring, acting as pseudomimetic of the cofactor NAD. The positioning of the 
biomimetic bifunctional ligand in the enzyme binding site is primarily achieved by the recognition 
and positioning of the anthraquinone moiety. A match between the polar and hydrophobic regions 
of the enzyme binding site with those of the biomimetic moiety of the ligand is important. The 
length of the biomimetic moiety is predetermined for the ketoacid to approach the enzyme catalytic 
site and form charge-cha,rge interactions. The designed biomimetic dye-ligand and the commercial 
nonbiomimetic dye-ligand Cibacron blue 3GA (CB3GA), were immobilized on cross-linked 
agarose gel via the trizine ring. The two affinity adsorbents were evaluated for their purifying 
ability for LDH from different biological extracts. The biomimetic adsorbent exhibited 
approximately 2-fold higher purifying ability for LDH, compared to the CB3GA adsorbent, 
therefore, the former was integrated in the purification procedure of bovine heart LDH. The 
procedure is facile, comprising an anion-exchange chromatography step followed by the biomimetic 
affinity chromatography step (>50% overall recovery of LDH, 44-fold purification) [4]. The 
purified LDH shows a specific activity of 600 u/mg, a single band after SDS-polyacrylamide gel 
electrophoresis, and it is free of specific contaminants. Thus, it is potentially applicable to analytical 
purposes. 
 
[1] Labrou, N., Clonis, Y., J Biotechnol., 36, 95-119, 1994. 
[2] Labrou, N., Eliopoulos, E. and Clonis, Y., Biochem. J, 315, 695-703, 1996. 
[3] Li, R., Dowd., V., Stewart, D., Burton, S., Lowe, C, Nature Biotech., 16, 190-195, 1998.  
[4] Labrou, N., Eliopoulos, E. and Clonis, Y., Biotech. Bioeng., submitted. 
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Addition of Butyric Acid, as Oxygen-Vector 
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Oxygen supply is, usually, the bottleneck of several industrial aerobic fermentation processes. One 
way of increasing the oxygen transfer is the addition of an oxygen-vector to the broth, during 
fermentation time. 
 
Volumetric oxygen mass transfer coefficient, -KLa-, and oxygen uptake rate measurements have 
been used to quantify the oxygen accessibility to the cell suspensions, on the biological reactor 
assay. 
 
Butyric acid has been successfully used, as oxygen-vector at several concentrations (0.1-1%), to 
improve oxygen transfer rate in the fermentation media. In these conditions, the best results have 
been obtained with 0.1 % acid.  
 
In the present work the effect and toxicity of this oxygen-vector on the cell metabolism have also 
been studied. Yeast and plant cell fermentation's were performed in a 2-l stirred bioreactor, in order 
to study the lethal effect of this oxygen-vector on the cell suspensions. Butyric acid was, generally, 
added after 16 h of inoculation and was observed that respiratory rate of the yeast cells was not 
affected by the addition of this compound (OUR = 4.65 µM O2/l.min), in opposite to plant cell 
suspension that stops to breath immediately. 
 
It has been observed cell necrosis in plant cell suspension, after butyric acid addition.  
 
Yeast cells are resistant to this weak organic acid and possibly it is used as carbon source when the 
cells became starved. 
 
References: 
Tai-Hsing L., Yuh-Fan S., Chia-Hong H., Teh-Liang C. (1994). J. Chem. Eng. Japan 27 (2): 205-

210. 
Jia S., Wang M., Kahar P., Park Y., Okabe M. (1997). J. Ferm. Bioeng. 84 (2): 176-178. 
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Development of pharmaceutical fermentation processes is carried out mostly by trial and error 
procedures (i.e., very expensive and time consuming). The biochemical complexity of these 
processes and the unawareness of advanced monitoring techniques and of powerful methods for 
process diagnosis and supervision, are the main factors responsible for the prevailing empiricism.  
  
Faster Development of Fermentation Processes for the Pharmaceutical Industries (FASTERPROD) is 
a capacity building project for an industrial pharmaceutical pilot-plant [1]. The project objective is 
to achieve shorter development cycles of products of strategic value to CIPAN (Companhia 
Industrial Produtora de Antibióticos).  
 
The main project paradigms are:  
 
knowledge generation (R) 
a quantitative knowledge basis of the processes is systematically being built by: 

1. rigorously planned and controlled experiments, at several scales, with high sampling 
frequencies and monitoring of essential variables unavailable until now 

2. computation of physiological variables and a macroscopic analysis of the process with 
recent biochemical evidence on metabolic pathways and fluxes. 

 
effective use of knowledge (D) 
with modern tools for early process diagnosis and intelligent systems supervision: 
multivariate statistical methods and intelligent systems such as hybrid neural-networks 
which can take into account the complex interaction between process and operating variables with 
process productivity as well as the heuristic knowledge about the process. 
 
This communication summarises: process development in a modern pharmaceutical pilot-plant, 
monitoring techniques used in industrial fermentation processes, multivariate statistical process 
diagnostics of industrial antibiotic production processes and artificial neural networks - alternative 
approaches in modelling industrial fermentation processes.  
 
A description is thus made of the methods of FASTERPROD [1] demonstrating their general value to 
other biochemical and chemical process industries.  
 
 
[1] FASTERPROD,1997, http://alfa.ist.utl.pt/~qmenezes/fasterprod/.  
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Aqueous two phase systems containing two polymers is a mild separation method for biomolecules 
due to the high concentration of water (75-90%) in the phases. The phase systems have been further 
developed by introduction of thermoseparating polymers which make recycling of phase 
components possible. 
 
The polymers are hydroxypropyl starch (e.g. Reppal PES 200) and synthetic copolymers of 
ethylene oxide and propylene oxide (e.g. Breox 50A 1000). Random copolymers of ethylene oxide 
and propylene oxide are thermoseparating, i.e. at temperatures above the cloud point they phase 
separate and form a concentrated copolymer phase and a water phase almost free of copolymer. The 
recombinant pharmaceutical protein apolipoprotein A-1 was purified from E. coli fermentation 
solution. In a copolymer/starch aqueous two phase system apolipoprotein A-1 was extracted from 
E-coli contaminants into the copolymer phase. To improve the partitioning of amphiphilic 
apolipoprotein A-1 to the copolymer phase a non-ionic surfactant was added. The copolymer phase 
was removed after extraction, and temperature induced phase separation was performed. In the new 
two-phase system formed at thermoseparation the target protein was recovered in the water phase. 
Apolipoprotein A-1 was purified 7.2 times and the yield was 85% calculated from the E. coli 
fermentation extract. The copolymer and surfactant was obtained as a concentrated phase free from 
protein and could be recovered and reused in a new aqueous two-phase extraction. Extractions with 
recycled copolymer and surfactant, four recycle steps, were compared and no change in the 
recovery and purification factor for apolipoprotein A-1 was observed. The recovery of copolymer 
and surfactant after thermoseparation was 85-90% after each extraction. The DNA concentration 
was determined in the E. coli extract and in the water phase after thermoseparation showing a DNA 
removal of more than 1000 times. 
 
Very effective purification of wild-type apolipoprotein A-1 was obtained when the protein was 
purified from human plasma where it is present in low concentrations. A purification factor of 420 
and yield of 98 % was obtained when apolipoprotein A-1 was recovered in the water phase after 
thermoseparation of the copolymer Breox 50A 1000. 
 
The use of thermoseparating copolymers and low cost starch derivatives has improved the 
technique of aqueous two-phase partitioning and made primary recovery with this technique more 
cost efficient. The recycling of polymers has become possible with these systems, which is 
important for development of environmentally favourable downstream processes. 
 
Harris, P.A., Karlström, G. and Tjerneld, F., Bioseparation, 2, 237-246, 1991. 
Alred, P.A., Kozlowski, A., Harris, J.M. and Tjerneld, F. J. Chromatogr. A, 659 (1994) 289-298 
Johansson, H.-O., Lundh, G., Karlström, G., and F. Tjerneld, Biochim Biophys Acta, 1290, 289-298, 
1996. 
Persson, J., Nyström, L. Ageland, H. and Tjerneld, F., J. Chromatogr (in press) 
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In the pharmaceutical purification process of an insulin analog the capture step consist of a 
synthetic polymer based chromatographic resin, which is operated in reversed phase mode. The 
capture step is capable of isolating the insulin precursor from the fermentation broth to 
approximately 80 % purity. 
 
The effect of potential critical process parameters on various respons parameters (precursor 
concentration in eluate, yield, purity etc.) were investigated applying a statistical experimental 
design technique. 8 factors (flow rate during application, concentration of organic component in the 
washing phase, temperature during application etc.) each at two levels were chosen for this study, 
and the number of experiments were 16 according to a 28-4 fractional factorial design. Additionally 
three repetition runs at fixed levels of each factor were conducted in order to estimate the random 
error of the chromatographic process. The experiments were carried out in laboratory scale. The 
scaled-down model system was shown to be consistent with the production process by comparison 
of data from parallel runs. 
 
From the analysis of the data several quantitative connections between the process variables and the 
respons parameters can be derived. Critical process parameters can be identified, and as regards the 
non-critical process parameters the process may be assessed as being robust towards changes of 
these variables. Use of the data in a validation aspect will be discussed. 
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Heat inactivation of virus is an attractive non-invasive physical treatment for high value 
pharmaceutical proteins. A drawback is the limited resistance of proteins exposed to elevated 
temperatures for times up to several hours.  
In addition, efficient heat transfer is often difficult in larger volumes. In order to achieve an 
inactivation process that allows for appropriate validation temperature gradients must be overcome. 
As a technical solution, microwave technology provides high temperature short time (HTST) heat 
treatment of product fluids in a continuous flow at flow rates up to 80 l/h. Due to radiation 
microwave heating allows for a rapid heat transfer in a continuous flow. Sensitive products such as 
pharmaceutical proteins are exposed for 100-1000 ms to high temperatures, hold times at peak 
temperatures are reduced to 1-3 ms. Heat denaturation of the protein molecules does not occur even 
at temperatures far beyond the melting temperature determined by differential scanning calorimetry. 
This allows for the inactivation of virus while maintaining the integrity of the pharmaceutical 
product. Nevertheless there is a need to find optimal physico-chemical buffer conditions where the 
protein solution can be exposed to a maximum elevated temperature without increasing viral 
resistance. Protein precipitation is the first denaturing effect which can be observed: an appropriate 
selection of a respective carrier fluid (buffer) is demanding and might contribute significantly to 
expand the operational temperature range. 
Different buffer salts, salt molarities and pH-values were investigated with respect to their influence 
on protein solubility. The buffer components were selected regarding large scale manufacturing. 
Citrate buffer was identified to be superior to phosphate buffered saline (PBS), and provides a 
simple, inexpensive buffer system which significantly pronounced the recovery of protein 
monomers; a slightly acidic pH was favorable. 
 
Large protein molecules like immunoglobulins can be treated up to temperatures, which are 
destructive for small non-enveloped viruses, e.g. SV-40.  
Smaller protein molecules like tPA are feasible to temperatures which inactivate high resistant 
Parvovirus. 
However, the superiority of HTST microwave heating becomes mostly evident in comparison to 
conventional virus inactivation: even at "moderate" temperatures (<79°C) which are applicable to 
heat sensitive proteins, a broad range of viruses including large non-enveloped viruses eg. Reo3 is 
fully inactivated, i.e. a range of viruses which is not accessible by solvent/detergent-, acid/pH3.0-
3.9- or urea/3M- treatment. 
 
 [1] Charm S.E. et al., Vox Sanguinis; 62:12-20, 1992.  

[2] Walter J.K., Nothelfer F., Werz W., ACS Symposium Series,  
      Vol. “Validation of Biopharmaceutical Manufacturing Processes”, 1998 

[3] Walter J.K., Nothelfer F., Werz W., In: Bioseparation and Bioprocessing, Vol 1,  
      ed. G Subramanian, VCH Weinheim-New York-Basel-Cambridge-Tokyo, 1998 
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An aqueous two-phase system based on the two polymers poly(ethylene glycol) (PEG) with  
Mr = 8000 and dextran with Mr = 500,000 [1] has been used for the partitioning of enzymes present 
in the culture filtrate from a fermentation broth of Trichoderma reesei. The partitioning of β-
glucosidase was affected significantly by the concentration of phase-forming polymers, pH, and 
choice of salt while endoglucanase activity, measured by using CMC as substrate, was only slightly 
depending on these parameters.  

The β-glucosidase was separated from the cellulase activities (measured with CMC, filter paper and 
Avicel, respectively, as substrate) by using the two-phase system for a counter-current distribution 
process with 9 transfer steps. By using two-phase systems with a top to bottom volume ration of 8.5 
the cellulase activities were transferred with the upper phase and β-glucosidase remained in the 
stationary bottom phase. The recovery of β-glucosidase was 94 % with 4-5 times purification.  

A preparative extraction using three steps gave a three times washed lower phase with 26 % 
recoveries of the β-glucosidase and 2-fold purification relative to protein and 4-fold relative to the 
cellulase activity (filter paper units). The likewise washed upper phase contained 85 % of the 
original filter paper activity and 9 % of the β-glucosidase.  

For concentration [2] PEG and dextran can be added in dry form to the filtrate to form a system 
containing 25-30 % (w/w) PEG 8000 and a small amount of dextran complementary to form a small 
enzyme-collecting phase. The enzymes may in this way be concentrated 10-50 times in a few 
minutes and to a very low cost. 
 
[1] Walter, H., Johansson, G.; Brooks, D.E., Anal. Biochem. 197, 1-18, 1991. 
[2] Johansson, G.; Réczey, K., J. Chromatogr., in press, 1998. 
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The conventional alcoholic fermentation process is a typical inhibitory process, since the ethanol 
has negative effects on kinetics, decreasing both yield and productivity. Therefore, the ethanol 
extraction during fermentation is a powerful tool to enhance the process performance.  
 
In this work, a system consisted of a flash tank extractor coupled to a continuous single stage 
fermentor was proposed. In this system, the alcohol is partially extracted in order to maintain the 
ethanol concentration around 40 g.l-1 in the fermentor. The industrial practice shows that ethanol at 
this concentration level has a good antiseptic effect, therefore minimizing contamination. Moreover, 
the flash is operated at 300C, which eliminates the needs for heat exchangers at the fermentative 
stage, which greatly reduces investment and maintenance costs.  
 
A dynamic modelling was carried out taking into account the fermentation kinetic and industrial 
parameters, as well as mass and energy balances. The dynamic study led to the optimum operation 
condition which are: temperature of 33 ºC, ethanol concentration of 40 g l-1, residence time of 1.2 h, 
feed sugar concentration of 180 g l-1, 0.35 of cell recycling rate and 0.4 of flash recycling rate.  
 
The system operation was kept at high performance by a DMC-SISO (Dynamic Matrix Control-
Single Input/Single Output), having the feed flow rate as manipulated variable and the sugar 
concentration in the fermentor as controlled variable. In these conditions, the system achieved 99% 
of conversion and a productivity of about 23 g.l-1h-1. This is 3 times as high as the conventional 
continuous process productivity.  
 
These results show the potential of the proposed fermentation process, and the use of the DMC-
SISO control system to achieve high operational performance. 
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INTRODUCTION 

The drawbacks of using hemicellulosic wood hydrolysates for bioconversion are mainly caused by 
the presence of inhibitors of the microbial growth and fermentation. Among the physico-chemical 
and biological procedures studied for their removal, liquid extraction with organic solvents has 
shown potential for detoxifying Eucalyptus wood acid hydrolysates [1]. The extracted fraction, 
containing solubilized lignin-derived compounds produced during the hydrolysis of hemicelluloses, 
has the potential to be an excellent source of natural antioxidants.  

In this work the effects of the extraction of hemicellulosic hydrolysates with ethyl acetate on i) the 
fermentation efficiency, ii) the extent of the lignin-derived compounds removal and iii) the 
antioxidant activity of the extracted fraction were evaluated. 

 

MATERIALS AND METHODS 

Eucalyptus wood hydrolysates were prepared as previously reported [2]. 
Solvent extraction. Solvent extraction of hydrolysates was evaluated under different operational 
conditions using ethyl acetate. Removal of polyphenolic compounds from the hydrolysates, extract 
recovery and antioxidant activity of the extracted fraction were evaluated. 
Microorganisms. Debaryomyces hansenii NRRL Y-7426 was used. 
Fermentation. Two distinct culture media made from raw and detoxified hydrolysates were 
fermented in an orbital shaker at 30 °C, pH=6.5 and 200 rpm under microaerobiosis. 
Analytical methods. Xylose, glucose, xylitol, acetic acid and furfural were analysed by HPLC, 
using a Interaction Ion column, mobile phase 0.005 M H2SO4, flow rate 0.4 mL/min and IR and UV 
detection. Water-soluble lignin was semiquatitatively estimated by spectrophotometry. 
Antioxidant activity was determined by a spectrophotometric method as described by Miller et al. 
[3] and compared to that of BHT. 

RESULTS  

Raw hydrolysates were extracted with ethyl acetate at different pH values and liquid:liquid ratios, at 
10-30 °C for 1-60 min. The pH of hydrolysates during the liquid-liquid extraction affected both the 
amount and the antioxidant activity of the extracted fraction. Extracts with up to 65 % antioxidant 
activity of BHT were obtained from acidified hydrolysates extracted with ethyl acetate at 1/3 (v/v) 
liquid:liquid ratio. The fermentability of the hydrolysates by D. hansenii increased with increasing 
degree of the extract removal. 
 
REFERENCES 

[1] Parajó, J.C., Domínguez, H., Domínguez, J.M. Process Biochem., 32:599-604. 1997  
[2] Parajó, J.C., Vázquez, D., Alonso, J.L., Santos, V., Domínguez, H. Holz Roh Werkt., 51:101-108.1994 
[3] Miller, H. E. J. Am. Oil Chem. Soc., 45: 594. 1971  
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INTRODUCTION 

Increased biomass concentration resulted in both higher fermentation efficiency of hemicellulosic 
hydrolysates into xylitol and limed inhibition by toxic substances present in hydrolysates [1]. High 
cell densities can be achieved with immobilised systems, Ca-alginate being the most widely used 
support for this purpose due to both its fast gelification and mild immobilisation conditions [2]. 
Trivalent ions have been proposed and used with positive results as hardening agents with the aim 
of improving the mechanical strength of beads [2]. 

In this study the bioconversion of Eucalyptus wood hydrolysates by Debaryomyces hansenii cells 
immobilised in Ca-alginate beads was evaluated. In order to allow prolonged fermentation periods, 
hardening of beads with aluminium ions and utilisation of a concentrated gel, have been assayed as 
strategies for increasing bead strength. Under the immobilization condition selected in batch 
cultures, continuous cultures in a packed bed fermentor were performed. 
 
MATERIALS AND METHODS 

Eucalyptus wood hydrolysates were prepared as previously reported [1]. 
Immobilisation. As described in [2]. 
Microorganisms. The yeast used was Debaryomyces hansenii NRRL Y-7426. 
Fermentation. Culture media made from raw and from charcoal treated hydrolysates were 
fermented in an orbital shaker at 30 °C, pH=6.5 and 200 rpm under microaerobiosis. Continuous 
fermentation was carried out in a 180 mL packed fermentor. 
Analytical methods. As described in [1]. 
 
RESULTS  

Batch production of xylitol from wood hydrolysates was severely hindered when Ca-alginate beads 
were hardened with Al3+, even when cells were grown in hydrolysates treated with charcoal (which 
enhances bioconversion). Using media made from charcoal treated hydrolysates, higher 
concentrations of sodium alginate (in the range of 1-5% w/v) were used as a hardening alternative, 
the best results being obtained when working with 4% (w/v) Na-alginate. The continuous operation 
was stable for more than 2 months. 
 
REFERENCES 

[1] Parajó J.C., Domínguez, H. Domínguez, J.M 1997. Enzyme Microb Technol 21: 18-24. 
[2] Roca, E. Meinander, N., Hahn-Hägerdal, B.1996. Biotechnol Bioeng 51: 317-326. 
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Cheese whey is a problem of some concern to the cheese industry due to its high BOD 
(Biochemical Oxygen Demand) content, ranging from 35 to 60 g/L. In Portugal, one million liters 
of cheese whey are daily produced. The cheese whey is mainly composed by water, protein and 
lactose. The protein fraction can be removed by ultrafiltration and applied in the food industry while 
the lactose fraction obtained as permeate (corresponding to a lactose concentration of 50-60 g/L) 
can be used for ethanol production by fermentation. One of the most promising approaches in whey 
fermentation has been the development of ethanol as a beverage alcohol or as an alternative energy 
liquid fuel. The success of this process depends upon the development of a high productivity 
process for ethanol production. Among several alternatives, a continuous system with flocculating 
yeast cells is one of the most attractives. 
 
A flocculent Saccharomyces cerevisiae strain has been constructed so that it expresses both the 
LAC4 (coding for β-galactosidase) and LAC12 (coding for lactose permease) genes of 
Kluyveromyces marxianus. This recombinant strain is not only able of growing on lactose, but also 
of fermenting this substrate. This is the first time to our knowledge that a recombinant 
Saccharomyces cerevisiae ferments lactose in a way comparable to the existing lactose fermenting 
yeast strains. Moreover, the flocculating capacity of the strain used in this work presents several 
advantages concerning the process. On one hand, it allows for the operation in a continuous mode at 
high cell concentration, thus increasing system overall productivity. On the other hand, biomass 
concentration in the effluent is reduced, thus decreasing product separation/purification costs. 
 
Data on yeast fermentation and growth on a medium containing lactose as the only carbon source is 
presented. Continuous experiments were done in a 5,5 L airlift bioreactor. In the range of studied 
lactose concentrations (up to 100 g/L) total lactose consumption was observed with a conversion 
yield on ethanol close to the expected theoretical value. For the continuous operating bioreactor, an 
ethanol productivity of 12,5 g/L.h-1 (corresponding to a feed lactose concentration of 50 g/L and a 
dilution rate of 0,5 h-1) was obtained, which is 7 times larger than the continuous conventional 
systems. The system stability was confirmed by keeping it in operation for three months. 
 
Its our believe that this recombinant Saccharomyces cerevisiae strain is an interesting solution for 
the valorisation of lactose in cheese whey. 
 
 
Lucília Domingues was supported by a grant from Praxis XXI (BD/11306/97). 
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The growth of microogranisms on dairy waste has received considerable attention because of the 
possibility of producing single cell protein (SCP) for feed and simultaneous utilization of the waste 
which is a serious environmental nuisance. The economic efficiency of biomass production is 
known to be dependent on a number of values closely related to cell growth physiology. Oxygen 
and substrate requirements, as well as biomass yield, are some of the basic parameters that need to 
be considered in determining the feasibility of a fermentation process. They may only be estimated 
properly if material and energy balances can be applied to the bioprocess and the accuracy of the 
measurements can be tested. 

The regularities based on the "black box" assumption, i.e. one macro-chemical equation are a gross 
simplification which only holds as a first rough approximation. The application of mass and energy 
balances based on simple metabolic model have been developed by Krzystek et al. [1, 2]. In linear 
relations following from restrictions of the metabolic network the yield values are a function of the 
biochemical ATP and decarboxylation stoichiometry. Such approach leads to the proper process 
design and optimization which is of significant interest in economic use of industrial plants. 

This paper is an attempt to show the results of the application of the principles of simple metabolic 
model to aerobic growth of Kluyveromyces fragilis during the model dairy waste (whey) utilization. 
On the basis of measurements of metabolic rates, i.e. consumption rates (carbon substrate and 
oxygen) mass and energy balances were analysed by means of yield and maintenance coefficients. 
The analysis of the theoretical and real observed and true yield coefficients is presented in this 
study. A set of limitations imposed on true yields in the linear growth equation is established and 
the significance of the yields is also discussed. 

The experimental runs were performed in B.Brown fermenter (15 dm3 of operating capacity). The 
yeast Kluyveromyces fragilis was cultured in semi-synthetic medium containing lactose as a main 
carbon and energy source. 

The comparison between experimentally obtained yield coefficients and the real theoretical values 
is presented. Calculated true biomass and oxygen yield coefficients were closely correlated with the 
values from the balance analysis of stoichiometric equations. The specific maintenance 
requirements mATP was 0.045 mole ATP(C-mole DM⋅h)-1. Determination of the elemental 
composition of the biomass during the course of fermentation resulted in observations of the 
cellular C/N ratio changes. 
 

[1] Krzystek, L., Gluszcz, P., Ledakowicz, S., Chem. Eng. J., 62, 215-222, 1966. 
[2] Krzystek, L., Ledakowicz, S., J. Chem. Technol. Biotechnol., 71, 197-208, 1998.  
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Various techniques are available for the conversion of lignocellulosics to fuel ethanol. During the 
last decade processes based on enzymatic hydrolysis of cellulose has been investigated more 
extensively, showing good yield on both hard- and softwoods. A process based on enzymatic 
hydrolysis typically consists of pretreatment of the raw material, cellulase enzyme production, 
enzymatic hydrolysis of cellulose, conversion of glucose to ethanol in yeast fermentation, and 
ethanol refining. 
 
In our research on conversion of softwood to ethanol high pressure steam pretreatment was used. 
After chopping and sieving the wood chips were impregnated with 2.5 wt-% SO2, based on the 
moisture content of the wood, for 20 min and then subjected to steam pretreatment with saturated 
steam at 215°C for 5 min. The obtained slurry was filtered and the filtrate, comprising the 
hydrolyzed hemicellulose fraction of the raw material, was collected. The filtrate beside water 
soluble carbohydrates also contains inhibitory compounds, which are formed during the 
pretreatment. The filter cake, containing the cellulose and lignin fibers, was thoroughly washed with 
tap water. Both, the fibrous material (solid C-source) and the filtrate (liquid C-source) were used as 
C-source for cellulase production. Experiments were performed in shake flask cultures at 30°C and 
400 rpm for 7 days with daily pH adjustment. Samples were withdrawn once a day and were 
analyzed for cellulase activity (FPU), ß-glucosidase activity, and protein content. The solid C-
source and the liquid C-source were mixed together in different ratios at a total C-source 
concentration of 10 g/l. In total 5 mixing ratios were tested at three pH levels, pH 4.0, 5.0, and 6.0, 
respectively. 
 
By increasing the amount of soluble C-source the cellulase production increased, due to the 
increased amount of readily available sugars. However, a further increase of the soluble C-source 
resulted in a decreased cellulase production, presumably due to the increasing amount of inhibitors 
in the medium. The highest cellulase activities were obtained at pH 6.0, where by increasing the 
amount of soluble C-source from 0% to 20% the cellulase activity was increased from 0.494 
FPU/ml to 0.580 FPU/ml. To investigate what type of inhibitory compounds are responsible for the 
decrease in enzyme production, 90% of the filtrate was removed by vacuum evaporation. Thereby 
the effect of volatile and non-volatile inhibitors could be examined in separate ways. Both, the 
heavy fraction and the light fraction were diluted back to the original volume with water. The light 
fraction was supplemented with glucose to obtain the same sugar content as in the filtrate. These 
liquids then were mixed with solid C-source in the same way as the filtrate was. The evaluation of 
the results are ongoing. Detailed results will be presented at the meeting. 
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Recent years have seen a surge of interest in xylanolytic enzymes from microbial sources. Their 
role in hydrolysis of xylan is of significance in a variety of well documented industrial applications, 
namely the pulp and paper industry.  
 
Among a large variety of exoenymes synthesized by the bacilli the amylases and proteases are 
probably the most ubiquitous, but xylanases from various strains of Bacillus are also known1. A 
strain of Bacillus licheniformis isolated from a hot-spring (Azores, Portugal) revealed a good ability 
to hydrolyse xylan. To study the extracellular xylanolytic complex, a crude extract was obtained by 
fermentation at 18 hours, 50° C and 200 r.p.m. (late stationary phase).  
 
Production of enzymatic extract The Bacillus strain was cultivated in shake flasks in 50 ml of 
several growth medium. The culture was centrifuged at 11500 r.p.m. for 30 minutes and the 
supernatant was used as xylanolytic extract. The best growth conditions was observed in Luria-Bert 
ani medium, but the higher xylanolytic activity is detected on DXMM medium.  
 
Xylanase activity of crude extract was determined by measuring the release of reducing sugar from 
oat spelt xylan (1% w/v) in sodium phosphate buffer, 50 mM, pH 6 at 60°C, for 10 minutes by DNS 
method2. The xylanolytic activity was 4.16 U/ml.  
 
Adsorption studies The crude extract is composed mainly (1:4) of xylanases that are not provided 
with cellulose binding domains. On the other hand the ones that bind AVICEL, do it strongly. 
Subsequent washings with 0.1M Tris-HCl, pH 6, did not induce desorption at 4°C.  
 
Effect of temperature The crude enzymatic extract (comparison of LB and DXMM media) was 
incubated at standard conditions at pH 6. Temperature ranged from 30-90° C for 10 min, followed 
by standard procedures of sugar estimation. The results showed that optimum temperature was 
reached at 60°C (standard temperature for activity assays). The thermostability of the extracts was 

 hours. The enzymes excreted in LB have lower activity but high 
stability. That ones produced in DXMM are more instable, but significantly active on the substrate.  
Effect of pH The activity of the crude extract was studied at 60° C, in a pH range of 2 to 10, in 
adequate buffers. The optimum activity was reached at pH 6.  
 
Electrophoresis Native and SDS PAGE3, zymogram staining4 were performed. These procedures 
showed several activity bands with apparent molecular masses ranging from 300 to 50 kDa.  
The different type of xylanases were isolated and activities characterized for their importance in the 
application to the Paper and Pulp Industry.  
 
[1] Duarte, J. C. and Costa-Ferreira, M., FEMS Microbiol. Rev., 13, 377-386, 1994.  
[2] Miller, L.G., Anal.Chem. 31, 426-428, 1959.  
[3] Laemmli, U.K. Nature, 227, 680-685, 1970.  
[4] Sunna, A. and Antranikian, G, Appl. Microbiol. Biotechnol., 45, 671-676, 1996.  
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Xylose and xylitol have important properties like high sweetening power and low caloric value. 
Xylitol has been used by diabetics and obese people, as well as for caries control, since it is non-
cariogenic[1]. Xylitol is produced from xylose extracted from hemicellulose and hydrogenated by 
chemical or biotechnological means. Chemical hydrolysis of sugar cane bagasse hydrolysate was 
performed at 120° C for 20 min. using H2SO4. The hydrolysate was neutralized through weakly 
basic (OH-) with 100 cm3 ion exchange resins (Quickfit CR 32/40, 28 cm). The resin coflow was 
regenerated with NaOH and KOH (4%) and the exhaustion time was determined to constant pH. 
The characterization of the hydrolysate was made by determining the pH, conductivity, °B, 
phenolic compounds, xylose, glucose, arabinose, acetic acid and color ICUMSA. 
 
The best yield factor (11 ml hydrolysate/g resin) was attained using NAOH regenerated resins. The 
anion-exchange resins efficiently removed from the hydrolysate not only the color, but also the 
phenolic compounds and organic acids, which are strong inhibitors of the fermentation processes. 
This type of treatment did not affect the sugar content of the hydrolysate. The results suggest that 
using ion-exhange resins is a simple approach for the treatment of hydrolysates to be employed in 
fermentation processes. 
 
Acknowledgments: CNPq, FAPESP, CAPES 
  

[1] J. Pierre Londest et al. Chem. Eng. March 1995. V.38 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Products from Environmental Processes 
Posters 

 

254 

Influence of Phenolic Compounds on the Bioprocess of Xylitol 
Production by Candida guilliermondii 
 
P. Villa1, M.G.A. Felipe2, R.C.L. Rodríguez1, M. Vitolo3, E. Luis dos Reis2, S.S. Silva2, 
A.I. Nápoles1; I.M. Mancilha4 
1Cuban Research Institute on Sugarcane by Products. (ICIDCA) P. O. Box 4026, C. Habana, 
Cuba. 
2Department of Biotechnology. Faculty of Chemical Engineering, Lorena, São Paulo. 
(silvioss@fastnet.com.br)  
3University of São Paulo, São Paulo, Brazil. 
4Food Technology Department, University of Viçosa, M.G. Brazil  
 
Keywords: phenols; fermentation; Candida guilliermondii, inhibition; xylose.  
 
 
Phenolic compounds are toxic to most types of microorganisms, even at low concentrations. They 
are present in hemicellulosic hydrolysates and inhibit the conversion of xylose into xylitol by the 
yeast Candida guilliermondii. Xylitol is a polyalcohol of higth commercial value, due to its clinical 
applications [1]. This work investigate the effects of different concentrations of phenol (0, 0.1, 0.2, 
0.5, 1 and 4g/L) on the production of xylitol by Candida guilliermondii, in Erlenmeyer flasks 
containing 50 mL of xylose medium. The flasks were placed on orbital shaker at 200 rpm, 30 oC, 
for a 24-hour incubation. The initial biomass concentration was about 1 g/L. The results show the 
inhibitory effect of phenol in this bioprocess to obtain xylitol from xylose by Candida 
guilliermondii. The low concentration of phenol (0.1 g/L) did not show inhibitory effect in the 
xylose uptake rate, cell growth and on xylitol production. However the increase of phenol 
concentration produced a strong inhibitory effect. For this bioprocess aiming xylitol production 
from hemicellulosic hydrolysate is very important to remove or reduce the concentration of 
phenolic compounds present in it.  
 
Acknowledgments: CNPq, FAPESP, CAPES  
  
[1] Felipe, M.G A. J. Ind. Microbiol. Biotechnol. 18, 251-4, 1997. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Products from Environmental Processes 
Posters 

 

255 

A Preliminary Study on the Fractionation of Cellulases by Ion-Exchange 
Displacement Chromatography 
 
S.M. Abrantes and J.A. Queiroz* 
Departamento de Química, Unidade de Materiais Têxteis e Papeleiros, Universidade da Beira 
Interior, 6200 Covilhã, Portugal  
 
Keywords: Cellulases, Displacement chromatography  
 
 
Cellulose is the most abundant biological polymer on earth and it can be hydrolyzed to soluble 
sugars either chemically or enzymatically. Cellulases of fungal origin are very effective in cellulose 
hydrolysis and have been increasingly used in textile and paper industries. The Trichoderma reesei 
cellulase system consists of three general classes of enzymes: endo-1,4-β-D-glucanases (EC 
3.2.1.4), exo-1,4-β-D-glucanases (EC 3.2.1.91) and 1,4-β-D-glucosidases (EC 3.2.1.21) [1]. 
 
Ion-exchange chromatography is one of the most important methods of cellulases fractionation. The 
challenge in ion-exchange chromatography of proteins is to find a mobile phase which gives the 
maximum resolution. Displacers can also be successfully employed for improvement on protein 
purification in ion-exchange system. Displacement chromatography is performed in a similar 
manner to step-gradient chromatography, where the column is subjected to sequential step changes 
in the inlet conditions. Due to competitive adsorption, a displacement effect is generated in the 
column, which, ideally, separates the mixture into significantly concentrated, adjacent bands of pure 
components. In fact, displacement chromatography is a powerful separation technique due to the 
high resolving power and throughput associated with this process [2]. 
 

Most bioseparation problems involve the purification of a single bioproduct from a complex 
mixture. In this work, we examine the efficacy of ion-exchange displacement chromatography for 
the purification of complex cellulase systems. The first step on the fractionation procedure for the 
crude commercial preparation of T. reesei cellulases (Celluclast 1.5L) consists in a gel filtration on 
Sephadex G-25M. The cellulase active fractions were then pooled and fractionated by ion-exchange 
chromatography. In this presentation, the chromatographic behaviour of cellulases on Q-Sepharose 
Fast Flow is presented. The elution was achieved and compared by using continuous and stepwise 
ionic gradient, with sodium chloride. The application of dextran sulphate sodium salt as displacer 
on the elution of cellulases is also illustrated.  

 

[1] Jen, S.C. and Pinto, N.G., J. Chromatogr., 590, 3-15, 1992. 

[2] Béguin, P. and Aubert, J.-P., FEMS Microbiology Reviews, 13, 25-58, 1994. 
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Cellulose is an abundant material which has a great potential to be used more efficiently if it could 
be hydrolysed, either chemically or enzymatically, into useful products. This can be achieved by 
using the recognised cellulolytic activity of the Trichoderma reesei cellulase complex. T. reesei is 
one of the best characterized and widely studied producer of a stable extracellular cellulase complex 
capable of producing all the components of the complex and is able to convert quantitatively 
cellulose into glucose, which in turn can be converted to other valuable chemicals and energy. 

Microorganisms are very attractive as potential sources of enzymes because their cellular 
concentration can be induced or increased by many environmental modifiers (e.g. temperature, pH, 
O2 transfer, medium composition, growth rate, addition of surfactants and stage of growth) or 
genetic manipulation (e.g.induction, catabolite repression and gene cloning).  

In this work, the influence of different substrats for cellulase production by T. reesei Rut C-30 was 
examined. The T. reesei Rut C-30 is a mutant strain which produces cellulases more efficiently than 
a wild type T. reesei, and cellulase expression is not repressed by glucose to the same extent as in 
some others strains [1]. T. reesei Rut C-30 was grown on potato dextrose agar slants at 28ºC for 5 
days. Inocula were prepared by transferring the conidia to the medium TMM (Trichoderma minimal 
medium), and to the medium developed by Reese and Mandels [2], except that it was supplemented 
with 0.075% yeast extract (Difco). Glucose was used as carbon source. The T.reesei was then 
grown in flasks for 48h at 34ºC on a rotary shaker at 200 r.p.m. 10%(v/v) Inoculum concentration 
was used to initiate the cellulase production. The composition of production medium was the same 
as that for growth, except that was supplemented with specific substrates. All the fermentations 
were carried out in 250 ml erlenmeyer flasks containing 55 ml medium, for 5 days at 28ºC and 150 
r.p.m. During the cultivation, with the TMM medium, pH decreased from 4.4 to 2.5, although the 
optimal pH range for cellulase production was 5. With the medium developed by Reese, the pH 
value decreased from 4.4 to 3.5. 

Results obtained with different carbohydrates (cellulose derivatives, lactose, glucose and cellobiose) 
led to filter paper activities in the range 0.5-1 FPU/ml. The highest filter paper activities were 
obtained with Solka-Floc cellulose and with the medium developed by Reese and Mandels. 

 

[1] Ilmén, M., Thrane, C. and Penttilä, M., Mol. Gen. Genet., 251, 451, 1996. 

[2] Reese, T.E. and Mandels, M., Annu. Rep. Ferment. Proc., 7, 1, 1984. 
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Lignocellulosic materials can be hydrolysed to produce monosaccharides which can be fermented to 
ethanol with Saccaromyces cerevisiae. The ethanol can then be used as an environmentally friendly 
liquid fuel. However, during hydrolysis the produced monosaccharides xylose and glucose are 
partly further degraded to furfural and hydroxymethyl furfural, respectively. Furfural was reduced 
to furfuryl alcohol by S. cerevisiae with a yield of 0.974 mmol mmol-1 causing a lag-phase in cell 
growth. In the presence of 29 mM furfural the cell-mass yield on glucose decreased from 11.00 mg 
mmol-1 (0.061 g g-1) in a reference fermentation without furfural to 9.73 mg mmol-1 (0.054 g g-1) 
whereas the ethanol yield on glucose increased from 1.63 to 1.69 mmol mmol-1. No glycerol was 
excreted during furfural reduction, and the lag-phase in acetate production was extended from 1 
hour in the reference fermentation to 5 hours in the presence of furfural. Acetaldehyde and pyruvate 
were excreted during the furfural reduction phase. Cell growth and cell maintenance were 
proportional to glucose consumption during the entire fermentation, whereas the cellmass yield on 
produced ATP was low during furfural reduction. These observations indicated that furfural 
addition to a batch culture increased the proportion of non-replicating cells in the inoculum (causing 
inactivation of cell replication). The absence of glycerol production during furfural reduction 
suggested that furfural acted as an alternative redox sink oxidising excess NADH formed in 
biosynthesis. A mechanistic mathematical model was developed which accurately described the 
fermentation in the absence and presence of furfural. The model was based on the assumptions that 
i) furfural reduction to furfuryl alcohol by NADH dependent dehydrogenases had a higher priority 
than reduction of dihydroxyacetone phosphate to glycerol, and ii) furfural caused inactivation of 
cell replication. The effect of furfural on cell replication is discussed in relation to acetaldehyde 
formation. Inactivation of cell replication was modelled by considering two populations within the 
cell culture, both metabolically active but only one replicating. The kinetic description was 
developed as a tool to estimate transient fluxes of carbon, NADH/ NAD and ATP/ ADP. 
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Lignocellulosic materials are such an abundant and inexpensive resource that existing supplies 
could support the sustainable production of liquid transportation fuels. Xylose is the most abundant 
sugar in the hemicellulose (ca. 25% of dry weight) of hardwoods and crop residues, and it is the 
second only to glucose in natural abundance. Thus, the efficient utilization of the xylose component 
of hemicellulose offers the opportunity to significantly reduce the cost of bioethanol production. 
The yeast Saccharomyces cerevisiae, which is one of the most prominent ethanol producing 
organisms from hexose sugars, has the drawback that it is unable to utilize pentose sugars. 
 
Our laboratory has genetically engineered S. cerevisiae to utilize xylose by introducing the genes 
for xylose reductase (XR) and xylulose dehydrogenase (XDH) from Pichia stipitis. These enzymes 
catalyze the sequential reduction of xylose to xylitol and oxidation of xylitol to xylulose[1]. 
Although these strains could use xylose for growth and xylitol formation, ethanol production has 
been rather poor. A primary reason for this poor yield has been attributed to redox cofactor 
imbalance. All known XDH enzymes are specific for NAD, whereas all known XR enzymes are 
either specific for NADPH or have a preference for NADPH. Therefore, conversion of xylose to 
xylulose by this pathway results in the cellular pool of NADPH being converted to NADP and that 
of NAD being converted to NADH, after which further metabolism of xylose is greatly hindered. 
The NADH can be reoxidised under aerobic conditions, but this demands critical control of oxygen 
levels to maintain fermentative metabolism and ethanol production. 
 
Recently, we have constructed different recombinant xylose utilizing S. cerevisiae strains, which 
improve xylose utilization. The first This has been achieved by the simultaneous expression of an 
NADH-specific glutamate dehydrogenase (GDH2) together with the primary NADPH-specific 
glutamate dehydrogenase (GDH1) thus creating a dual enzyme “transhydrogenase cycle”. Improved 
xylose utilization and ethanol production rates we observed in batch and fed-batch cultivations 
when the GDH2 gene is overexpressed in a xylose utilizing S. cerevisiae. An additional 
improvement in xylose to ethanol conversion came about by cloning and overexpressing the 
endogenous enzyme xylulokinase (XK), that phosphorylates xylulose to xylulose 5-phosphate. 
 
[1] Walfridsson, M., J. Hallborn, M. Penttilä, S. Keränen and H.-H. B. 1995. Xylose-metabolizing 

Saccharomyces cerevisiae strains overexpressing the TKL1 and TAL1 genes encoding the 
pentose phosphate pathway enzymes transketolase and transaldolase. Appl Environ Microbiol 
61(12): 4184-90. 
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Several kinetic models for chemostat fermentations1 have been presented for different biologies or 
products. Process optimisation involves volumetric product productivities improvement2 that can be 
obtained by increasing both, product concentration and dilution rate. This goal can be easily 
attained if the chemostat can be coupled with a membrane cell recycle device. This allows to 
operate with high cell concentration cultures and high dilution rates without washout problems. In 
these type of processes improved productivities are attained but they are not proportional to cell 
concentrations increase. In fact, there is a large number of cells, but the objective is to have a large 
number of active cells3.  

For this type of fermentation processes only very few models4 have been presented. To try to 
evaluate kinetic differences in the behaviour of a culture in these two types of fermenters, a tubular 
microfiltration membrane cell recycle fermenter (CRF) and a chemostat (QF), some experimental 
work has been done with Lactobacillus rhamnosus.  

The same type of continuos fermentations have been run both in the chemostat (QF) and in the cell 
recycle fermenter (CRF) operated with membrane filtration but without cell retention. As similar 
results have been obtained a kinetic model for cell growth and product production was constructed 
considering product inhibition and Luedking Piret equation, usually used for lactic acid bacteria. 
The model parameters for this system were then used to predict the kinetic behaviour of continuous 
cell recycle fermentations with total cell retention. Unfortunately an experimental behaviour 
different from the predicted was found. This means that fermentations with total cell retention 
(attained cell concentrations above 120 g/L), can not be described using the parameters obtained 
without cell retention (attained cell concentrations below 5 g/L). 

From experimental results of a total cell retention fermentation, a kinetic model is proposed 
considering that specific cell growth rate is affected not only by product inhibition but also by cell 
concentration and taking into account the deviations to Luedking Piret equation. This model is able 
to describe other cell recycle fermentations under different experimental conditions. 
 
[1] Gonçalves,L.M.D., Xavier,bA.M.R.B., Almeida, J.S., Carrondo, M.J.T., Enzyme Mycrob. 

Technol. 13, 314-319, 1991. 
[2] Crespo, J.P.S.G., Carrondo,M.J.T., in: João G. Crespo and Karl W. Boddeker (eds), NATO ASI 

Series. Series E: Applied Sciences - vol. 272. Kluver Acad. Publish., Dordrecht, The 
Netherlands, 1994, pp.169-193. 

[3] Xavier,A.M.R.B., Crespo, J.P.S.G, and Carrondo, M.J.T. J.Chem. Tech. Biotechnol. 69, 203-
208, 1997. 

[4] Bibal, B., Vayssier,Y., Goma,G. Biotech. Bioeng. 37, 746-754, 1991. 
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In the metabolic engineering of microorganisms for higher yields and productivities, altered product 
fomation or altered substrate range, heterlogous genes are inserted and homologous genes may be 
overexpressed. The objective is often to obtain a higher metabolic flux through the desired pathway. 
However, this may be counteracted by the protein burden caused by the overproduction of one or 
several enzymes in the cell1. Protein burden results in a reduction in the specific growth rate of the 
organism and may also lower the biomass yield. 

In the present study Saccharomyces cerevisiae strains expressing the heterologous xylose 
metabolising genes xylose reductase (XR) and xylitol dehydrogenase (XDH), strains additionally 
overexpressing genes involved in pentose metabolism, such as transaldolase (TAL) and strains 
overexpressing several glycolytic and ethanologenic genes were compared with their respective 
host strains. Plasmid-containing strains, as well as integrants were studied. Batch cultivations were 
conducted in minimal media under anaerobic conditions. Some of the strains were also grown in 
rich medium and under aerobic conditions. Maximal specific growth rates and biomass yields were 
calculated. The differences in maximal specific growth rate between the engineered strains and the 
host strains were correlated with the relative increase in the amount of overproduced protein per 
total cell protein. The results were fitted to a model describing the effect of overexpression of a 
gene encoding a non-flux-controlling enzyme on specific growth rate1. 

The protein burden effect on growth and biomass yield arises, on a molecular level, from the 
production of the extra protein encoded by the artificially inserted genes, i.e. from the extra amino-
acid synthesis and the polymerisation of these amino acids to the product protein. These processes 
have implications for the energy and nitrogen demands and the redox balance of the cell. Future 
work entails the theoretical quantification of these demands, and a comparison with experimentally 
measured effects on growth. 
 

[1] Snoep, J.L., Yomano, L.P., Westerhoff, H.V. and Ingram, L.O., Microbiol, 141, 2329-2337, 
1995. 
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In order to overcome processing and economic drawbacks associated with kinetic and 
thermodynamic constraints (usually claimed to be typical of traditional configurations, where a 
reaction unit is followed by a downstream separation unit), integration of reaction and separation in 
one single step has been under scrutiny by many researchers in the last few years. 

It was the aim of this work to quantitatively address the kinetic and thermodynamic improvements 
which can be brought about by performing reaction and separation simultaneously instead of 
sequentially in the case of a unisubstrate/uniproduct reaction taking place in an ideal system. In 
order to do so, kinetic enhancement was evaluated via theoretical evolution of the molar fraction of 
product in both streams coming from either the separator (in series with the reactor) or from the 
integrated unit, whereas thermodynamic enhancement was ascertained via theoretical evolution of 
the overall Gibbs’ free energy in either configuration.  

It was found that the time required to achieve a predefined degree of conversion and separation is 
always lower for simultaneous than sequential reaction and separation. The molar fraction of 
product in the product-rich stream is always higher for the integrated unit except for high values of 
parameter φ (defined as the ratio of the time scale associated with chemical reaction to the time 
scale associated with mass transfer of reactant) and of the chemical equilibrium constant. 
Comparison of the thermodynamic behavior of both system configurations also indicates that high 
values of φ yield worse results when the integrated unit is used instead of the reactor/separator 
cascade because reactant is removed from the reacting system at a rate that is above that of the 
reaction rate itself. 
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Integration of reaction and separation steps has undergone fast progress because it provides a 
convenient way of alleviating kinetic and thermodynamic factors usually associated with the 
traditional sequential configuration (where reaction is followed by separation), which typically 
constrain the extent of chemical reactions and the purity of the products produced thereby. 
 
The aim of this work was to quantitatively address the difference in final recovery of a desired 
product when comparing the performance of an integrated operation unit and that of a sequential 
one, in the case of a unisubstrate/uniproduct reversible reaction occurring in a liquid phase that 
behaves as an ideal solution. In order to do so, the objective function was defined as the temperature 
at which the maximum recovery of product in the vapour phase (ζVyB) that is the outlet of the 
integrated unit or the separator (as appropriate). 
 
It was concluded that, (i) such optimum always occurs at lower (and economically feasible) 
temperatures in the case of the integrated unit, (ii) the equilibrium constant (Keq) plays an important 
role, (iii) an increase in Keq promotes a shift of such optimum to higher values, and (iv) the 
sequential configuration provides better results for very high values of Keq,. 
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There is an increased interest in the microbial production of lactic acid as a raw material for the 
synthesis of lactic acid polymers as biodegradable plastics. However, two factors limit the 
economical competitiveness of lactic acid production by microorganisms: lactic acid inhibition, 
which decreases both fermentation rate and the maximum lactic acid concentration, and the 
efficiency in the recovery of lactic acid. To minimise these effects, the production of lactic acid by 
extractive fermentation in aqueous two-phase systems (ATPS) was proposed: the bottom cell-rich 
phase is continuously recirculated while the product can continuously be removed from the top 
phase.  

A new family of polymer conjugates is proposed to overcome constraints in the applicability of 
aqueous two-phase systems for the recovery of lactic acid. Polyethylene glycol· polyethylenimine 
(PEI) conjugates and ethylene oxide propylene oxide(EOPO)· PEI conjugates were synthesized. 
Aqueous two-phase systems were generated when the conjugates were mixed with fractionated 
dextran or crude hydrolysed starch. With 2% phosphate buffer in the systems, phase diagrams with 
critical points of 3.9% EOPO· PEI-3.8% DEX and 3.5% EOPO· PEI-7.9% crude starch were 
obtained. Lactic acid partitioned to the top conjugate-rich phase of the new aqueous two-phase 
systems. In particular, the lactic acid partition coefficient was 2.1 in 10% EOPO· PEI-8% dextran 
systems containing 2% phosphate. In the same systems the partitioning of the lactic acid bacterium 
Lactococcus lactis subsp. lactis was 0.45. The precipitation temperature of 10% EOPO· PEI 
solutions titrated with lactic acid to pH 6, was 35 °C at 5% phosphate, and increased linearly to 63 
°C at 2% phosphate. The partitioning of propanoic, succinic and citric acids, and that of bovine 
serum albumin was also determined in the new aqueous two-phase systems. 

With the new conjugates, fermentation can be performed in an EOPO· PEI-starch ATPS. The 
fermentation broth is continuously pumped into a separator were the two phases are separated. The 
bottom phase is recirculated back into the fermentor while the conjugate-rich top phase is further 
processed to recover the EOPO· PEI conjugate by temperature-induced phase separation. 
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A continuous process for the efficient enzymatic production of mannitol was developed using 
recombinant mannitol dehydrogenase from Pseudomonas fluorescens overexpressed in Escherichia 
coli. Mannitol dehydrogenase was purified by metal chelate chromatography and could be isolated 
with a specific activity of 46 U/mg. The results of a kinetic characterization of the enzyme revealed 
Michaelis constants for the substrates fructose and NADH of 25mM and 0.15mM, respectively. In 
order to carry out the conversion from fructose to mannitol economically, a coenzyme regeneration 
systems using formate dehydrogenase for the regeneration of NADH was established. The reaction 
conditions for discontinuous enzymatic mannitol production have been studied and optimized in a 
batch reactor. 
For the continuous production of mannitol an enzyme membrane reactor with a charged 
ultrafiltration membrane was used. Due to the selective and almost complete retention of the native 
coenzyme, employing this membrane technology for coenzyme retention, a specific productivity of 
about 6 g mannitol per litre and day was maintained over a 150-h reaction time. When formate 
dehydrogenase (Candida boidinii) was used for simultaneous coenzyme regeneration, the 
downstream processing of the product has been simplified, because the regeneration reaction yields 
a volatile product. Hence, mannitol was crystallised directly from the reaction broth.  
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Escherichia coli is the most widely used prokaryotic system for the synthesis of heterologous 
proteins. This bacterium is well characterized in terms of genetics and physiology. Furthermore, its 
manipulation by recombinant DNA technology is well developed. The recombinant proteins thus 
produced have found a wide range of different applications, e. g., in the pharmaceutical industry or 
in food technology.  
In our study we used E.coli RM82 (pETR185), carrying a plasmid encoding mannitol 
dehydrogenase (MDH) from Pseudomonas fluorescens DSM 50106 under control of the tac 
promotor. A possible application of MDH is an enzymatic coenzyme-dependent process for the 
transformation of fructose to mannitol. Mannitol is an attractive sugar substitute, which at present is 
used in syrups as well as an inert sweet excipient. 
To study the growth of microorganisms, the use of a balanced, optimized medium is desirable. A 
defined medium is preferred over complex media when control of the specific growth rate is 
desired, because the limiting nutrient is known and balanced cell growth can be achieved.  
In this study we tested 18 organic and 5 inorganic nitrogen sources as well as 21 carbohydrates 
pertaining to growth of E. coli RM82. The inorganic nitrogen sources were best for growth as well 
as for high activity and yields of MDH after appropriate induction. Furthermore we found that 
fructose, mannose, trehalose, maltose, xylose, mannitol, sorbitol and glycerol were the best C-
sources for growth of E. coli RM82. Subsequently, the utilization of these C-sources was also 
investigated for E. coli JM109. Both strains differed significantly with respect to growth on selected 
subtrates.  
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Species of the genus Aspergillus are the most important group of microorganisms applied for the 
production of enzymes employed in the food and beverage industry. Furthermore, fungi are 
potential hosts for heterologous proteins production because they can secrete extracellularly high 
quantities of correctly folded proteins. Aspergillus oryzae and Aspergillus niger are particularly 
suitable for the production of commercial enzymes, as they have obtained the GRAS (Generally 
Recognised As Safe) status from FDA. However, from the engineering point of view, the design, 
operation and control of submerged cultivations envolving filamentous fungi remain a challenge. In 
order to maximize the productivity, the bioreactor is preferably operated at moderate to high 
biomass concentrations, causing the fermentation medium to be very viscous and with a non-
newtonian behavior. Problems of poor mixing, mass and heat transfer arise, usually the supply of 
oxygen to the cells becomes critical and the process has to be controlled closely to avoid oxygen 
limitation.  

In order to understand what happens to the metabolism, morphology, biomass formation and 
enzyme production when oxygen is the limiting nutrient, a series of continuous cultures was carried 
out in a high performance bioreactor at specific growth rates ranging from 0.06 to 0.20 h-1. The 
experimental set-up consists of a Braun bioreactor, with a working volume of 1.5 L; load cells for 
activation of the harvest pump; mass flow controllers for regulation of air and nitrogen flow rates as 
well as a gas analyser for measurement of oxygen and carbon dioxide concentrations in the exhaust 
gas. The bioreactor data were acquired on-line and monitored by the Shiva software, developed in 
cooperation with BIA, Slovenia. The influence of oxygen at different levels was studied by 
reducing the oxygen fraction in the inlet gas through mixing nitrogen into air, at constant total gas 
flow rate of 0.75 Ln/min. Moreover, to avoid that the oxygen effect on the process was biased by 
mixing and mass transfer problems, the biomass concentration was kept at a low value. 

The results revealed that the influence of oxygen limitation on the process depends on the specific 
growth rate. The maximum specific productivity for α-amylase is reached when the specific growth 
rate is about 0.15 h-1 (Dm). For specific growth rates below Dm, oxygen limitation takes place 
simultaneously on both biomass formation and enzyme production. For growth rates above Dm, a 
decoupling between the limitation on biomass formation and enzyme production is observed. 
Amylase production becomes more sensitive to the low levels of oxygen and decreases even though 
the biomass concentration remains constant.  

Based on the results, a model containing oxygen and glucose as limiting nutrients has been 
developed. The model can be further employed for optimization of feed rate profile in fed-batch 
cultures and for model based predictive control. 
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In primary protein recovery integrative operations -which tolerate particle-containing biological 
suspensions as feedstock- are advantageous; e.g., fluidized beds (EBA) of protein adsorbents allow 
solid material contained in the feed to pass freely in the interstitial volume. Using supports with a 
defined distribution in particle size (or density) a classification behaviour can be observed, which 
restricts the local mobility of the fluidized matrix thus reducing mixing. However, biomass 
containing broths - due to their complex properties- can be suspected to increase liquid phase 
mixing which in turn can impair sorption efficiency. 
In this work, we studied bed stability and hydrodynamics from residence time distribution (RTD) 
experiments, using pulse inputs of fluorescent molecules as tracers (e.g., Trp., Fluoresceine, 
Rhodamine). Different commercial, unmodified (Streamline AC) as well as ligand modified 
(Streamline DEAE, SP, Phenyl, Chelating) materials were tested in a home made column (2cm x 
1m), at various biomass concentrations (2.5 - 7.5 %, wet weigh) of whole (S. cereviseae) yeast. In 
order to evaluate RTD´s we have fitted the experimental transfer function to the theoretical transfer 
function of mathematical models (PD: axially dispersed plug flow; PDE: axially dispersed plug 
flow exchanging mass with stagnant zones) by non-linear regression and parameter estimation in 
the Laplace domain. 
Analyzing the RTD according to the PDE model allowed the calculation of 3 parameters: the 
number of transfer units for mass exchange between mobile and stagnant fraction (Nα), the Peclet 
number for overall axial dispersion (Pe), and the mobile fraction of the liquid in axially dispersed 
plug flow (α). In all the cases studied the normalized outlet signal (perfect impulse) under buffer 
irrigation conditions was symmetric and showed a good fitting to the PD model (Pe: 50-100). Upon 
application of suspended biomass the distributions were skewed, depending on the adsorbent type 
used and the level of biomass present in the sample. Distorted pulse response profiles resulted from 
channels and dead water zones in the fluidized bed, which can be described by the PDE model. In 
all the systems studied, calculated values for Nα decreased from 10-100 in the buffer system to a 
constant value in the rage 2.0 to 4.0 upon addition of biomass. Pe showed to be constant for AC, 
Phenyl and Chelating materials, but decreased from 100 (buffer) to near 30 (yeast 7,5%) for DEAE 
and SP materials. On the other hand, α values showed a strong dependence on both biomass 
concentration and matrix type decreasing from >0.80 to 0.40 for DEAE, from >0.99 to 0.92 for SP, 
from >0.95 to 0.67 for Phenyl, from > 0.90 to 0.70 for Chelating, and from >0.80 to 0.69 for AC 
materials, respectively. 
This results demonstrate that changes in the hydrodynamics of EBA takes place, already in the 
presence of moderate concentrations of biomass. Furthermore, those changes can be quantitatively 
described mainly in terms of the fraction of stagnant zones in the system, which are formed due to 
the interaction of biomass and adsorbent. The technique described here can be used to evaluate a 
certain combination of adsorbent and biomass with regard to its suitability for fluidized bed 
adsorption from whole broth. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Bioprocesses for Food Production 
Posters 

 

270 

Neural Network Based Modelling for Predictive Control of Bioprocesses  
 
A. Meszaros* and A. Rusnak  
Faculty of Chemical Technology, Slovak University of Technology in Bratislava 
(ameszaro@cvt.stuba.sk)  
 
Keywords: artificial neural network, predictive control, bioprocess  
 
 
The use of artificial neural networks (ANN) in model predictive control, which has been recognised 
as an effective tool for handling some of difficult control problems (see e.g. Fikar and Engell 1997), 
has recently attracted a great deal of attention, primarily because ANN appear to provide a 
convenient means for modelling complex, non-linear processes, at low cost. Herein, we present a 
new simple solution of deriving long-range predictive control based on ANN. The design of this 
solution is based on the training of a recurrent and a feedforward neural networks. The recurrent 
and the feedforward neural networks are respectively used as a multi-step predictor and for 
calculating the control signal (neural controller). They are trained using the backpropagation 
through the time (Werbos 1990) and stochastic approximation algorithms (Kiefer and Wolfowitz 
1952), respectively. The multi-layer feedforward ANN is trained so as to achieve the control 
objective. The main idea presented in this study concerns the use of stochastic recursive 
approximation techniques as learning tool for the design of neural networks controllers to solve 
both unconstrained and constrained predictive control problems. The control approach is general 
and does not depend on the structure of the control objective and the constraints.  
To demonstrate the performance and the feasibility of this approach we applied it to control a non-
linear SISO model of a continuous-flow, stirred biochemical reactor. This model, which describes 
the growth of Saccharomyces cerevisiae on glucose with continuous feeding, was adopted from 
Meszaros et al. 1995, in the presented dynamical structure. The dynamic model is derived from 
mass balance considerations.  
Both, constrained and unconstrained cases are considered, to control the dissolved oxygen 
concentration profile by manipulating the dilution rate, in the fermenter. The obtained results 
demonstrate a good feasibility of the control system.  
 
The authors wish to thank for financial support of the Scientific Grant Agency of the Slovak 
Republic under grants No. 1/5220/98 and 95/5195/198.  
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Continuous cultures of Saccharomyces cerevisiae, a budding yeast, will often exhibit spontaneous 
oscillations in virtually all measured parameters, e.g. CER, OUR, heat production, cell number and 
cell cycle phase. The mechanism by which these oscillations begin is not known, though if left 
unperturbed the oscillations will continue indefinitely. Oscillating cultures provide important 
information about cell cycle kinetics and may even be beneficial in the production of certain protein 
[1]. On the contrary, since oscillations occur spontaneously, they are often not desired.  
 
Various models have been proposed to explain spontaneous yeast oscillations [2,3] though none are 
completely satisfactory. Duboc [4] has recently proposed a segregated model based on a simplified 
population balance coupled to a mass balance. The model assumes that the daughter cells have a 
cell cycle period twice that of mother cells and that only a fraction of the adult cells bud every 
cycle. The aim of this work is to test the validity of this model through further experimentation and 
experimental methods, notably flow cytometery and cell number/size analysis. 
 
S. cerevisiae CBS 426 and CBS 8066 were grown in continuous culture on defined medium 
according to Duboc [4]. The bioreactor was a modified Mettler-Toledo RC1 calorimeter such that 
heat production was available as an on-line measurement. CO2,  O2, and ethanol were monitored by 
off-gas analysis, while biomass, glucose, and cell number/size were measured off-line. Experiments 
were conducted in a dilution rate range of 0.05-0.20 h-1. The closure of carbon, degree of reduction, 
and enthalpy balances assured a consistent data set. 
 
Predicted versus observed oscillation period are in agreement for all but two experiments at low 
dilution rate (0.080, 0.085 h-1). The observed oscillation periods (11.64, 11.30 h), as defined by a 
large jump in CO2 production, are approximately double the expected values. Cell cycle analysis of 
the 0.080 h-1 culture by flow cytometry revealed the presence of two cell cycles within one period. 
Transition of the cells from the G1 to the G2 phase occurs twice at a time equal to one half the 
oscillation period. Of these transitions, one commences at the start of the jump in the CO2 
production, as is traditionally reported. Conversely, the cell cycle analysis of a culture at a dilution 
rate of 0.083 h-1 and an oscillation period of 5.29 h revealed only one cell cycle. Thus it is shown 
that the population structure of an oscillating culture is not fixed but can assume at least two 
different forms. Work is currently being conducted to incorporate this supposition into a population 
balance model. 
 
[1] Hjortso, M.A., Can. J. Chem. Eng., 74, 612-620, 1996. 
[2] Strässle,C., Sonnleitner, B., Fiechter, A., J. Biotechnol., 7, 299-318, 1988. 
[3] Hjortso, M.A., Nielsen, J.A., Chem. Eng. Sci., 49, 1083-1095,1994. 
[4] Duboc, P., Ph.D. dissertation N° 1648, EPFL, Lausanne, Switzerland,1997. 
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The time-to-market of new developments is a key issue for competitiveness. In particular, in industries that 
are faced to frequently changing consumer demand, rapid scale -up from laboratory to industrial scale and 
flexible adaptation of production processes are of mayor importance. Consequently any technology involved 
must provide appropriate flexibility. In order to assure constant product quality, the maintenance of operating 
conditions and reproducibility, methods of advanced control are employed from laboratory up to industrial 
scale. Reposing on mathematical modelling these methods performed well especially in the context of 
discontinuous processes that exhibit non-linear and time-varying characteristics. Unfortunately modelling 
approaches like neural networks and extended Kalman filters cause considerable development overheads and 
lead to a specific application. This paper presents an approach for modelling and control of microbial growth 
which is intended to answer to the demands of food and pharmaceutical industry. It aims on providing a tool 
for process control that enables rapid implementation and high flexibility towards changing media, operating 
conditions and scale. Therefore process modelling is achieved in view of control: the process model gives 
just the information required for adequate control. It is therefore reduced to the representation of main 
system behaviour and only describes essential process features. Nevertheless, it has been elaborated on the 
basis of simplified biochemical reaction description. This gives the benefit that only a small number of 
model parameters have to be determined and in particular off-line measurements can be avoided. A model 
error compensation is implemented to cope with model mismatch. Furthermore this provides a certain degree 
of flexibility as far as minor changes to the process are concerned. Nevertheless auto-adaptive algorithms are 
introduced in order to provide on-line estimation of model parameters. Hereby the controller can be applied 
on control of several plants, possibly of different scale, and in particular different microbial strains can be 
controlled. 
The process model is then introduced into a predictive control algorithm. In general this algorithm involves a 
non-linear optimisation problem. Its resolution, in order to find the optimal future manipulated variable, 
requires intensive numerical calculations. In this work the mathematical structure of the future manipulated 
variable is pre-determined, depending on available process data, for example by a polynomial law. Thus only 
the parameters of the law have to be determined on-line by the control algorithm and the use of a numerical 
optimisation method can be avoided. This methodology is applied on control of fed-batch growth of 
Saccharomyces cerevisiae on an industrial pilot plant. The classical control strategy of yeast growth aims on 
supplying exactly the flow of sugar that maintains maximum productivity and at the same time prevents 
formation of ethanol. A different strategy is applied in the presented example, explicitly aiming on the 
formation of ethanol during yeast growth. A derived setpoint profile for ethanol concentration in the liquid 
holdup is imposed. In a final stage of culture growth the flow of sugar is decreased in such a way that sugar 
and ethanol are oxidised simultaneously, leading to entire reconsumption of ethanol at the end of culture 
growth. 
The experimental results, obtained with different strains of Saccharomyces cerevisiae (without controller re-
configuration), show that control is very well achieved for a wide range of system state evolution. Due to 
model mismatch a maximum control error of 3% is observed. Model error compensation deals out to be quite 
efficient, reducing the control error to 0.02%. The auto-adaptive algorithm for on-line estimation of model 
parameters is currently under examination on the industrial pilot plant. The proposed approach shows the 
desired flexibility on control of different microbial strains. Furthermore, due to controller internal 
supervision routines that for example determine on-line the appropriate setpoint profile, the implemented 
control-software contributes to further process automation and will serve for the transfer of optimisation 
strategies to industrial operations. 
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Hybrid modeling is a very promising technique for supporting bioprocess optimization, supervision 
and control. With hybrid modeling it is possible to activate all the relevant sources of a priori 
knowledge in a process model, thus enhancing the accuracy of process description. In the present 
work we discuss a general framework for developing hybrid models based on hybrid model 
networks structures. The conceptual basis of this method is the arrangement of the modules of the 
hybrid model in the form of a network. Thus, a hybrid network is a computational structure 
consisting of a network of computational nodes, which represent process knowledge at different 
levels of sophistication. 

There are several advantages of hybrid model networks with respect to other modeling approaches. 
The first one is its network structure. Different kinds of knowledge about different parts of the 
process can be represented and integrated in a most flexible way by means of a network of modules, 
that are capable of representing knowledge at different levels of sophistication. The network 
structure is further very flexible in putting together various algorithms such as control systems, state 
estimators and parameter estimators. It is well-known that such a modularization of a process model 
immediately enhances the transparency of the model and as such helps to avoid errors. An essential 
advantage is that such a structure simplifies the practical modeling work by allowing to make use of 
predefined software modules that need to be adapted only slightly to fit into the model. 

The other relevant reason is that hybrid networks, like other network-like structures, belong to the 
class of ordered systems to which the techniques of forward propagation and error backpropagation 
can be applied. As such, the learning methods based on error backpropagation, which are most 
popular for neural networks applications, can also be applied to hybrid model networks. Notice that 
an artificial neural network is viewed as a particular module in the hybrid model network, in the 
same way as the sigmoid function is viewed as a particular node in the artificial neural network. 
Hybrid model networks for biochemical processes are often of considerable complexity. Such 
models contain many parameters. Consequently, a considerable amount of data is required to 
identify the model parameters. In such cases, computing time becomes an issue. The application of 
optimization algorithms employing gradient-based estimates obtained by the error backpropagation 
technique, proved to reduce significantly the computation time for parameter identification of 
hybrid model networks. 

Two applications serve to demonstrate the advantage of the concept of hybrid networks: (i) biomass 
estimation, (ii) open-loop optimization. In the first example an hybrid network is developed for 
biomass estimation in a baker’s yeast cultivation process. In the second example an hybrid network 
is used to support a feeding strategy optimization, with the objective of maximizing the rate of yeast 
production in a baker's yeast cultivation process.  
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Cutinase activity and stablity has been investigated in reversed micellar systems to optimise the 
desired process. To achieve the balanced conditions that led to high activities maintaining the 
folded structure of cutinase, a 2(5-1) factorial design was planned and further expanded to a central 
composite design. The factors studied were: pH, buffer molarity, water percentage, AOT and 
hexanol concentrations. Their effects and interactions were determined and AOT/hexanol and 
AOT/water (W0) revealed to be the most significant. 
 
Structural studies of the encapsulated enzyme were performed with Circular Dichroism (CD) 
Spectroscopy in the near-UV range. Conditions of the reversed micellar system were selected based 
on the parameters assigned in the factorial design above mentioned. Our aim was to relate the 
enzymatic activity profiles obtained with the tertiary structure changes observed with CD 
spectroscopy for the enzyme in each situation.Therefore, analysis were performed on reversed 
micellar systems with increasing water:enzyme ratios (maintaining surfactant content constant at 
150mM, 1-hexanol at 400mM and enzyme at 0.3mg/ml) and for increasing surfactant:enzyme ratios 
(maintaining water content fixed at 1.08% v:v, 1-hexanol at 400mM and enzyme at 0.3mg/ml). 

For the lowest W0 (2.7) used, the effect of co-surfactant concentration on thermostability was 
studied, revealing a strong influence of the alcohol on the enzyme’s half-life times. At this W0 two 
experimental conditions (100mM and 400mM hexanol) were selected for monitoring the time 
dependence of structure loss of the enzyme when incubated at 30ºC, using CD spectroscopy. 
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Recombinant cutinase was microencapsulated in AOT/isooctane reversed micelles to catalyse the 
transesterification of butyl acetate with hexanol. The alcohol in the system has a multiple function 
and besides its role as substrate it acts also as a co-surfactant and strongly improves cutinase 
stability. 

Concentrations of substrate up to 300 mM lead to reaction velocities that do not follow the 
Michaelis Menten kinetics. Nevertheless, the deviation was overcome by calculating an 
effectiveness factor which was related with substrate concentration.  

At first sight this could be a consequence of diffusional effects before an equilibrium was reached. 
However, an analogous effect of substrate “deficiency” was observed while performing 
thermostability assays, when there was enough time to diffusion occur. Therefore, it seems that the 
substrate is retained elsewhere and does not distribute equally by all the micellar components. 

To describe quantitatively the distribution of hexanol a model was developed based on the molar 
volumes and partition coefficients. It was assumed that hexanol would be accessed by cutinase 
either if it is in the water pool or in the surfactant layer (micellar) since the micelles are very small 
and resized upon protein microencapsulation. 

The integrated model takes into account the partitioning, the adsorption to AOT hydrocarbon tails 
and the effectiveness factors calculated to model the kinetic experiments. Therefore, it defines the 
reversed micelles composition and integrates the process globally with the maximum data. 
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A reversed micellar membrane bioreactor (MBR) was used to perform the alcoholysis of butyl 
acetate with hexanol, catalysed by recombinant cutinase. The experimental set-up included a 
recirculation vessel, two pumps, a reservoir and an ultrafiltration module comprising a tubular 
ceramic membrane Carbosep from Rhone Poulenc. The membrane with 15 000 cut-off was 
constituted by a carbon support recovered by a zirconium layer, and was proved to be resistant to 
organic solvents and drastic pH conditions. 

Transmission experiments were carried out to evaluate the concentrations of substrates, products, 
water, surfactant (AOT) and protein in both sides of the membrane and determine rejection 
coefficients. The MBR was operated in a total recirculation mode, for 24 hours, before continuous 
operation was started, allowing simultaneously a complete retention of cutinase. The system 
characteristics were well maintained without any change on water to surfactant ratio (W0) or 
preferential retention of AOT. This also applies for products that despite their initial membrane 
rejection reach equal concentrations in both sides of the membrane after few hours. 

Cutinase performance in the MBR in a total recirculation mode (Q=1080 ml/min) was compared 
with the progression curves obtained in a batch stirred tank reactor (BSTR), being the results very 
similar. 

The influence of the flow rate on the conversion degree was evaluated and by increasing the 
residence time, 80% conversion was experimentally obtained. The continuous MBR was 
successfully modelled assuming a CSTR behaviour, using the conversion at equilibrium (Xe). 

The MBR was continuously operated for five weeks maintaining a level of 60% conversion, leading 
to an estimated half-life of approximately two years. These results overcome the inactivation that 
enzymes are frequently subject under continuous operational conditions, therefore giving relevance 
for the potential applications of cutinase. 

A significant advance has been made improving cutinase stabilisation whereas high conversion 
yields were achieved. 
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Research on the metabolic fluxes at the pyruvate branching point is of academic as well as 
industrial interest: a detailed knowledge in that respect is a prerequisite to prevent the formation of 
undesired “byproducts” ethanol, acetate and acetaldehyde in traditional bakers’ yeast production as 
well as in “modern” heterologous protein expression. The three main enzymes operating at this 
branching point are pyruvate decarboxylase, the pyruvate-dehydrogenase complex, and pyruvate 
carboxylase. While the first two are considered “catabolic” enzymes, the latter is an “anabolic” 
enzyme, replenishing the TCA cycle for biosynthetic precursors. 
To channel the metabolic flux away from pyruvate decarboxylase into the “pyruvate bypass” we 
studied the effect of the over-expression of pyruvate carboxylase and of a heterologous 
phosphoenolpyruvate carboxylase (from E. coli, kindly obtained from C. Gancedo). 
For this approach the Yeast PYC2 gene and the E. coli PPC gene were expressed under the control 
of the PYC2 and the constitutive Yeast ADH1-promoter in a highcopy 2 my vector. This led to a 4-
fold increase for PYC2 and expression of about 400 mU/mg protein for PPC. Pulse and step 
experiments in carbon-limited chemostat culture were performed and effects on fluxes into the 
pyruvate bypass were determined. Both PYC2 and the PPC overexpression lead to a diminished 
flux into the pyruvate bypass. 
 
Work on pyruvate metabolism forms part of the EC Framework IV project "From gene to product in 
yeast - a quantitative approach". 
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The yeast Candida cylindracea CBS 6330 grown on olive oil, as the only carbon source, produces 
extracellular lipase. The first step of olive oil utilization by the cells is its "in vitro" hydrolysis releasing fatty 
acids and glycerol thus enabling their penetration into the cells. 
Our work was aimed in mathematics modeling the olive oil enzymatic hydrolysis during a batch cultivation 
process. 
 

As the lipid hydrolysis is catalyzed by lipase molecules adsorbed on the surface of lipid droplets, the reaction 
rate is linked more directly to the overall droplet surface area (DSA) than to the lipid concentration. 
Two kinetic models were derived from Michaelis-Menten equation including two different assumptions 
about the influence of the DSA on the reaction rate: 
1. Droplet diameter is constant during the hydrolysis (the interfacial area is proportional to the oil 

concentration). 
2. Droplet diameter decreases progressively as a result of the oil consumption during the enzymatic reaction 

(the interfacial area is proportional to the cube root of squared oil concentration). 
 

The lipase production was included to the models taking the maximal reaction rate as a function of time. 
The comparison of the experimental data with the calculated data is introduced in Fig.1. While both models 
described well the experimental data in the first twenty hours of the batch cultivation (Fig. 1A), at the end of 
batch cultivation the model 2 provided better results (Fig. 1B). 
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Figure 1: Comparison of two kinetic models describing the oil hydrolysis during the lipase production by C. 

cylindracea. Dash line: droplet diameter is constant. Solid line: droplet diameter is not constant. cst is experimental 
olive oil concentration (n), cet is experimental extracellular lipase concentration (∆). A: whole batch cultivation. B: last 

14 hours of cultivation. 
 
Conclusion 
Model 2 which considering a progressive decrease of droplet diameter due to the substrate consumption 
fitted well the experimental data during the whole batch cultivation process. Model 1 was rejected due to 
higher discrepancies between the model and experimental data after 20th hours of cultivation when the lipid 
concentration was approaching to zero. 
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Gel entrapment is widely used for biocatalyst immobilization and by this technique a 3 - 
dimensional network is formed around the biocatalyst. The biocatalyst itself does not react with the 
network. This network can be made by polymerization of monomers (eg acrylamide), or by gelation 
of prepolimers (eg alginate). 
 
It has been studied proteolytic activity of immobilized enzymatic extract from C. cardunculus cells 
suspension and tested entrapment in various matrices, like agar, gelatine, polyacrylamide and 
alginate. 
 
The best proteolytic activity was obtained successfully with the entrapment in polyacrylamide 
compared with the enzymatic extract. 
 
The highest lost of activity was obtained with entrapment in gelatine. 
 
Finally, the variation of proteolytic activity of Cynara cardunculus enzymatic extract with time is 
discussed, while it was incubated at low temperatures. It was concluded, that there ocurred 
enzymatic activity lost when the extract was incubated at 4 ºC. 
 
 
Acknowledgements: This work was financed by Praxis XXI / 2 / 2.1 / BIO / 1083 / 95 
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Threonine or homoserine limitation in carbon source excess conditions was observed as a frequent 
reason of disbalance between energy generation and utilization in lysine producing Brevibacterium 
flavum cells. The main mechanisms which led to energy spillage and balance energy production 
with its utilization observed in these bacteria were as follows: 
- Decrease of main electron transport chain activity, increase of NADH.H+ oxidation in alternative 
pathways without ATP production (‘’cyanide resistant respiration’’, Toma et al., 1984); 
- Decrease of TCA cycle enzyme activity (test: aconitase activity); 
- Changes in glucose transport activity and others. 
As it was observed (glucose pulse addition) only bacteria with good electron transport chain and 
Krebs cycle activity, e.g. ‘’respirating cells’’ were able to balance energy generation and utilization 
in cells at the conditions of excess ATP production. 
 

A sharp increase of energy generation was observed to be a reason of decrease of both RNA 
concentration in the cells and the bacterial growth rate. It was postulated that catabolite repression 
in these bacteria was glucose catabolite (ATP, glucose-6-phosphate or other) but not glucose 
controlled. This repression was partly overcame (oxygen consumption rate and aconitase activity 
increased sharply) after decrease of ATP generation in cells in presence of electron transport 
inhibitors or uncouplers, or increase of RNA synthesis in bacterial cells. 
 

All these mechanisms observed were associated with extensive changes of sugar transport and 
metabolism enzyme activity, as well as with changes of intracellular concentrations of metabolites 
requested for lysine synthesis. 
 

At the conditions of increased energy generation (test: electron transport chain activity (ETCA), 
controlled by artificial electron acceptor 2,3,5-triphenyltetrazolium chloride), increased bacterial 
growth rate, as well as increased intracellular lysine concentrations but comparatively low lysine 
extracellular accumulation (g lys/g cells.h) were observed. Increase of lysine extracellular 
accumulation activity was observed after decrease of ETCA in one half from its maximum. Due to 
the fact that lysine intracellular concentration in these conditions was decreased, but total quantity 
of lysine synthesized by bacteria increased, this effect was explained as an increase of lysine export 
activity. 
 

Hence decrease of ATP generation rate in Br.flavum cells lower its maximum seems to be an 
essential parameter to increase lysine export activity from bacterial cells. 
 
Toma M., Shvinka J., Ruklisha M. Applied Biochemistry and Microbiology 20, 1, 95-100, 1984. 
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The partitioning of pure Fusarium solani pisi recombinant cutinase in aqueous two-phase systems 
using of thermopolymers was studied. The systems were composed by a random copolymer of 
ethylene oxide (EO) and propylene oxide (PO), EO/PO 50/50 (%w/w) – Breox, which is the upper 
phase rich polymer and Reppal PES 100 an hydroxypropyl starch, forming the lower phase rich 
polymer. Reppal is considerably less expensive than dextran, but is highly polydisperse and little 
pure. The thermoseparating random copolymers solutions lead to two macroscopic phases when 
heated above a certain temperature, one which is concentrated in the thermopolymer and the other is 
diluted. This property of the polymer gives the possibility of polymer recycling, which can be an 
advantage since the polymers’ cost is often a limitation to the industrial application of the liquid-
liquid extraction with aqueous two-phase systems.  

The effect of several salts (electrostatic interactions), surfactants (hydrophobic interactions), the 
system pH value and the tie-line length, on cutinase partitioning was studied. The phase diagrams of 
the systems composed of Breox, Reppal and sodium laureate were determined. 

The partition of cutinase was enhanced by the addition of surfactants to the system. The most 
effective surfactants were sodium laureate at pH 9 and the mixed micelles of SDS and Tween 20 at 
pH 5. Partition coefficients of around 10 were obtained. 

The addition of sodium laureate to the system changed significantly the two-phase diagram. The 
binodal was deviated to lower polymer concentrations, enabling a two-phase system with only 6% 
(w/w) of either polymers.  
The addition of salts was ineffective, due to the fact that cutinase is weakly charged. Best results 
were obtained at pH 4 with 100 mM NaClO4. The partition coefficient was 2.5 and the yield in the 
Breox rich phase was 81% for a volume ratio of 1. 
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Amylosucrase is a glucosyltransferase (EC 2.4.1.4) which utilizes sucrose as sole energy source to 
catalyze the transfer of α-D-glucopyranosyl units onto a glucan primer and synthesizes amylose-
like polysaccharide. It could thus be efficiently used to elongate polysaccharides through the 
synthesis of α-1,4 glucosidic linkage [1, 2]. 
 
Amylosucrase gene from N. polysaccharea was cloned and expressed in E.coli. A fusion protein 
Glutathion-S-Transferase/Amylosucrase was then constructed. It was further purified by affinity 
chromatography between fusion protein and Glutathione-Sepharose-4-B. The pure protein has a 
molecular mass of 70 kDa that corresponds to the molecular mass deduced from its sequence and an 
isoelectric point of 4.9 that is also in accord with the predicted pI. 
 
Reactions in the presence of glycogen primer and sucrose were then carried out. Glycogen exerts an 
activating effect on sucrose consumption depending on its concentration. By using a ratio 
Sucrose/Glycogen primer of 50 (w/w), it was possible to elongate some initial branched chain of 
glycogen to produce an insoluble polysaccharide. Debranching of the polymer produced (using 
debranching enzyme), absorption spectrum of the glucan iodine complex and molecular weight 
analysis suggested that the produced glucan is composed of the initial glycogen core having some 
branchings elongated on average by 75 glucose units. The effect of Sucrose/Glycogen primer ratio 
on chain elongation and structure of product was furhther investigated. 
 
[1] Okada, G. and Hehre E.J., J. Biol. Chem., 249, 126-135, 1974. 
[2] Remaud-Simeon M., Albaret F., Canard B., Varlet I., Colonna P., Willemot R.M. and Monsan 

P, Progress Biotechnology, 10, 313-320, 1995. 
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With electronic noses, real-time non-invasive monitoring of bioprocesses is possible. Electronic 
noses measure the emission from a cultivation in the gas phase, e.g. in the off-gas or headspace of 
the bioreactor. In this emission, important information about the cellular state is confined and by 
analysing the electronic nose response, the information can, if correctly interpreted, be conceived. 
The electronic nose is composed of an arrays of sensors, more or less sensitive to the different 
components in the emission. The response pattern produced by the sensor array can, at successful 
circumstances, be correlated to important process state variables. Using pattern recognition 
techniques, such as artificial neural networks (ANN), partial least square (PLS) or principle 
component analysis (PCA), the state variables can accurately be predicted on-line during process 
operation.  
 
In this presentation we review our latest finding on the use of electronic noses for bioprocess 
monitoring. We show predictions of biomass, glucose, ethanol, acetate, acetaldehyde and glycerol 
in cultivations of Escherichia coli, Saccharomyces cerevisiae and Candida utilis based on ANN 
training of electronic nose data [3-6]. We also present another way of using the electronic nose data; 
the generation of PCA time trajectories with which state transitions of the culture can be visualised 
continuously. With this technique, different critical process states can be recognised from the sensor 
array patterns, for example, infections can be alarmed, on-set of product formation indicated and 
growth phases identified. Examples will be given from human growth hormone production in 
recombinant E. coli, Factor VIII production in recombinant CHO cells and Baker´s yeast 
manufacture [1,2,7]. Future possibilities with electronic noses, their fusion with other multisensors 
and their potential use in feedback control will be commented on as well. 
 

[1] Mandenius, C.F., Eklöv, T., Lundström, I., Biotechnol. Bioeng., 55, 427-438, 1997 
[2] Mandenius, C.F., Hagman, A., Dunås, F., Sundgren, H., Lundström, I, Biosens. Bioel., 13, 193-

199, 1998 
[3] Bachinger, T., Mårtensson, P., Mandenius, C.F., J. Biotechnol., in press 
[4] Lidén, H., Mandenius, C.F., Gorton, L., Meinander, N.Q., Lundström, I., Winquist, F., Anal. 

Chim. Acta, in press 
[5] Bachinger, T., Lidén, H., Mårtensson, P., Mandenius, C.F., Seminars Food Analysis, 3, in press 
[6] Lidén, H., Bachinger, T., Gorton, L., Mandenius, C.F., submitted 
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The use of enzymes at low temperatures has great potential in pharmaceutical, food, 
detergents and many other applications, particularly in terms of lower energy costs, therapeutic 
applications and to lower microbial contamination in indusrial processes. Low temperature 
proteases (cryophilic -or psycrophilic- proteases) are of particular interest to be used in detergents 
and as wound debriding agents. For several years there has been an intensive search for efficient 
proteases that have high activity at low temperatures to be used in detergents. Marine sources, that 
carry out their metabolism and digestion at very low temperatures, are particularly suitable for the 
identification of such enzymes. At present we are carrying out the extraction, purification, 
characterization and cloning of cryophilic proteases (and other hydrolases) from Antartic Krill, that 
normally lives in the sea at temperatures near O ºC. 

 
For the isolation of the enzymes the parameters affecting the homogenization, extraction and 

autolysis were investigated in order to maximize activity and minimize possible degradation 
(including proteolytic). Different enzymes are being purified by ion-exchange, hydophobic 
interaction and gel-filtration chromatography in order to obtain pure fractions. Protein molecular 
properties are being characterized both by chromatography and electrophoretic techniques including 
IEF and titration curve analysis. All this data is being used to optimize protein separation and 
purification. Enzyme activities and stability of individual proteins are being characterized at low 
temperatures and as a function of pH to find optimum conditions for the different applications. High 
enzyme activities at temperatures of 20 ºC and 10 ºC have been found. A detailed analysis of the 
optimum enzyme requirements of the cryophilic proteases to be used in detergents for different 
applications and for wound debriding is being carried out in order to select the "ideal" cryophilic 
proteases to be cloned in yeast for industrial production. 

 
The results obtained and implications for characterization, production and application of 

these proteases will be presented and discussed in this paper. 
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The aim of this study is to develop a strategy for the control of product quality during the 
production of intracellular proteins. This is based on an integrated study of the cultivation and 
primary purification as well as some steps up-stream. Production of Escherichia coli β-
galactosidase (β-gal), which is a tetrameric enzyme in its native form, is chosen as a model system. 
Methods for rapid analysis of β-gal quality (specific activity, associated larger forms, amount of 
reduced thiols on the protein surface) have been developed. Because only the native form is usable 
in its specific application, it is desirable to decrease or eliminate the fraction of associated larger 
forms (30-40% of total activity), which have the same enzymatic activity as the tetramer (U/mg). A 
pure tetramer fraction can within two hours be isolated by combining an aqueous two-phase system 
with ion exchange chromatography. Furthermore, isolation of the different forms have been 
performed with gel filtration and hydrophobic interaction chromatography. This shows that the 
different forms differ in size, hydrophobicity as well as charge. The ratio between tetramer and 
associated larger forms is analysed during cultivation by electrophoresis on cell extract followed by 
histochemically assaying with a substrate analogue (1 h). These methods provide useful tools to 
follow the product quality during process and characterize different enzyme constructions. 
 
The specific activity increases from 12 U/mg cell dry weight when (E.coli, lac i-) cultivated in a 
batch phase (µ 0.69 h-1) to 19 U/mg when performed in fedbatch mode with a lower specific growth 
rate (µ 0.1 h-1). The result indicates that there might exist an optimum in growth rate with respect to 
specific concentration. The ratio between tetramer and associated forms was not affected between 
the cultivations. However, the amount of associated forms decreased when a fusion peptide was 
added to the N-terminal. Furthermore, they were absent when β-gal was expressed with a weaker 
promoter. In addition, in this latter construction nine amino acids in the N-terminal were substituted 
for twelve others. It has been shown that the 1-50 first amino acid residues are important for the 
dimer-dimer interaction. Therefore, based on our data, we suggest that this sequence is involved also 
in the formation of associated forms. In addition, formation of associated forms could be governed 
by the cellular enzyme concentration, since in vitro experiments show that some of the larger forms 
can be formed when a pure tetramer is concentrated to predicted in vivo concentration. Steric effects 
by the fusion partner and enzyme production rate on the association pattern can not be excluded. 
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Xylitol is a important product with applications in the food and pharmaceutical industries. Xylitol is 
a natural sugar with high sweetening power. It is absolutely safe for the teeth, owing to its 
anticariogenic and cariostatic properties, and can be used by diabetics as a sugar substitute. At 
present, xylitol is chemically synthesized from xylose with Raney-Nickel-catalysts, and a pure 
xylose solution is required. This process is very costly, because it involves high pressures and 
temperatures and, at the end, xylitol gets mixed with sugars and polyols that hamper its purification. 
An alternative process is the microbial production of xylitol which is more interesting and 
attractive. However, xylitol bioproduction is influenced by several fermentative parameters and for 
the fermentation system [1]. Xylitol production in semi-synthetic medium using xylose as the 
carbon source was evaluated in a 2L-fluidized bed reactor (FBR) containing cells of Candida 
guilliermondii FTI 20037 immobilized by adsorption onto porous glass (porosity < 300 µm; particle 
diameter: 0.2-2.0 mm). The reactor was loaded with 200g of the immobilized system (0.020g dry 
matter/g of glass particles) and operated at constant volume of 1.4 L in batch or semi-continuous 
(SC) mode. The tests were carried out using 70g/L of xylose; pH= 2.5; aeration of 15mL/min and 
30 oC. The duration of the SC test was 672h divided in seven cycles, each one started after 
introducing fresh medium. A production of 50 g/L of xylitol was attained by operating the FBR in 
descontinuous mode, which corresponded a yield and volumetric productivity of 0.79 g/g and 0.53 
g/L.h, respectively. When the FBR was operated in semi-continuous mode, at the end of the first 
cycle the final xylitol concentration was about 20% higher than those attained through the other 
cycles. This clearly lead to a decreasing on the volumetric productivity and yield as the number of 
cycles increases. It was obsered a large amount of cells in the form of filamentous, an indication 
that the yeast was submitted to a limitation of oxygen. The FBR is a good way to explore this 
fermentation system, since high volumetric productivity can be lead.  
 
Acknowledgments: CNPq, FAPESP, CAPES  
 
[1] Silva, S.S.; Roberto, I.C., Felipe, M.G A; Mancilha, I. M.Process Biochem. 31(6), 549-53, 1996.  
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The aim of this work was to investigate the effect of growth conditions, medium composition and 
cell morphology on the crossflow filtration performance of the dimorphic yeast Kluyveromyces 
marxianus var. marxianus NRRLy2415.  
 

Cell morphology was varied by changing the growth conditions and quantified using image analysis 
[1].Two media were used in this study; a whey based medium containing 20g/L lactose as described 
previously [1], and a YEPL medium containing 20g/L lactose, 20g/L bacteriological peptone 
(neutralised) and 10g/L yeast extract. Cell suspensions washed with 1% saline, unwashed cell 
suspensions and cell-free spent media were filtered in total recycle mode for two hours using 
tubular ceramic membranes. In the case of the washed suspensions, the mass of cells deposited on 
the membrane was determined by monitoring the cell concentration in the feed reservoir. After 
filtration, the cake layer was recovered by flushing at zero transmembrane pressure. The degree of 
irreversible fouling was determined by measuring the post-flushing water flux. 
 

The flux obtained with unwashed suspensions was found to be essentially independent of the 
medium composition. Mycelial suspensions gave fluxes 2 - 3 times higher than yeast-like 
suspensions. 
 

The fluxes obtained with washed cell suspensions were found to be approximately one order of 
magnitude greater than those obtained with unwashed suspensions. Cell-free spent media gave 
fluxes between those of the washed and unwashed suspensions. In all cases, the sum of the 
resistance of the washed suspension and the corresponding spent medium was less than the 
unwashed resistance. This may be an indication of cake clogging by medium components. The 
effect appears to be more pronounced with yeast-like suspensions. 
 

For washed cell suspensions it was determined that the steady state cake mass decreased as the cell 
morphology became more mycelial in nature. A steady state flux was not attained for washed cell 
suspensions, despite the cake mass reaching a steady state value within fifteen minutes. This 
appears to be due to membrane fouling caused by residual medium components not removed by the 
washing step. Consequently, the apparent specific resistance was found to increase throughout 
filtration and exceed the specific resistance measured in dead-end filtration.  
 
 

[1] McCarthy, A.A., O’Shea, D.G., Murray, N.T., Walsh, P.K. and G. Foley, Biotech. Progress, 
14(2), 279-285, 1998. 
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Introduction 
In the later phase of batch fermentation for production of microbial transglutaminase 
(MTG, protein-glutamine -glutamyltransferase; EC 2.3.2.13) by Streptoverticillium 
mobaraense, the shortage of available nitrogen source became critical for further growth 
and production. Fed-batch fermentation is used to deal with this problem. However, the 
use of an organic nitrogen source in the feed that was essential in the batch phase for 
growth did not lead to any improvement. The reason is that the product, MTG, acts on the 
nitrogen source in the feed. The exclusive use of an inorganic nitrogen source gave poor 
growth and production. Therefore, an integrated fed-batch strategy was developed by 
using an organic nitrogen source in the basal medium to ensure optimal growth and an 
inorganic nitrogen source in the feed to avoid product inhibition. 
 
Experimental 
The fermentation started with 4 litres basal medium containing 2% (w/v) soluble starch, 
2% peptonized milk, 0.2% MgSO4, 0.2% yeast extract, 0.2% KH2PO4, 0.2% K2HPO4 and 
necessary amino acid supplements based on a stoichiometric model (Zhu et al., 1996). 
After 20 h of fermentation at 28 C, we switched to the feeding phase with a feed containing 
1% (NH4)2SO4, 0.2% yeast extract, 0.2% MgSO4, 0.2% KH2PO4 and 0.2% K2HPO4. 
 
Results 
The comparison of fed-batch fermentation using different nitrogen sources is shown in 
Figure 1. Both biomass and MTG production are significantly improved when the 
integrated fed-batch technique is used. The comparison between batch and fed-batch 
using inorganic nitrogen source in the feed is shown in Figure 2. In fed-batch, growth 
continued until 30 h while in batch fermentation it stopped at 24 h. Cell mass dry weight 
reached about 10 g/l, which is an increase of about 33% as compared to that in batch 
fermentation. MTG production occurred until 40 h while in a batch fermentation it stops at 
34 h. A MTG concentration of 1.8 unit/ml was reached, as compared to 1.0 unit/ml in a 
batch fermentation. 
 
Reference 
Zhu et al. (1996) Biotechnol. Bioeng. 50:291-298 
Zhu et al. (1998) Appl. Microbiol. Biotechnol. (In press) 
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Productivity increase in biotechnological processes can be achieved through the use of high cell 
density systems [1]. Among these, flocculation bioreactors present some advantages namely low 
associated costs and simple design [2]. Major problems related with such systems are those 
concerning mass transfer limitations inside cell flocs. These are very fragile structures, which pose 
experimental difficulties if parameters such as the effective diffusivity (De) and the external mass 
transfer coefficient (Kc) are to be evaluated, namely because of the very gentle agitation needed, 
which is essential to keep the integrity of the flocs during the course of the experiments. 

The objective of this work is to determine the effective diffusivity of glucose and O2, two important 
substrates, in aggregates of a highly flocculent strain of Saccharomyces cerevisiae (NRRL Y265). 
The exhaustion of those substrates in medium containing suspended inactivated flocs has been 
measured in a modified diffusion cell, used to avoid floc destruction. Floc size was determined by 
means of a computer aided image analysis technique [3]. 

The value of De was calculated using two methods: a first one, based on the analytical solutions of 
Fick’s law of diffusion (neglecting external mass transfer resistance) and a second one, based on 
general mass balances of a component in the flocs and in the bulk phase (considering the existence 
of and external mass transfer resistance). This second method was, therefore, used to calculate Kc, 
as well. 

The measured effective diffusivity for glucose in the yeast flocs was 1.10×10-10 m2⋅s-1 and that for 
O2 was found to be between 0.049×10-10 m2⋅s-1 and 0.21×10-10 m2⋅s-1. These values are around 17% 
and between 0.2 to 1% of the corresponding diffusivities of glucose and O2 in pure water. The 
values of Kc were significant (when calculated), varying from 4.96 ×10-8 m⋅s-1 to 0.75×10-8 m⋅s-1, 
depending on the agitation rate. This demonstrates the importance of considering this parameter 
when evaluating De. 

While the results for the effective diffusivity of glucose in flocs are in accordance with some of the 
data published in the literature for systems consisting of yeast cells entrapped in alginate beads [4], 
the results for O2 are far below the reported values. The differences may be attributed not only to 
floc porosity but also to the influence of cell wall components, which may act as gels in exclusion 
chromatography, where smaller molecules are retained but larger molecules are not. 

 

[1] Doran, P. M., Bailey, J. E., Biotechnol. Bioeng., 28, 73-87, 1986. 

[2] Sousa, M.L., Teixeira J.A., Mota, M., Bioprocess Eng., 11, 83-90, 1994. 
[3] Vicente, A., Meinders, J. M., Teixeira, J. A., Biotechnol. Bioeng., 51, 673-678, 1996. 

[4] Westrin, B. A., Axelsson, A., Biotechnol. Bioeng., 38, 439-446, 1991. 
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In metabolic engineering, linear optimisation algorithms can be used to study metabolic networks in 
order to find out where it is most effective to introduce specific modifications in order to improve a 
given bioprocess, or highlight the most critical point for further study. Nevertheless, this 
methodology can give variable results depending on the method and optimisation criteria used.  

Elementary Modes Analysis, it is a recent mathematical methodology [1] also based on structural 
metabolic constraints that enables the identification of fundamental pathways or Elementary Modes 
(EM) of a given metabolic network. The EM set is a base for the description of the entire 
biochemical network activity, allowing an unequivocal description of a given physiological state at 
biochemical level, and is also therefore, able to highlight the presence of less obvious pathways. 
This methodology also allows the determination of the maximum yield for the formation of a given 
microbial product, which is necessarily one of the EM. Furthermore, this EM describes the 
biochemical reaction sequence and the relative rates by which this maximum yield is attained, 
which has important implications for metabolic engineering. 

As an example this methodology is being applied to the metabolic network of several xylitol (a 
sugar substitute) bioproducing yeasts with industrial potential, namely recombinant Saccharomyces 
cerevisiae [2] and wild and recombinant Debaryomyces hansenii (exhibiting frutose-1,6-
bisphosphatase activity). The aim is the determination of the EM associated with the maximum 
product yield. The simulation was carried out with the Empath program developed in Oxford for 
cultivation conditions either using D-xylose as sole carbon and energy source, or dual mixtures of 
D-xylose and another pentose, hexose or glycerol. 

For the conditions tested, the maximum predicted xylitol yield was 0.75 mol.mol-1 for the wild D. 
hanseni, and 0.9 mol.mol-1 for the recombinant D. hansenii when grown only on D-xylose. For the 
mixtures, the maximum theoretical yield obtained was 1.5 mol xylitol per mol xylose, and 1 mol 
xylitol per mol xylose for the wild D. hanseni and recombinant S. cerevisiae, respectively. In these 
cases, high xylitol-producing modes were associated with large amounts of hexose carbon diverted 
into the pentose phosphate pathway at the glucose-6-phosphate branch, and hence to xylitol 
production, thereby increasing even further the xylitol accumulation. 

 
[1] Schuster, S., Hilgetag, C., Woods, J. H., and Fell, D. A. (1996) Elementary modes of 
functioning in biochemical networks. in Computation in Cellular and Molecular Biological 
Systems (Cuthbertson, R., Holcombe, M. and Paton, R., eds), pp. 151-165, World Scientific, 
Singapore. 
[2] Meinander, N., Hahn-Hägerdal, B., Appl. Environ. Microbiol., 63, 1959-1964, 1997 
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Thermophilic microorganisms have potential applications in industry due to high cell growth and 
enzymatic reaction rates, lower costs in cooling systems, lower susceptibility to contamination, etc 
[1]. Cultivation of thermophiles can be used in bioconversions, as well as to obtain important 
thermostable enzymes [2]. 
Oxygen could be a limiting factor in aerobic thermophilic cultures because of its low solubility in 
the medium at high temperatures. 
In this work, oxygen demand of a culture of a Thermus bacteria (strain RQ-1) isolated from shallow 
hot springs on S. Miguel, Azores [3] was investigated in a batch fermenter at atmospheric pressure 
and 70 oC. Oxygen transfer capacity of the system was determinated by measuring the volumetric 
oxygen transfer coefficient (kLa). 
In the initial conditions of operation (200 rpm e 1 vvm) dissolved oxygen was completely exhausted 
from the medium at the exponential growth phase due the considerably high oxygen up-take rate of 
the cells. To eliminate oxygen limitation a 2-fold increase on stirring rate was applied. 
In order to study the possibility of using increased air pressure to increase oxygen solubility and 
consequently improve oxygen transfer rate to the medium, a pressurised reactor was used to 
cultivate Thermus RQ-1 cells. It was observed that air total pressure up to 5.6 atm (567.3 KPa) did 
not inhibited cell growth; on the contrary, cell concentration increased with pressure up to the 
maximum value used. 
Oxygen partial pressure increased by the reactor pressurisation also inducted the activity of the 
antioxidant enzymes superoxide dismutase (SOD) and catalase, mainly at the exponential growth 
phase. These enzymes have potential applications on food and pharmaceutical industries. 
 
 [1] Krahe, M., Antranikian, G., Märkl, H, FEMS Microbiology Reviews, 18, 271-285, 1996. 

[2] Hjörleifsdottir, S., Ritterbusch, W., Petursdottir, S. K. and Kristjansson, J. K., Biotechnol. 
Letters, 19, 147-150, 1997. 

[3] Manaia, C. M. and da Costa, M. S., J. Gen. Microbiol., 137, 2643-2648, 1991. 
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Surfactants find wide application in a number of industrial processes. Such compounds are currently 
almost exclusively chemically synthesised from petroleum. An alternative source of surfactants are 
surface active microbial products, so- called biosurfactants. Much interest has been generated in 
biosurfactants as they have the advantages of biodegradability, low toxicity, biocompatibility and 
digestibility. However at present biosurfactants are not a feasible alternative to chemically 
synthesised surfactants. This is as a result of their high production costs which primarily result from 
the low productivity of biosurfactant producing strains, the high cost of growth media, and 
inefficiencies in bioprocessing. In addition a high level of foaming is often associated with 
biosurfactant production systems, which may create process containment problems.  
 
Foaming has been shown to be an effective method for the concentration of surface active 
compounds from dilute solutions [1] and might therefore be effective in recovering biosurfactants 
from fermentation broths. The objective of this study to investigate the use of an integrated system 
for the production and recovery of biosurfactants. Our system brings together the culture of 
biosurfactant producer, with a method for collecting the culture foam. In this way a constant output 
of concentrated biosurfactant is achieved. In addition such a system makes foam control measures 
unnecessary whilst reducing any possible end product inhibition. We have applied such a system for 
the production one of the most surface active (in terms of critical micelle concentration and 
minimum surface tension) biosurfactants yet identified, the lipopeptide Surfactin, produced by 
Bacillus subtilis strain S499 [2]. We firstly optimised the production of Surfactin in batch cell 
culture. We confirmed Surfactin to be a secondary metabolite. We found Surfactin production to be 
far higher in oxygen limited batch cell culture than in nitrogen or carbon limited culture. A final 
Surfactin concentration of 439 mg/l was reached in oxygen limited batch culture when compared 
with 30 mg/l in carbon limited and 45 mg/l in nitrogen limited culture. The effectiveness of foaming 
as a recovery method for Surfactin was assessed by foaming culture broth samples. We found 
Surfactin to be enriched into the foam during the latter stages of the process. A maximum Surfactin 
enrichment of 45 was reached with a recovery of over 90 % when recovering the lipopeptide from 
cell free culture supernatant. A process which integrated both cell culture and foam removal was 
successful in yielding a concentrated Surfactin preparation. The efficiency of the process was 
shown to be strongly influenced by the agitation rate used, as this was found to influence both foam 
flow rate and biomass concentration.  
 
References 
[1] Thrapiwattananon, W., Scamehorn J.F., Osuwan, S., Harwell, J.H., Haller, K.J., Biotechnol. 31, 

1233-1258, 1996. 
[2] Arima, K., Kakinuma, A., Tamura, G. Biochem. Biophys. Res. Comm. 31, 3, 1968 
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Introduction 
Scale up of bubble column bioreactors, in general, is an area of research, where very little work has 
been done and as a result, scale up is not a well-understood topic in biochemical engineering. Scale 
up of bubble columns is a highly interdisciplinary task requiring the combined and integrated use of 
concepts and methodologies of both biochemical engineering and microbial physiology. 
Basically, the problem of scale up is a problem of mass, momentum and heat transfer and the lack 
of knowledge with respect to the interaction of hydrodynamics and other relevant subprocesses in a 
large-scale process. 
 
Basically three classes of scale-up methods can be distinguished: 
1. Fundamental method 
2. Dimensional analysis 
3. Experimental methods (rules of thumb, trial and error) 
 
These methods are often used in combination with each other. 
 
1. Fundamental method 
For the fundamental methods, the exact approach involves the complete description of 
hydrodynamics and its interaction with other relevant mechanisms. All microbalances for 
momentum, mass and heat transfer in the system need to be solved.  
2. Dimensional analysis 
This method of scale-up is very powerful. The scale-up requires the values of dimensionless groups 
of parameters to be kept constant. Keeping these dimensionless groups constant means, that the 
relative importance of the mechanisms influencing the process does not change during scale-up 
3. Experimental methods 
Experimental methods are more expensive. Media composition may differ significantly on scale-up. 
It is a common practice to use a formulated or complex media rather than the defined media used in 
laboratory studies. As a consequence of the scale-up, mixing, mass transfer and heat transfer will be 
more problematic and the microorganism will “see” a different microenvironment. Oxygen supply 
by gas-liquid mass transfer is often recognized as the rate limiting process for large reactors. 
 
Effective scale-up requires efficient integration of the microbial physiology and engineering 
functions. During development appropriate system identification and control strategies must be 
implemented. There is still little information in the literature on how control can be implemented to 
optimize the quality objective function, rather than the more conventional productivity function.In 
large scale it is important to have a general idea about the fluctuations of the environment on the 
microorganism in the fermenter. The behavior of the microorganism as a response to these 
fluctuating conditions is usually very little known.  
 
[1] Oosterhuis N. M. G. Scale -up of bioreactors. Thesis, TU Delft, 1984 
[2] Kossen N. W. F. Proc. of Bioreactor Performance, Ed. Mortensen U., Norman H. J., Helsingor, 1993 p. 23 
[3] Larsson G. in Bioreactor Engineering course note, Salsgobaden, 1996 p. 423 
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The xylitol production from D-xylose by high cell density culture was studied. Debaryomyces 
hansenii yeasts were cultured in the bioreactor system where the 2L laboratory bench fermenter 
(BIOSTAT E, B.Braun, FRG) was connected in the loop with the microfiltration unit (MINITAN, 
Millipore, USA). The four flat membranes GVLP OMT 05 with 0.22 µm pores and total area 60 
cm2 retained microbial cells and only free-cell permeate was withdrawn from culture. All biomass 
was hold in the active zone in bioreactor with the aim to improve the productivity and yield of 
xylitol. A suitable fermentation system for the high dense cell culture was developed and verified in 
several continuous fermentations.  

The continuous fermentations were carried out on the complete synthetic medium with D-xylose as 
a sole carbon source at the constant pH 4.5 and temperature 30°C. The production of biomass took 
place in the first stage, where the bioreactor was operated under fully aerobic condition (aeration 
rate, 1.5 vvm; stirring rate, 600 rpm). The goal of the procedure was to maximize growth rate. The 
yeasts grew up to biomass concentration above 45 g l-1 at fully aerobic conditions (growth phase), 
afterwards for xylitol production phase microaerobic conditions were set (very low aeration rate, 
0.02 vvm; stirring rate, 150 - 300 rpm).  

The physiological state of Debaryomyces hansenii culture is extremely depending on oxygen 
availability when decreasing the xylitol production is initiated. Under these conditions when the 
dissolved oxygen concentration fell nearly to zero the specific growth rate decreased drastically to 0 
till 0.05 h-1 as well. In this case for continuous fermentation regime to use the bioreactor system 
with the biomass retention - membrane bioreactor - is important. 

During continuous fermentations the biomass concentration was kept in interval 45 till 60 g l-1and 
the xylitol concentration did not exceed the level of 5 g l-1, the other metabolites were detected in 
trace amounts. The culture was in good physiological state even after more then 250 hours of 
fermentation, the viability of yeasts was kept on high level above 90 %. 
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The aim of this contribution was to demonstrate the possibility of using an enzyme flow 
microcalorimeter (EFMC) for monitoring dynamic phenomena of systems with immobilized 
enzyme (IME) - self sustained oscillations and hysteresis. While these phenomena were predicted 
by mathematical simulations [1, 2], there are very few published works reporting successfully about 
their experimental investigation. This may be due to two main problems: (i) mathematical models 
used for simulations are not adequate; (ii) methods of experimental study are not appropriate.  
 
The presented work introduces a new methodology of experimental study of the dynamic behaviour 
of IME. It is based on microcalorimetric characterisation of enzymes bound on solid particles that 
was well described previously [3]. As an experimental system urease immobilized in hardened 
alginate gel was used. Preliminary simulation results showed the possible existence of self sustained 
oscillatory and hysteretic behaviour of this system in continuous hydrolysis of urea under pH 
unbuffered conditions. By simulations there were predicted experimental conditions required for 
either self sustained oscillations or hysteresis observation.  
 
The experimental investigation using the EFMC can be summarized as follows: 
• urea concentration corresponding to regions of self sustained oscillations was to low, so that the 

reaction rate was low, as well, and the thermometric signal was not high enough to be registered 
by the EFMC. In that case other experimental models will be searched on. 

• as the observation of hysteresis induced by external pH variation requires higher urea 
concentrations, it was quite possible to detect the corresponding signal a and to observe this 
phenomenon. Higher reaction rate, however, introduced another side effect : extremely high 
external pH (>8) led to an irreversible enzyme inactivation. This is likely one of effects 
occurring in systems with pH induced complicated dynamic behaviour of IME and should be 
systematically taken into account. 

  
 
[1]  Caplan, S. R., Naparstek, A., Zabusky, N. J., Nature 245, 364-366, 1973. 
[2]  Naparstek, A., Romette, J. L., Kernevez, J. P., Thomas, D., Nature 249, 490-491, 1974. 
[3] Stefuca, V., Gemeiner, P., In Advances in Biochemical Engineering/Biotechnolgy; Scheper, T., 

Ed.; Springer, 1998; Vol. in press. 
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An H-inf robust controller for a biotechnological process is designed. The process considered is 
continuous stirred tank bioreactor in which the growth of one population of microorganisms on a 
single limiting substrate is the reaction to be controlled. The reactor is continuously fed with the 
substrate influent. The rate of outflow is equal to the rate of inflow and the volume of culture 
remains constant. It is considered that the feeding substrate is diluted in the water stream and the 
dilution rate is used as manipulated variable to control the process. The control signal is confined by 
physical constraints and can only be within a certain range. The substrate concentration can be 
measured directly. The control goal is to maintain substrate concentration at a fixed value despite 
variations in the feed substrate which is regarded as unmeasured disturbance. Moreover the 
controller should track set-point step changes in the substrate concentration. Such reaction process 
describes a large class of real industrial cases. A typical representative of this class are biological 
waste water treatment processes in which to regulate the substrate concentration is equivalent to 
control the pollution level in the effluent of the plant. 
The implementation of H-inf framework in designing requires a linear plant model plus uncertainty 
description that can be rearranged into a LFT structure. Therefore the dynamical behavior of the 
nonlinear plant is suitable approximated by linear state-space model with bounded parameter 
variations. The nonlinear system of differential equations describing the process is linearized using 
the nominal values of the parameters and the stationary values of the states. The plant model is 
finally transformed into a LFT form to be ready for an H-inf design. 
The control problem considered is to guarantee robust stability and robust performance of the 
closed loop system. The first requirement means stability despite model uncertainty due to 
linearization and large variations in kinetic model parameters. The second requirement is to achieve 
good tracking of the reference signal and disturbance rejection in the face of the model uncertainty. 
The performance specifications are posed in the frequency domain and are expressed in terms of the 
weighted output sensitivity function. The final structure and parameters of the weighting functions 
are selected after few iterations.  
The paper demonstrates the ability of the H-if robust control to deal with nonlinear plants if they are 
presented by uncertain linear models with known variation bounds. The main advantage of this 
approach is that not only stability but also satisfactory performance can be guaranteed for the 
perturbed plant. Another advantage is that even if H-if synthesis is not feasible or not desired, the 
proposed framework allows non-conservative analysis of system behavior with controllers that have 
been found in another manner. On the other hand these advantages have to be paid for by a high 
complexity of the set-up. 
As it was expected H-inf controller is successfully computed only to a certain variations around the 
operating region. The uncertainty bounds before the performance degrades could be enlarged if µ-
synthesis optimization procedure might be applied, but this is a matter of future investigations. 
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Among the essential amino acids used as feed additives, lysine and threonine are the most attractive 
and efficient ones, with a significant growth in the market during the last years. Both amino acids 
can be produced simultaneously. Two different strain from collection of the Institute of 
Microbiology of the Bulgarian Academy of Seances (IM-BAS) have been used: Brevibacterium sp. 
IM-BAS 027 and Corynebacterium sp. IM-BAS 023. A fed-batch fermentation has been carried out 
as mixed fermentation with the two strains. The composition of the nutrient medium has been 
chosen according to previous investigations. Agitation speed and aeration flow rate have been 
automatically corrected to guarantee the amount of oxygen required at different process phases 
during the fermentation. During the fermentations, two feeding flows are used. The first one 
includes the glucose as a growth limiting substrate and the nitrogen as a factor for lysine and 
threonine synthesis. The second is for pH correction and includes only nitrogen combination. 

For process control design, one of the most important tools is process modeling. By taking into 
account the basic properties of the observed simultaneous production of lysine and threonine, it is 
assumed that only one reaction scheme needs to be considered. The model is based on four 
differential equations which describe the dynamics of biomass, glucose, nitrogen, and one summary 
(including lysine and threonine) product concentrations. Except nitrogen, all other variables have 
been measured during the fermentations. 

In the examined case, two adaptive estimators proposed in [1] are used. Three of the parameters are 
estimated by the first estimator. The fourth parameter is estimated by the second estimator using the 
previous obtained values of the other parameters. A process model, with constant values of the yield 
coefficients, is derived by optimization. As initial values for the optimization procedure are used the 
average values of the already estimated time-varying yield coefficients. 

A MIMO adaptive linearizing feedback control systems is designed. The substrates feed rates are 
considered as control actions to maintain the glucose and nitrogen concentrations at the constant 
levels. The system outputs are the process model variables. For control lows calculation, 
information obtained by process model and by estimators of time varying parameters is used. 

The simulation investigations are carried out under different levels of set points. The good results 
can be considered as a criterion for implementation of MIMO adaptive linearizing control of fed-
batch amino acids simultaneous production in practice. 
 
[1] Batin, G. and Dochain, D. On-Line Estimation and Adaptive Control of Bioreactor. Elsevier 
Science, Amsterdam, 1990. 
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Filamentous fungi represent interesting hosts for the production of homologous and heterologous 
proteins due to their high protein secretory capacity and their glycosylation ability. The glaA 
promoter, responsible for the regulation of the glucoamylase expression in Aspergillus niger, is 
known as a strong promoter and often used to construct expression systems for heterologous protein 
production. 
In order to get a better understanding of the regulatory mechanism behind the glaA promoter we 
investigated a mutant strain of Aspergillus niger (BO-1) by means of batch, fed-batch and 
continuous cultivation with glucose, maltose and maltodextrin as carbon sources.  
The physiological characterisation of Aspergillus niger BO-1 during batch cultivation showed that 
two proteins, glucoamylase and α-amylase, are produced in rates proportional to the specific growth 
rate. Glucoamylase accounts for ca. 70% of the total secreted protein. Maximum yields for 
glucoamylase of around 30 mg / g DW were found within the investigated pH range (3.5 to 5.5) and 
with glucose or maltose as the carbon source. At a standard pH-value of 4.5 no induction by 
maltose was found probably due to early hydrolysis of maltose.   
Fed-batch cultivations were started as regular batch cultivations with glucose as the carbon source. 
At the end of the exponential growth phase a feed containing maltodextrin was used to induce the 
glucoamylase production. Although high glucose concentrations up to 20g/L were found due to 
hydrolysis of maltodextrin, glucose was not found to repress the production of glucoamylase. In 
contrast, high glucose and probably also high maltodextrin concentrations led to an 4-fold increase 
in glucoamylase yields during the feeding phase (102 instead of 24 mg / g DW during exponential 
growth phase). The final concentration of glucoamylase after 190h was 6.5g/L. Throughout the 
cultivation the α-amylase level stayed constant below 5% of the total secreted protein indicating 
that the production of α-amylase is under glucose repression. 
Continuous cultivations with either glucose or maltodextrin as the carbon source were performed to 
investigate the role of maltodextrin as a known inducer of the glaA promoter. In comparison with 
results from the fed-batch experiment, maltodextrin could not be confirmed as an inducer during 
continuous cultivation - instead the yields for glucoamylase and α-amylase decreased about 40%.  
During long term continuous cultivation of Aspergillus niger BO-1 strain instabilities resulted in 
increased glucoamylase yields up to 100 mg / g DW. The reason for this shift in productivity might 
be related to a change in morphology and is presently under investigation.  
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The filamentous fungus Aspergillus oryzae is used in the production of industrial enzymes used in 
detergents, the baking industry, the textile industry etc. In submerged cultivations the morphology 
of the mycelium is important since it affects the viscosity of the fermentation medium and thereby 
the performance of the bioreactor. The aim of this study was to measure and model the morphology 
of the mycelium during batch cultivations. The morphology was characterised by the length and the 
number of tips of the hyphal elements in the medium. From images taken through a microscope the 
morphology was determined using image analysis. The length of the hyphal elements were 
measured by applying a set of image transformations whereby an image of a hyphal element was 
reduced to a structure of only one pixel wide. Hereby the hyphal length could be determined as the 
number of pixels in the structure. The number of tips were counted manually. From the 
measurements both the average morphological properties and distributions of the hyphal elements 
with respect to length and number of tips were determined.  
Based on the growth kinetics of the individual hyphae in the hyphal elements a new simple 
population model was set-up. In the model the tip extension rate of a hypha is described with 
saturation type  kinetics with respect to the length of the hypha. Furthermore, it is assumed that the 
parent hypha contributes to the growth of a newly formed branch giving a non-zero tip extension 
rate of a new branch from the start. Branching is described as a stochastic process with a branching 
intensity proportional to the tip extension rate of the hypha when a minimum length required for 
branching has been exceeded. Asynchronous germination is modelled using a log-normal 
distribution as germination function. In the model is included the fact that a part of the spores form 
two germtubes by assuming that a fraction of the germinated spores forms a second germtube after 
a fixed time delay.   
During the initial phase of the batch cultivations there was an exponential increase in both the 
average length and the average number of tips. This indicates that fragmentation did not occur 
during this part of the cultivation. The measured data of the length and the number of tips however 
shows that there were large differences between the individual hyphal elements. The average 
properties do therefore not describe the morphology at the level of the individual hyphal element.  
The parameters in the model were estimated by fitting the Monte Carlo simulations of the model to 
the measured average values of total length and number of tips. The simulated  distributions of the 
hyphal elements with respect to the length and number compare well with the measured 
distributions showing that the model is able to describe both average properties and the distributions 
of the hyphal elements. From simulations of the model it is possible to obtain a two-dimensional 
distribution of the hyphal elements giving a detailed picture of the morphology of the hyphal 
elements in the mycelium during batch cultivations.  
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Saccharomyces cerevisiae is a convenient host for heterologous protein production. This study 
focuses on the expression of cutinase in S. cerevisiae under the control of GAL7 promoter. Cutinase 
is a lipase active in aqueous solution and consequently it has potential applications in detergent 
formulation. GAL7 is a promoter strongly inducible by galactose and repressed by glucose. 
Expression of heterologous cutinase was investigated in batch, fed-batch and continuous culture. 
Cutinase was the only protein secreted in the medium, and was active. No accumulation of 
intracellular protein was detected by Western blot analysis.  
During batch and fedbatch experiments cutinase production was growth associated and a yield of 
20–25 mg protein/g biomass was obtained. Continuous cultivations revealed that the dilution rate at 
washout (about 0.27 h–1) was significantly higher than the maximum specific growth rate 
determined during batch experiments (about 0.11 h–1). However cutinase yield dropped at high 
dilution rate in continuous culture. Therefore a new strategy was developed for fedbatch 
experiments aimed at achieving a high specific cutinase productivity. The specific galactose supply 
rate was increased linearly with time, starting from an initial value measured during batch 
experiments. The feed profile was F = F0exp((r0+αt)Yxs t), with α = 0.004 h–2. The culture could 
cope with the increasing galactose supply and cutinase yield remained high. As a result a specific 
productivity as high as 3.1 mg/g biomass/h was achieved, a value among the highest reported in the 
literature for heterologous protein production. These experiments illustrate the potential of S. 
cerevisiae for large scale heterologous protein production with optimized feed strategy. 
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Cyclohexanone monooxygenase (CHMO) from Acinetobacter calcoaceticus is potentially an 
extremely useful catalyst in the enantioselective synthesis of optically pure lactones from cyclic 
ketones[1]. CHMO, like many redox biocatalysts requires NADPH as a cofactor in order to 
function. This restriction has amongst other factors such as poor stability, generally precluded the 
use of redox enzymes as isolated catalysts; whole cells are able to recycle the cofactor via internal 
metabolism with a cosubstrate. Isolated CHMO would benefit from increased yield of product, due 
to the removal of side reactions, improved stability (if immobilised), reusability and enhanced 
activity. Although the use of a second enzyme to regenerate NADPH is established in literature, no 
attempt has yet been made to provide a rational choice of the enzymes available. This paper 
investigates the potential of four dehydrogenases (DH) to recycle NADPH under conditions 
favourable to CHMO for potential large scale use. The enzymes examined are glucose DH[2] 
(Thermoplasma acidophilum), glucose-6-phosphate DH (Leuconostoc mesenteroides), alcohol 
DH[3] (Thermoanaerobium brockii) and malate DH (Chicken Liver). 
 
The substrate for G6PDH is very expensive and as it was needed in stoichiometric amounts it was 
not considered further. Also as gluconate (the product of G6PDH) is a lactone it could unduly 
complicate the recovery and purification of desired lactones produced by CHMO. MDH was 
rejected as it is likely to be less stable than the remaining two (both from thermophiles). ADH 
showed a significantly more useful pH/activity window than GDH in order to satisfy CHMO. Both 
enzymes suffered from serious product inhibition, however the ease of removal of the acetone 
product from the system by volatilisation (CHMO requires oxygen, supplied by air sparging) 
removes this problem for ADH. Of all the extra components needed by these enzymes only 2-
propanol (ADH) inhibited CHMO; this effect was not a toxic effect and so could be overcome by 
substrate feeding. For these reasons it was decided to choose ADH. Using a kinetic model it has 
been possible to investigate the concentration of the expensive cofactor required to achieve a 
satisfactory reaction rate; essential for economic operation; and to examine the effect of different 
ratios of ADH and CHMO on the overall efficiency of the system. 
 
We believe the selection tools outlined in this paper have generic applicability to other enzyme 
systems, where there is a need to optimise the use of an expensive cofactor or recycling enzyme in 
order to make a process economically feasible. 
 
[1] Trudgill, P., Methods in Enzymology, 188, 70-77, 1990. 
[2] Smith, L., Budgen, N., Danson, M., Hough, D., Biochem. J, 261, 973-977, 1989. 
[3] Lamed, R. J., Zeikus, J. G., Biochem. J, 195, 183-190, 1981. 
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Bioprocesses are now well established in the pharmaceutical and fine chemical industries. The 
constraints, however, imposed by the trend towards the manufacture and marketing of highly 
defined compounds, such as single stereo-/regioisomers, requires the adoption of more highly 
selective recovery and purification techniques. Molecular imprinting is an emerging technique for 
the manufacture of target specific polymeric resins (MIPs) which contain cavities complementary to 
the target molecule in both shape and chemical functionality. Impressive stereo-/regioselective 
separations for a range of small organic compounds have been demonstrated using these materials 
in laboratory scale column and batchwise operations1. The aim of this work is to establish the 
general role of molecularly imprinted adsorbents in bioprocess applications. A particular focus is 
the potential use of MIPs as an in-situ product recovery technique2 to enhance reactor yield and 
productivity. 
 
Erythromycin, our first target molecule, is produced by cells at low concentrations and in a number 
of closely related structural forms. Together with developments in precursor directed fermentation 
and the production of novel antibiotics via ‘combinatorial biosynthesis’ these factors pose serious 
challenges for the large scale recovery of polyketide antibiotics. We have designed and prepared 
non-covalently imprinted polymers using erythromycin A as the template. Methacrylamide was 
specifically chosen as functional monomer in order to optimise binding in aqueous solution. Batch 
binding experiments with both imprinted and control polymers showed a significant uptake of 
erythromycin in a selection of organic solvents. Specific capacities were 7-70 mgeryth/gpolymer. In 
aqueous buffer the specific capacity was 44±2.9 mgeryth/gpolymer as determined from batch binding 
isotherms. Scatchard analysis gave a single binding constant of 14.6±2.0 x 103 M-1 for the aqueous 
system. Based on these experimental results and a mass balance for the industrial production of 
erythromycin, potential process applications of the imprinted polymers were assessed. 
 
Our second model system is the β-galactosidase catalysed synthesis of oligosaccharides. Despite 
important progress in carbohydrate research3 there is still a shortage of large-scale process 
technology for the preparation of adequate quantities of carbohydrate-based products which are 
potentially of immense commercial and social benefit. Here we address the application of MIPs as 
an in-situ product recovery technique to overcome the thermodynamic constraint of low product 
yield, typically 10-25%. The selectivity of the MIPs can also be exploited since the 
biotransformation yields both beta(1→6) and beta(1→3) linked derivatives of the product, 
galactobiose. In this work we are applying the covalent imprinting approach in order to facilitate a 
defined number of chemical functionalities, with specific orientation, to be introduced into the 
imprinted polymers. 
 
[1] Mosbach, K. & Ramstrom, O., Bio/Technology, 14, 163-170, 1996. 
[2] Freeman, A., Woodley, J.M., & Lilly, M.D., Bio/Technology, 11, 1007-1012, 1993. 
[3] Gijsen, H.J.M., Qiao, L., Fitz, W., & Wong, C.-H., Chem. Rev., 96, 443-473, 1996 
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Recombinant protein which is often accumulated as an inclusion body necessitates refolding to use 
its biological function. It is difficult to refold the denatured protein by a simple procedure in high 
concentration because concentration-dependent aggregation competes. The use of reverse micelle 
and the addition of some chaperonins or their analogue were effective to improve the efficiency of 
refolding. To add something necessitates the separation of the target protein from additives. The 
design of dilution step was effective [1], but substantial portion remained inactive. 
This report deals with some trials to improve the efficiency of refolding and the separation by the 
difference in hydrophobicity of the reactivated and denatured proteins during refolding. 
Lysozyme unfolded in the aqueous guanidine hydrochloride solution was refolded by dilution with 
reactivation solution containing reduced and oxidized glutathione. The solution during refolding 
was injected at the end of column packed hydrophobic adsorbent (Phenyl-TOYOPEARL 650M) 
and eluted with a phosphate buffer of pH 7 to the other end of the column. The concentration of 
protein was monitored by UV (280 nm) adsorption. The elution charts showed two peaks. Only the 
fraction of the first peak had the enzyme activity. The rate of reactivated lysozyme increased 
slightly with increasing refolding time. But the injection immediately after mixing with the 
reactivation solution is recommended from the viewpoint of the operation efficiency. 
Since the denatured protein exposed hydrophobic groups on its surface, they adsorb on the 
hydrophobic particles. After addition of hydrophobic particles into the denatured protein solution, 
the suspension was mixed with the reactivation solution. The efficiency of reactivation increased for 
about 30 %. Slightly dissolved denatured protein can be refolded free from aggregation. By 
equilibrium the adsorbed denatured-protein was dissolved, followed by refolding. 
The separation of enzyme during refolding was also examined for glucoamylase, α-amylase and 
tyrosinase. The elusion curves for three enzymes showed two peaks. 
 
[1] Katoh,S.,Terashima, M.,Kishida, H., Yagi, H., J. Chem. Eng. Jpn., 30, 964-966, 1997. 
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In the field of biotechnology the monitoring of bioprocesses is a very important task. Especially the 
determination of the metabolic activity and phase of microbial cells is becoming a more and more 
significant tool for understanding and optimizing bioprocesses. A novel type of bioelectrochemical 
sensor, designed as a flow-type biofuel cell, has been developed to estimate the metabolic activity 
of a microbial cell population. 

The measured variable is an electric current which is proportional to the concentration of 
metabolically active cells. While metabolizing the substrate, the microbes secrete reduced 
electrochemical active products into the medium. On diffusing to a platinum electrode (anode), 
these substances are subsequently re-oxidized, resulting in the production of an electric current 
which is maintained via an oxygen gas diffusion electrode as the cathode. Alternatively, 2-hydroxy-
1,4-naphtoquinone (HNQ) can be added to the system. The oxidized form of the redox mediator 
HNQ is converted into the reduced form by interacting with the microbial cell and therefore 
significantly enhancing the electric signal.  

Basic experiments with Escherichia coli and Saccharomyces cerevisiae showed that the 
bioelectrochemical sensor based on the biofuel cell enables the user to monitor the growth courses 
of microorganisms. Such a device appears to be directly applicable to the automated control of 
microbial suspensions used in fermenters. 

Changes in metabolic activity due to low substrate level or high inhibitor concentrations in the 
cultivation medium are indicated spontaneously by the electric signal. 

Substrate limitation causes a sudden decrease in the electric current whereas the conventional way 
of monitoring by means of optical density detection shows the typical period of transition to 
saturation. The effect mentioned can be reversed into a spontaneous increase of the electric signal 
by a further addition of glucose, for example. Therefore, the application of the bioelectrochemical 
sensor results in a measuring curve comparable to a physicochemical sensor used for the detection 
of carbon dioxide in the exhaust gas.  

One advantage is that the technical design of the bioelectrochemical sensor only requires low-priced 
and robust components and it provides a stable and usually trouble-free signal in aerobic as well as 
in anaerobic processes. However, if the sensor was used without redox mediator, low electric 
signals were generated so that a more sensitive device for detection had to be integrated. On the 
other hand, such a system can be used in fermentations with highly sensitive organisms which are 
already inhibited by low concentrations of mediator. In the latter case, if the dosage of mediator is 
nevertheless required to yield a sufficient signal, monitoring by means of a non-recirculating bypass 
is an appropriate tool for sequential on-line measurements. 

Furthermore, the method of measuring without mediator has the potential for real-time and on-line 
monitoring of sensitive fermentations.  

As a result of high sensitivity using redox mediator, the determination of viable cell numbers and 
testing of toxicity are potential fields for sensor application. 
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Determining Cell-Wall Material Properties of Baker’s Yeast by 
Micromanipulation 
 
Smith, A.E.1,2,3,4, Zhang, Z.4, Thomas, C.R.4, Moxham, K.E.3 and Middelberg, A.P.J.2,* 
1CRC for Tissue Growth and Repair (aesmith@chemeng.adelaide.edu.au) 
2Department of Chemical Engineering, University of Adelaide (antonm@cheng.cam.ac.uk) 
3Department of Civil and Environmental Engineering, University of Adelaide  
4Centre for Bioprocess Engineering, School of Chemical Engineering, University of Birmingham 
(z.zhang@bham.ac.uk, c.r.thomas@bham.ac.uk) 
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Cell-wall material properties are important in predicting damage in bioprocessing. To obtain these properties, 
experimental and mathematical approaches must be combined. Micromanipulation involves the compression 
of a single cell between two flat, parallel surfaces. It provides data on the cell’s radius and the compressive 
force as a function of compression distance. A mathematical model was developed in dimensionless form 
using commercial finite element code (LUSAS v12.1, FEA(Australia) Pty Ltd, Cheltenham, Victoria, 
Australia) to relate this force with compressive distance for defined cell-wall constitutive behaviour. The 
cell-wall constitutive constants were then determined by regressing the model predictions to the experiment 
data.  
Micromanipulation experiments were conducted with baker’s yeast (Fermipan resuspended in Isoton II for 
24 hours at 6°C). To represent yeast the finite element model considered the compression of a liquid-filled 
sphere. The cell-wall material was taken to be incompressible, permeable and described by a linear-elastic 
constitutive law. The additional model parameters not obtained from micromanipulation (initial radial 

stretch $λ , original cell-wall thickness to radius ratio $τ  and permeability k’) were assigned reasonable values 
for yeast.  
The finite element model provided an excellent fit with the experimental force-displacement data (e.g., Fig. 

1). The Young’s modulus varied between 111 and 266 MPa for the parameters values chosen for $λ , $τ  and 

k’ (Table 1). This suggests that the parameters $λ , $τ  and k’ - which have not been measured previously - are 
required for a more refined estimate of Young’s modulus. Furthermore, goodness-of-fit does not necessarily 

imply the correct selection of $λ , $τ  and k’ and they must be measured to obtain a unique solution.  

 
Table 1 : Selected model parameters 

$λ  $τ  k’ ri  
(µm) 

E 
(MPa) 

1.05 0.03 0.2 2.4 206 
 

1.05 0.04 0.1 2.4 132 
 

1.10 0.02 0.2 2.4 266 
 

1.10 0.04 0 2.4 111 
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Fig 1: Model fit to experimental data  

for $λ , $τ  and k’ as defined in Table 1 
 

$λ =ri/ro ; $τ =to/ro : i=inflated, o=original 

ri=2.4µm 
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Role of ATP in the Control of Proteolysis of a Recombinant Protein 
During Transition to Downstream Processing 
 
A. Rozkov*, S.O. Enfors 
Dept. Biochemistry and Biotechnology, Royal Institute of Technology, Stockholm, Sweden (phone: 
+46-8-790-8739, Fax: +46-8-723-1890, e-mail: aleksei@biotech.kth.se) 
 
Keywords: proteolysis, Escherichia coli, protein A, ATP, sulphite 

 
 
Proteolysis of recombinant proteins is often a major problem encountered in their production, since 
they might be regarded by the host cell as "abnormal" and be subjected to selective energy-
dependent degradation. The influence of two cultivation parameters affecting energy status in the 
cell: aeration and glucose feeding on the stability of recombinant protein A was studied in the 
transition period from a fed-batch process to downstream processing. Interruption of the feeding 
under aerobic conditions resulted in gradual decrease of the ATP pool, but the ATP level was still 
enough not only for a high rate of proteolysis but also for de novo synthesis of the protein. 
Anaerobic conditions alone in presence of glucose could not also stabilise protein A because 
fermentative energy metabolism provided sufficient energy for proteolysis. The absence of both 
oxygen and glucose resulted in decrease of ATP pool to less than 0.5 mM and complete 
stabilisation of protein A. The decrease of ATP was more severe when sulphite was used instead of 
nitrogen gas to create anaerobic conditions in presence of glucose. This also resulted in complete 
stabilisation of protein A, which could be explained by an inhibiting effect of sodium sulphite on 
fermentation. The concentrations of ADP and AMP increased during starvation and may also play a 
significant role in stabilisation of the protein. ATP is probably the limiting factor of proteolysis 
during downstream processing. Its concentration decreases by 80-90% during harvesting and 
centrifugation of biomass and even further during disruption of cells and degradation of ATP by 
ATPases. However, addition or regeneration of ATP was not enough to reconstitute proteolysis in 
the disintegrate. 
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Direct Product Sequestration: Application to Animal Cell Derived 
Products 
 
Ian A. Carmichael*, Mohamed Al-Rubeai and Andrew Lyddiatt 
Biochemical Recovery Group, Centre for Biochemical Engineering, School of Chemical 
Engineering, University of Birmingham, B15 2TT, UK. 
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Conventional protein recovery requires several unit operations to clarify, concentrate and purify the 
product. Each of these operations increases the time and cost of purification and leads to a reduction 
in the total product yield. Any foreshortening in this purification process will confer benefits, such 
as increased molecular yield and quality of labile products, and decreased production costs and 
process time. Centrifugation and microfiltration, which do not purify product, but serve only to 
facilitate later separation steps, are a potential target for such a foreshortening. Direct product 
sequestration (DPS) from unclarified feedstocks, operated by passage through a fluidisable 
chromatographic adsorbent, allows, capture, concentration and clarification of product in one step, 
thus achieving a valuble compression of conventional purification sequences. The high value of 
animal cell derived therapeutics, coupled with their stringent regulatory requirements indicates that 
such process improvements would prove particularly beneficial. 
The DPS concept has therefore been investigated using two model animal cell production systems: 
an SF-9/Baculovirus culture, producing ß-galactosidase and a CHO TF70r culture, producing tissue 
plasminogen activator (tPA). Successful application of DPS to the SF9 system utilised a custom 
assembled, fluidisable, affinity matrix. Greater than 85% enzyme capture was achieved, together 
with clarification of the product stream. A two step desorption strategy then recovered 90% of total 
adsorbed protein and 30% of activity, with an active product pool having a specific activity 40% 
higher than that obtained by conventional purification sequences. This active pool was purified and 
concentrated ten-fold from the original feedstock. 
Successful application of DPS to the CHO TF70r/tPA system exploited a Zn2+ charged metal 
chelate functionality coupled to a fluidisable matrix. Greater than 90% capture and recovery of tPA 
was achieved with four-fold purification and concentration factors (as determined by ELISA). 
Sulphopropyl (SP), lysine and benzamidine ligands have also been screened and results will be 
presented and discussed in the context of adsorbent selection for specific operational requirements. 
The concept of DPS operation will also be extended to the integration of recovery with production, 
i.e. circulation of whole broth through a fluidised adsorbent, during productive fermentations. Such 
strategies facilitate continuous sequestration of product concomitant with biosynthesis and 
extracellular transport. The effects of this integration upon secretion rates, molecular quality of tPA 
and cellular integrity will be discussed. 
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Carboxymethylglucan Diafiltration 
 
V. Sitkey* and V. Visacky 
LikoSpol a.s., Mileticova 23, P.O.Box 4, 820 06 Bratislava, Slovak republic 
 
Keywords: carboxymethylglucan, diafiltration, ultrafiltration 
 
 
Summary 
The aim of presented work was application of ultrafiltration membranes with nominal weight cut 
off 20000 daltons for membrane ultrafiltration and diafiltration of the solution of yeast 
carboxymethylglucan. The results show that membrane diafiltration successfully supply method of 
dialysis for desalting carboxymethylglucan. The influence of two circulation rates on membrane 
permeability were compared. The carboxymethylglucan production was performed in pilot scale. 
 
Material and methods 
Crude carboxymethylglucan was prepared from yeast β-glucan using monochloracetic acid as 
derivatization agent. The degree of substitution was 0.65, determined by IR spectroscopy. 
 
Ultrafiltration and diafiltration trials were realised in plate and frame module Type Lab Unit - 20 
(DDS), occupied with semipermeable anisotropy ultrafiltration membranes produced by 
LikoSpol a.s. 
 
The ultrafiltration and diafiltration were performed at room temperature (20 oC), the pressure was 
0.3 MPa. The retentate circulation rate was 8.00 l/min and 8.44 l/min respectively. 
 
Viscosity measurements were done with a coaxial cylinder type viscosimeter RM180. 
 
Presence of Cl - anions in permeate from diafiltration were detected with 0.1 N AgNO3. 
 
 
Conclusions 
 
§ the retentate circulation speed influences the membrane performance drastically. While the 

permeability at circulation rate 8.00 liters per minute results in average value about 3 kg.m-2.h-1, 
in case of circulation rate 8.44 liters per minute was average value of permeability about 18 
kg.m-2.h-1. This means 6 times higher figures. 

§ the parameters of ultrafiltration membrane made from two different types of polymers were 
compered (R from polysulphone and Q from polyacrylonitrile). Retention coefficient was the 
same and permeability was a little higher for membrane type R in comparison with the 
membrane type Q at the same experiment conditions.  
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Effect of CO2 Concentration on the Production and Composition of the 
Cell-Wall Polysaccharide of Porphyridium sp.  
 
S. Li*, S. (Malis) Arad+ and Y. Shabtai+ 
The Institute for Applied Bioscience, Ben-Gurion University of the Negev, P.O.Box 653, Beer-
Sheva, 84105, ISRAEL (shabtai@bgumail.bgu.ac.il) 
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The main goal of our laboratory is to study cell-wall polysaccharide formation in red microalgae 
with the ultimate aim of regulating its production. The purpose of the current study is to examine the 
effect of CO2 on growth and polysaccharide production in Porphyridium sp. 

Porphyridium sp. (UTEX 637) was cultured in artificial sea water medium in 1-liter bubble columns 
at 24±1 ºC. Depending on the experiment, air containing three different concentrations of CO2 was 
sparged into the culture: 0.03% (atmospheric air) 3% and 5% CO2. Cell growth was monitored by 
microspcopic counting and dry mass determination. The amount of polysaccharide was determined 
by the phenol sulfuric acid method and sugar composition by GC.  

The effect of CO2 on growth and cell-wall polysaccharide production in the red microalga 
Porphyridium sp. was investigated by applying three concentrations of CO2 in the air sparged into 
the culture: air only (containing 0.03% of CO2), and CO2-air mixtures with 3% and 5% (v/v) of 
CO2. At the two elevated CO2 concentrations the growth was stimulated, with specific growth rate 
of ~0.6 day-1, maximal cell number of ~5.2 x 107 cells/mL and culture pH of ~7, versus, 0.29 day-1 
specific growth rate, 1.2 x 107 cells/mL maximal cell number, and ~ pH 8 in the culture sparged 
with air. The highest total polysaccharide content was obtained in the culture aerated with 5% CO2, 
which was about six times greater than in the air-sparged culture. However, the fraction of the 
dissolved polysaccharide (per cell) and the ratio of soluble/bound polysaccharide were higher in the 
air-sparged culture (~1.5-fold and ~2-fold higher, respectively, than in the CO2-rich cultures). The 
most interesting finding was that CO2 concentration influenced the chemical composition of 
exopolysaccharide of Porphyridium sp. The molar ratio of galactose to xylose in the soluble 
polysaccharide obtained in low- CO2 culture (air only) was about twice that found in the CO2 rich-
cultures (0.75 as compared to 0.40). The content of glucose, glucuronic acid, sulfur and 
glycoprotein in the polysaccharide did not change. These results indicate that CO2 concentration not 
only influences the growth of Porphyridium sp. but affects polysaccharide biosynthesis, thus 
influencing polysaccharide composition. 
 
[1] Adda, M., Merchuk, J. C., and Arad (Malis), S., Biomass, 10, 131-140, 1986. 
[2] Arad (Malis), S., Adda, M., and Cohen, E., Plant Soil, 98, 117-127, 1985. 
[3] Arad (Malis), S., Friedman (Dahan), O., and Rotem, A., Appl. Environ. Microbiol. 54, 2411-

2414.  
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Studies on the Adsorption of Plasmid DNA to Anion-Exchange 
Chromatographic Supports  
 
G.N.M. Ferreira, J.M.S. Cabral, and D.M.F. Prazeres* 
Centro de Engenharia Biológica e Química, Instituto Superior Técnico 
Av. Rovisco Pais 1096 Lisboa Codex, Portugal 
phone: + 351-1-841 90 65   fax: + 351-1-841 90 62 
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The need for large amounts of pharmaceutical-grade supercoiled plasmid DNA is increasing with 
the recent developments in gene therapy. Cancer, acquired immunodeficiency syndrome (AIDS) or 
cystic fibrosis are examples of diseases targeted by gene therapy protocols currently in clinical trials 
[1]. Both viral and non-viral vectors can carry out the transport of therapeutic genes towards the 
nuclei of target cells or tissues [1]. Among the currently gene therapy protocols in trial 24% are 
based on plasmid DNA vectors [2]. 

As with recombinant proteins, the production of plasmids proceeds through the usual steps of 
fermentation, primary isolation and purification. Gel filtration [3] and ion-exchange 
chromatography [4] have been central to the large scale processing of plasmids. One of the major 
bottlenecks in the process anion-exchange chromatography of plasmids is the lack of capacity of the 
existing commercial adosrbents, originally designed for protein separations. This is due to the fact 
that plasmids are very large molecules and that binding is mostly superficial. When compared with 
proteins, there is a lack of understanding of the process of adsorption of plasmids to anion-
exchangers.  

This work presents studies on the adsorption of different size plasmids to commercial anion-
exchangers. Specific issues such as gel capacity, plasmid pore penetration and plasmid adsorption 
kinetics are addressed.  

Plasmids were produced by fermentation in E. coli host and purified using sequential anion-
exchange and gel filtration chromatography. Equilibrium experiments were performed with the 
purified plasmids at 25ºC using existing ion-exchange matrixes differing on particle diameter (Q-
Sepharose High Performance - particle size 34 µm - Fast Flow - 90 µm - and Big-Beads -200 µm) 
and a recently commercialised ion-exchanger, Streamline QXL, at different salt concentrations (0.5 
to 1M NaCl). Plasmid was quantified by UV absorbance or HPLC. 

Different isotherms were used to fit the experimental data and equilibrium parameters were 
calculated.The kinetics of the batch adsorption of the plasmids was found to be fast (12 seconds) 
suggesting a majority of surface binding. Several models were used to test this hypothesis.  
 
[1] Sikora, K.in Gene Therapy, Lemoine, N.R., Cooper, D.N., Eds; BIOS Scientific Publishers 

Limited: Oxford, U.K., 1-10, 1996 
[2] Marcel, T. and Grausz, J. D., Hum. Gene Ther., 8, 775-800, 1997. 
[3] Ferreira, G. N. M., Cabral, J. M. S., Prazeres, D. M. F., Biotech. Tech., 11, 417-420, 1997. 
[4] Prazeres, D. M., F., Schluep, T., Cooney, C. L., J. Chrom. A, 805, 29-43, 1998. 
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A gene therapy process consists basically in the introduction of one or more functional genes in a 
human receptor as a way of preventing, treating or curing certain genetic defects such as cystic 
fibrosis or acquired diseases like cancer and AIDS [1]. Vaccines can also be developed on the basis 
of genes to provide immunity against major killers as diarrhea-causing viruses or tuberculosis-
inducing bacteria [2]. While the use of genetically modified viral systems presents some problems 
and raises safety concerns, formulations of genes inserted in plasmids are regarded as safer and can 
be used much like a conventional pharmaceutical [1]. Since the efficacy and duration of gene 
expression in the target tissues is relatively low, this mode of treatment requires repeated treatments 
and therefore considerable amounts of pharmaceutical-grade plasmid DNA [1].  

Plasmids for gene therapy applications are usually produced in E. coli by fermentation and isolated 
by a variation of the alkaline lysis procedure [3]. This step is designed to disrupt cells, irreversibly 
denature and precipitate genomic DNA and precipitate proteins. After this procedure and in spite of 
the harsh alkaline/SDS treatment and potassium acetate precipitation, endogenous nucleases may 
persist in the process streams and have a deleterious effect in plasmid stability. This work describes 
the action of endogenous nucleases over host nucleic acids and plasmid and demonstrates how it 
can affect the purification of plasmids for gene therapy.  

Plasmid pMa5L (4.5 kb) containing the gene for a cutinase of Fusarium solani pisi and hosted in E. 
coli (strain WK6) was used as a model system. Cells were grown in Terrific Broth in a 4 L 
fermenter. Plasmid production was induced by shifting the growth temperature at mid-exponential 
phase from 37 ºC to 42ºC. Cells were harvested at late exponential phase (OD600 >30) by 
centrifugation and lysed by the alkaline method [1]. After the final precipitation with potassium 
acetate, cleared lysates were stored at 4ºC. Aliquots of lysate were incubated at different 
temperatures (22-90 ºC) for different periods of time. Samples were then centrifuged, precipitated 
with 70 % (v/v) isopropanol and analysed by electrophoresis on agarose gels. Restriction analysis 
were also performed. The enzymatic action of endogenous nucleases over cDNA and RNA was 
demonstrated. Supercoiled plasmid was degraded to ´nicked´ variants under some temperature 
conditions and completely digested at high temperature (90 ºC).  

[1] Ledley, F., Hum. Gene Ther., 6, 1129-1144, 1995. 
[2] American Academy of Microbiology (1997) The Scientific Future of DNA for Immunization, 

American Society of Microbiology Report. 
[3] Birnboim, H. C. e Doly, J., Nucleic Acids Res., 7, 1513-1523, 1979. 
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Development of Immunoadsorbents for the Treatment of Familial 
Amyloidotic Polyneuropathy (FAP) type I 
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1Escola Superior de Biotecnologia, Universidade Católica Portuguesa, Porto  
2Centro de Estudos de Paramiloidose, Instituto Nacional de Saúde Dr. Ricardo Jorge, Porto  
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Polyneuropathy. 
 
 
FAP is an autosomal dominant hereditary form of amyloidosis, with high prevalence in Portugal, 
Sweden, and Japan. This disease is characterized by the systemic deposition of amyloid, with 
particular involvement of the peripheral nerves. A variant of the plasma transport protein 
transthyretin (TTR) has been found to be the main component of the fibril deposits. 
Immunoadsorbents have become a commonly used and powerful means of carrying out affinity 
chromatography for the isolation and purification of macromolecules. Their use in blood 
purification procedures for specific removal of pathogens has also found use in the treatment of 
several unrelated diseases, e.g. the removal of Low-Density Lipoprotein by immunoapheresis is a 
well-established technique for the treatment of Familial Hypercholesterolemia [1].  
TTR is effectively adsorbed by an anti-TTR immunoadsorbent being used in the experimental 
treatment of FAP. For this trial, murine anti-TTR monoclonal antibodies (88.6.BA9) have been 
covalently coupled to Sepharose CL-4B via the cyanogen bromide (CNBr) activation method. This 
is the most commonly used method of immobilization; however, it is known that the resulting N-
substituted isourea bond is relatively unstable, causing significant ligand leakage. This leakage may 
cause a severe humoral antibody response, that can be demonstrated by rinsing titers of human 
antimouse antibodies (HAMA), and already dictated the discontinuation of the treatment in one of 
our patients. This prompted us to investigate other immobilization methods, in order to optimize the 
ligand stability, and the TTR binding capacity. 
Immunoadsorbents were constructed by immobilizing 88.6.BA9 onto agarose gel supports via 
several different coupling chemistries [2]. The influence of coupling conditions such as pH and 
antibody density on the gel, and of chromatographic variables, such as TTR concentration and the 
applied flow-rate, was determined. It was found that CNBr-, carbonyldiimidazole (CDI)-,and 
aldehyde (ALD)-activated supports conjugated with antibody at optimal pH (8.5, 3.0, and 4.0, 
respectively) provided adsorbents with similar TTR binding capacities (~1 mg ml-1). Ligand 
leakage was lowest for the ALD based immunoadsorbents, especially at high pH. Extrapolating to 
true size immunoadsorbents (300 ml), IgG leakage during plasma passage was estimated at about 
1.0, 2.0, and 0.2 mg per session, for CNBr-, CDI, and ALD-activated immunoadsorbents, 
respectively. Amounts that can easily account for the observed HAMA response. A wider clinical 
use of these immunoadsorbents is hindered by the extremely high costs, mainly of production and 
purification of the monoclonal antibodies. Therefore, we are currently developing low-cost 
immunoadsorbents based on recombinant single-chain antibody fragments (scFvs). These scFvs will 
be either constructed from 88.6.BA9 or selected from a human synthetic VH +  VL phagemid library 
[3]. Preliminary results regarding TTR binding capacity will be shown.  
 
[1] Borberg, H., Gakzkowski, A., Hombach, V., et al. W. J. Clin. Apheresis, 4, 59-65, 1988  
[2] Riedstra, S., Ferreira, J.P.M., Costa, P.M.P. J. Chromatogr. B.,705, 213-222, 1998  
[3] Griffiths, A.D., Williams, S.C., Hartley, O., et al. EMBO J., 13, 3245-3260, 1994 
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Streptomyces natalensis was first isolated from the soil in the Natal province of South Africa [1]. 
The micro-organism exhibits the characteristic mycelial form of the Actinomycetes, producing 
spores as part of its growth cycle. Like most Actinomycetes, it has attracted interest due to its 
secondary metabolism. Pimaricin, the anti-fungal agent produced by S. natalensis, can be used as a 
preservative in the food and beverage industries. While the organism has considerable commercial 
potential, little is known about its performance in submerged culture. 

In this study, various media were evaluated with regard to their potential to optimise the cultivation 
of Streptomyces natalensis in shake flask culture. In particular, the use of a soybean oil supplement 
was investigated as it has previously been reported [2] to improve both biomass and secondary 
metabolite (antibiotic) production in other Streptomyces species. 

S. natalensis was cultivated in 250 ml shake flasks at 27°C and 30°C using glucose and soybean oil. 
Cultures were monitored for biomass production and substrate utilisation profiles. Morphological 
characterisation of S. natalensis was performed using a Leica Q500MC image analyzer. 

Preliminary studies have shown that a combined glucose/soybean oil medium significantly 
enhances biomass production. It has been suggested by other workers [2] that the presence of oil in 
the medium may prevent carbon catabolite repression and this hypothesis is currently under 
investigation. 

 
[1] Struyk, A.P., Waisvisz, J.M., United States Patent, No. 3,892,850, 1975. 
[2] Park, Y.S., Momose, I., Tsunoda, K., Okabe, M., Appl. Microbiol. Biotechnol., 40, 773-779, 

1994. 



2nd European Symposium on Biochemical Engineering Science 
Porto, 16-19 September 1998 

Healthy Products 
Posters 

 

316 
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Drosera is one of the largest and most diverse of the carnivorous plant genera. The Droseraceae 
trap and digest insects, by secretion of a trapping mucilage, containing a protease, from special 
stalked glands on their leaves [1]. Native mucin has been characterised as a 4% aqueous solution of 
an acidic polysaccharide, which is highly viscous and of pH 5 [2]. The stalked glands of Drosera 
usually develop a red pigment when exposed to sunlight [1]. 

The objective of this study is to investigate mucin and protease production by suspension (shake 
flask) cultures of Drosera species. To date, a number of Drosera capensis cell lines have been 
characterised, over the course of 4-6 week growth cycles. These cultures have been shown [3,4] to 
secrete an acidic mucin, which is similar to the mucin droplets secreted by the leaves of intact 
Drosera plants. The mucin is a largley homogeneous polygalactan with a molecular weight of 
approximately 250 kD [4]. 

Broth mucin has been recovered, by alcohol precipitation and the effect of mucin on the rheology of 
the suspending fluid investigated, using a Brookfield DV-II+ rotational viscometer. At mucin 
concentrations in excess of 1.5 g (dry weight) L-1, there is evidence of mildly pseudoplastic 
behaviour. Exhibition of proteolytic activity by the cultures has been investigated using a milk agar 
test and a casein-based assay. 

Suspension cultures of Drosera capensis appear red in colour, due to cell pigmentation. 
Microscopic analysis reveals the presence of free cells and aggregates, ranging in colour from 
colourless to pink/red and black. Semi-automatic (colour-based) image analysis has been used to 
monitor colour development over the course of the growth cycle; the cells have also been 
morphologically characterised. The objective of this portion of the study is to determine whether or 
not mucin production is associated with a particular sub-class of cells in the suspension. 

 
[1] Juniper, B.E., Robins, R.J. and Joel, D.M., The Carnivorous Plants, 49-50, Academic Press, 

London, 1989. 
[2] Rost, K. and Schauer, R. Phytochemistry, 16, 1365-1368, 1977. 
[3] Hook, I. and Paper, D., Proc. 44th Annual Congress of Medicinal Plant Research, 115, 

Prague, 1996 
[4] Hook, I. and Paper, D., Proc. Intl. Symp. on Bioassay Methods in Natural Product Research 

and Drug Development, 35, Uppsala, 1997. 
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Strategies to Control the Pertinent Aggregate Size in Plant Cell 
Suspension Cultures for Enhancing Secondary Metabolite Production 
 
S.Y. Huang*, S.Y. Chen and K.W. Chen 
Department of Chemical Engineering (hsyo@ccms.ntu.edu.tw) 
National Taiwan University, Taipei, 10617, Taiwan 
 
Keywords: Plant cell suspension culture, Aggregate size, Secondary metabolites, Eddy length scale, 
Stizolobium hassjoo 
 
 
Control of aggregate size in suspension plant cell culture is essential to facilitate cell growth and 
enhance production of secondary metabolites. A kinetic equation describing the growth rate of cells 
within an aggregate was proposed. Stizolobium hassjoo cell cultures producing L-DOPA (3,4-
dihydroxyphenylalanine) were adopted as a model system. The aggregate disruption rate constant, 
β , was introduced in the growth rate equation to account for loss of cells from the surface of the 
aggregates by hydrodynamic shear. The aggregate sizes were found to be affected by β  and eddy 
length scale which can be calculated from Kolmogoroff’s hypothesis. The time course changes of 
aggregate size and eddy length scale in shake flask cultures at various rotational speeds with the 
kinetic model and experimental data of viscosity and power input were calculated and found to be 
consistent with the experimental data. This indicates that the eddy length scale can be used as an 
index to control the optimum aggregate size and determine the operational conditions for cultivating 
plant cells in shake flasks. 
 
A 5L (working volume) stirred bioreactor without baffles was used to investigate the performance 
of L-DOPA production with S. hassjoo suspension cultures. Three kinds of impellers at different 
rotational speeds were compared. The flat-blade turbine at 400rpm demonstrated the highest L-
DOPA content (11% L-DOPA content dry wt. in 12 days). This result was supported by the data of 
shear stress, power input, eddy length scale, Fresh wt./DCW and aggregate size distribution. Thus, 
the eddy length scale can also be considered as a parameter for determining the optimum shear 
stress/operational conditions of bioreactors. 
 
Maintaining the optimum pH in plant cell cultures is important for controlling minute aggregate size 
and enhancing L-DOPA production1. In 8 day cultivation, with pH control at 4.5 in a stirred 
bioreactor, L-DOPA content reached 7.8% dry wt. which was 2 fold higher than without pH control. 
The accumulation of L-DOPA in the cells and increase of FW/DCW under pH control may reflect 
the interaction of protons as a second messenger in plant cells. 
 
[1] Huang, S.Y. Chen, S.Y., Wu, K.L. and Taung. W.T., J. Ferment. Bioeng., 79, 342-347, 1995. 
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Preliminary studies of cell suspension culture of Centaurea calcitrapa in 
a mechanically stirred bioreactor 
 
S. Raposo and M. E. Lima Costa  
UCTA - Universidade do Algarve, Campus de Gambelas, 8000 Faro, Portugal (mcosta@ualg.pt). 
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Many Compositae found in portuguese spontaneous vegetation produce enzymes with milk clotting 
activity. Among them is the starthistle Centaurea calcitrapa. 

Preliminary studies of cell suspension culture of Centaurea calcitrapa were carried out in a 2-l 
mechanically stirred bioreactor. A specific growth rate of 0.21 day–1 was obtained. The values of 
apparent yield coefficient of biomass as a function of substrate and of biomass productivity were 
0.85 g dry weight/g substrate and 1,97 g dry weight/l.day, respectively. 

The maximum of proteolytic activity [1] was observed at the end of the exponential growth phase, 
followed by a decreasing of activity in the stationary phase. This is thought to be related with an 
oxygen limitation and/or the depletion of the carbon source that occurs in the beginning of the 
stationary phase. A significative variation of the volumetric oxygen transfer coefficient (KLa) was 
observed during the fermentation time. 

 

[1] Twinig, S.S. (1994) Fluorescein isothiocyanate-labeled casein assay for proteolytic enzymes. 
Anal. Biochem. 143: 30-34. 
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Purification of a recombinant protein (sporamin) expressed in tobacco 
cells and transgenic plants by Immobilized Metal ion Affinity 
Chromatography (IMAC) 
 
Y. Boulis and A. Vijayalakshmi 
Laboratoire d'lnteraction Moléculaire et Technologie des séparations (LIMTechS) et le Biopôle 
végétal de Picardie, Univerté de Technologie de Compiègne, centre de 
recherche de Royallieu, DP 529 60205 Compiègne, France 
 
 
Obtention of pure non-denatured proteins from transgenic plants needs very efficient methods 
which should be selective and rapid and achieved in minimum number of steps. 
 
Sporamin, a storage protein with Kunitz-type protease inhibitor properties, was expressed in BY2 
tobacco cells and in tobacco transgenic plants using different constructs. 
 
We have shown that IMAC method allowed a two step purification of sporamin (a) from sweet 
potato tubers, the reference protein, (b) from cell culture suspension and (c) from the leaves of 
transgenic tobacco plants. 
 
The extract from all the three sources in a Tris-HCI 50 mM containing 150 mM NaCI was subjected 
to ammonium sulfate fractional precipitation. The precipitate from 20% to 50% saturation contained 
sporamin. This pooled precipitate was subjected to IMAC using a Sepharose-IDA-Cu(II) adsorbent. 
A stepwise increasing gradient of imidazole from 1 mM to 100 mM was used. The reference 
sporamin from sweet potato tubers was eluted mainly at 6 mM imidazole, whereas the recombinant 
sporamin expressed in the tobacco cell or plant showed slightly different elution behaviour. By 
further SDS-PAGE and western blot analysis, we could show that sporamin extracted from 
suspension cell culture of genetically modified BY2 tobacco cells was very similar to the reference 
protein extracted from the sweet potato tubers. But the sporamin extracted from the transgenic plant 
leaves showed a tendency for oligomerisation. This was more or less pronounced depending on the 
leaves from the top of the plant or from the bottom of the plant. Moreover, these oligomers showed 
very strong interaction/retention on the IMAC adsorbent, indicating a structural organisation with 
the interacting histidine residues well exposed on the protein surface. 
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Optimization of Feeding Profiles for Sterol Biosynthesis by Yeasts 
Saccharomyces cerevisiae 
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control of feeding, flow cytometry of yeasts 
 
 
Sterols form a large group of organic compounds occurring in plants (phytosterols), in fungi 
(mycosterols) and in animal cells (zoosterols). Main sterol in yeast cells is ergosterol. The aim of 
our research was 1) to study conditions and factors affecting ergosterol and accompanying sterols 
formation in fed-batch culture of industrial strain Saccharomyces cerevisiae deposited as D7 in 
culture collection of DFCB-ICTP, 2) to create a simple mathematical model with the objective of 
optimizing feeding of nutrients. Synthesis of ergosterol is accompanied by three other sterols 
(24(28)-dehydroergosterol, dihydroergosterol and one so far not identified sterol). Yeasts were 
cultivated in New MBR Bioreactor with efficient volume of 5 litres and standard monitoring and 
control system. Carbon dioxide and oxygen concentrations in off-gas were measured by Hartmann 
Braun analysers (URAS 14, MAGNOS 16). Control algorithms were developed during our studies. 
Optimized synthetic medium was used (glucose as a carbon and energy source). Our investigation 
included: optimization of C/N ratio in feeding medium, impact of ethanol concentration in growth 
(exponential) and in stationary phases, impact of specific growth rate, length of cultivation, impact 
of RQ and CO2 profiles. Results of these experiments were repeatedly used as a knowledge base for 
creation of an unstructured mathematical model [1]. Model consists of 13 equations describing rate 
equations of main components. Model identification and simulation were carried out (simulation 
program using PCI/c language). From simulation procedures several control strategies were derived 
mainly for biphasic system (growth and stationary phase) varying concentration of ethanol between 
0.1 and 5 % vol., specific growth rate (controlled by CO2) between 0.0 and 0.2 h-1. For the purpose 
of a knowledge-based control system a matrix of the culture physiological states was formulated. In 
a very close relation to these studies a flow cytometry technique was used to investigate 
intracellular changes in the yeasts as it responds to changes in the extracellular environment, and 
how these correspond to product formation. From many conclusions derived from our investigation 
there are few which can be used for optimization of ergosterol production and minimization of 
unwanted sterols. Industrial verification is in progress. 
 
[1] Rychtera, M., Votruba, J., Paulova, L., Fiala, J., Melzoch, K. and Nahlik, J., 12th Int.Congress 

of Chem.Process Eng. - CHISA ´96, Aug. 25-30, 1996, Prague 
[2] Behalova, B., Votruba, J. and Beran, K., Folia Microbiol. 31, 129-137, 1986 
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On-Line Model Identification in Wastewater Biological Treatment by 
Using Hybrid Short-Cut and Adaptive Search Techniques 
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In the wastewater biological treatment process significant benefits in safety and optimal process 
monitoring can be realised if an enough accurate and reliable process model is available. 
Mechanistic based models can offer the advantage of good predictions, physical meaning of the 
parameters and the possibility to store the results for future process analysis. Because identification 
of extensive model structures call for extensive off-/on-line process investigations under a wide 
range of operating conditions, reactant (substrate and biomass) quality, and different scales, reduced 
models are usually preferred. To be able to predict the process variability, the reduced models have 
to be periodically up-dated, i.e. the parameters re-estimated and, if necessary, even the model 
structure adjusted. The improved identification step can play an important role in an effective 
subsequent process optimisation and control. In all the model identification and simulation steps an 
optimisation procedure is used to extremize an appropriate criterion. Usually gradient optimisation 
methods (GM) are available from commercial software being very effective in finding a local 
problem solution. However, frequently the GM optimizers fail in finding the global solution 
especially for high nonlinear model and variable / parameter constraints, because the progress of the 
search is strongly dependent on the function gradient matrix accurate evaluation, the model 
uncertainty and data quality. The solution reliability can be increased if the GM is applied starting 
from various feasible initial solutions, or for some procedure modifications. An increased attention 
was paid in the last years in developing new random search (RS) optimisation methods that can by-
pass most of the GM difficulties. The advantage of gradientless RS is the high reliability in solving 
multimodal and non-convex problems, and more robustness vs. poor-conditioned cases, while their 
convergence rate is relatively slow. Recent developments concern hybrid multi-level adaptive 
random searches (ARS) able to improve the convergence rate by keeping the same good solution 
reliability. In this paper a short survey of the evolution of ARS optimizers is presented together with 
an ad-hoc classification. Simple tests are proposed to compare the novel ARS performances with the 
classical RS and GMs from available commercial software. Finally the effectiveness of an ARS (that 
is the MMA of Mihail and Maria [1]) in solving process identification problems by using off-line or 
on-line data is presented. By coupling the multi-level MMA with a novel short-cut estimator able to 
decompose the estimation problem and to fix the poor-conditioning (that is the MIP of Maria and 
Rippin [2]) the on-line process identification can be speed-up. This strategy was used in the rapid 
identification of the wastewater biological treatment models. Exemplifications of coupled MMA / 
MIP techniques in solving on-line biokinetic model updating problems under dynamic conditions 
are presented (Maria and Maria [3]). 
 
[1] Mihail, R., Maria, G., Comp.& Chem.Eng. 10, 539-544, 1986 
[2] Maria, G., Rippin, D.W.T. Comp.& Chem.Eng. 21, 1169-1190, 1997 
[3] Maria, G., Maria, C., Science & Techn. Environ. Protection 4, 59-96, 1997 
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The membrane aerated biofilm reactor as a tool for the study of 
heterogeneous biofilm processes 
 
E. Casey*, B. Glennon and G. Hamer 
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(eoin.casey@ucd.ie) 
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The membrane aerated biofilm reactor (MABR) was developed as a novel method of increasing the 
oxidation capacity of wastewater treatment bioreactors by offering a very high oxygen transfer 
efficiency. Cells are immobilised on membranes through which oxygen is supplied. All other 
energy substrates, nutrients are supplied from the liquid side of the biofilm. The unique features of 
such biofilms that allow the MABR to be used in the study of heterogeneous biofilms are: 
 
1. The location of the active layer of biomass within the biofilm can be varied by manipulation of 

the intra-membrane oxygen pressure to carbon substrate loading rate ratio [1]. 
2. Biofilm, thickness, and surface roughness can be measured easily in situ, without removal of 

biomass from the reactor. 
3. The mass transfer of an inert compound from the liquid through the biofilm, into the membrane 

can be measured to give an on-line value of the biofilm porosity or effective diffusivity of 
reaction substrates. 

4. The average oxygen mass transfer in the biofilm can be measured accurately by a non-invasive 
technique. 

5. Biofilm detachment rate can be measured without the interference of suspended cell processes. 
 
Experiments on the development of biofilms in a 1.3 l single membrane MABR of the shell and 
tube configuration have shown that under different intra-membrane oxygen pressures biofilm 
structure and thickness were markedly different In MABRs operating under single or dual-substrate 
limitation, biofilm thickness and effective diffusivity of substrates are critical parameters in the 
reactors overall performance. Mathematical modelling of such biofilms can now incorporate biofilm 
heterogeneity by using the effective diffusivity of substrates which have been measured on-line. 
 
 
References 
 
[1] Casey, E., Glennon, B, Hamer, G. Oxygen mass transfer characteristics in a membrane aerated 
biofilm reactor. Biotechnol. Bioengng. (submitted). 
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respirometric techniques 
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Textile effluents are characterised by a widely varying composition, presenting different discharged 
components and flows depending on the process and the fabric/fibre product being used. It is 
therefore useful to have some knowledge on the effects of shock loads and starvation periods on 
activated sludge reactor performance and on the degradation kinetics of different textile 
compounds. In the present work, surfactant-containing textile effluent components were studied. 
Process data from cotton product manufacturing indicated that these products can represent as much 
as 40% of the total discharged COD. Three surfactant-containing commercial products (Leonil 
EBW - oxidative desizing agent, Hostapal SF - washing agent, and Leonil SR - wetting agent) were 
studied, using closed respirometry. Preliminary respirometric measurements indicated that they are 
non-inhibitory towards heterotrophic sludge. Single tests on these products and on a complete 
simulated effluent containing them resulted in multiple-peak respirograms, suggesting that they are 
composed of several fractions with different biodegradabilities. Moreover, the highest peak showed 
a lag-phase of up to 10 hours, indicating that the products, as well as the complete simulated 
effluent, when fed to a non-acclimatized reactor, are relatively slowly biodegraded, probably due to 
a low initial specific biomass concentration. However, this biomass showed a rapid growth phase 
following the initial lag period, a promising result in what concerns sludge adaptability. 
Acclimatization tests were then carried out with Leonil EBW, by subjecting the same sludge to 
successive injections of a fixed amount (19 mg TOC/L) of this product. These injections were 
followed by a spike of the same TOC load of Hostapal SF. The results indicated that acclimatization 
was achieved, since from the second injection on, the respirograms presented single peaks, with no 
lag period. However, this acclimatization was specific for the employed product, since the 
subsequent spike of Hostapal again gave a multiple-peak respirogram, similar to the one obtained 
with non-acclimatized sludge. Nevertheless, the height ratio between the first and second peaks in 
the Hostapal SF respirogram was significantly different than that observed in a respirogram 
obtained with non-acclimatized sludge, meaning that sludge acclimatization to Leonil EBW 
improved its ability to degrade Hostapal SF. Another acclimatization test was performed imposing 
increasing loads of Leonil EBW in each successive injection (28-130 mg TOC/L) in order to avoid 
substrate limitation. This allowed for the estimation of the maximum observed specific growth rate 
for heterotrophic sludge. This parameter was roughly constant along the acclimatization process 
(0.3 h-1). To qualitatively test the sludge “memory” retention, the spikes of this acclimatization test 
were followed by a starvation period of 5.5 days. After this period, a new injection of Leonil EBW 
was performed and a two-peak respirogram was obtained, indicating that the sludge had lost his 
adaptation to the product. 
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This paper describes work which is part of a larger study into understanding how microbial cultures, 
comprised of substrate specific microbial strains, respond to situations in which substrates change 
sequentially over time. Aerobic biodegradation of a waste gas containing alternating substrates was 
investigated experimentally in a CSTR. A model microbial culture consisting of a Pseudomonas sp. 
JS 150 able to degrade chlorobenzene (MCB) and of a Xanthobacter sp. GJ 10 able to degrade 1,2-
dichloroethane (DCE) was used. Both strains exhibited exclusive degradative capabilities. The 
growth kinetics of each microbial population was independently characterised using a fed-batch 
reactor and the inhibitory concentrations of each substrate on both populations was determined. 
Studies aimed at understanding the causes and minimising the lag phase period were also carried 
out independently in batch reactors. The growth kinetics of JS 150 on MCB showed unusual 
behaviour with a strong inhibitory effect at high MCB concentrations. The kinetic data could not be 
fitted with the standard expressions ans so were fitted using a piecewise function in which the 
Monod model was applied until reaching an inhibitory MCB concentration, followed by an 
inhibitory function. Haldane inhibition kinetics were found to be suitable for describing the GJ 10 
growth rates. Microbial cells exhibited the shortest lag phase period when subcultured during the 
mid-log growth phase to the batch reactor. Non-toxic concentrations of both substrates were fed 
into the CSTR sequentially. The behaviour of the microbial culture when exposed to this pattern of 
substrates in the waste gas was investigated by quantification of each population and measurement 
of its specific activity. Minimisation of the downtime period, caused by the changes in the substrate 
fed to the CSTR, was successfully achieved by the application of the knowledge gained in the batch 
lag phase studies. All the information obtained was applied to determine parameters of a 
mathematical model predicting CSTR responses.  
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The removal of ammonia from wastewater using nitrifying bacteria has been the subject of intense 
study in the last decade. Nitrification can be achieved in an activated sludge but the bacteria can 
easily be washed out from the reactor. A technique to prevent wash out of the bacteria without 
increasing the size of the bioreactor is their immobilisation on suitable supports [1] which provides 
a defined and controllable system. However the nitrification capacity of the immobilised cells is 
mainly determined by the transport characteristics of the substrate [2]. 

In this study the extent of external and internal mass transfer limitations in the oxidation of 
ammonia to nitrite using Nitrosomonas cells immobilised in alginate beads was investigated in a 
bubble column reactor. Each test was run in a two-litre glass column, containing one litre ammonia 
solution and the immobilised cells. Air was bubbled through an aeration stone into the ammonia 
solution. The rate of reaction was obtained from nitrite concentration and time data. 

For the external diffusion experiments, four air flow rates were explored from 2 to 5 L min-1 and 
one bead size (4.3 mm diameter). In each case there was oxygen saturation of the solution so that 
the increase in air flow rate could only influence mixing. Under the reaction conditions employed, 
an air flow rate of 4 L min-1 provided sufficient mixing to reduce significantly external diffusional 
effects. 

For the internal diffusion experiments, five sizes of beads were used, varying from 5.1 to 2.3 mm 
diameter keeping the air flow rate constant at 5 L min-1. In the absence of external mass transfer 
limitations, internal diffusion effects were appreciably reduced when the bead diameter is below 3 
mm. Electron microscopy pictures showed that clusters of the cells are evenly distributed 
throughout the beads. 

Diffusional transport parameters were obtained from experimental data and discussed in relation to 
reaction design. 

[1] Wijffels, R.H., Tramper. J., S., Enzyme and Microbial Technology, 17, 482-492, 1995. 

[2] Wijffels, R.H., Englund, G., Hunik, J.H., Leenen, E.J.T.M., Bakketun, A., Gunther, A., Obonde 
Castro, J.M., Tramper, J., Biotechnology and Bioengineering, 45, 1-9, 1995. 
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There is currently a considerable interest in the problem of coloured effluents and its effect in rivers 
and lakes, specially those associated with pulp and paper mills, wineries, olive oil mills, textile and 
leather industries. Environmental regulations in most countries now have made it mandatory to 
decoulorise the effluents prior to discharge, this leading to an international effort to develop 
effective colour removal processes [1]. This colour is often associated with the use of dyes, or 
different types of phenolic compounds. These compounds are of recalcitrant nature and present high 
level of toxicity. Fungi, specially white rot fungi, have been tested for their ability to degrade a wide 
range of synthetic compounds, making use of their ligninolytic enzyme system, and could therefore 
be used for biotransformation/ decolourisation of these compounds and effluents. 

To select fungal strains possessing high ability for decoulorisation, samples from different origins 
were collected and a selective isolation procedure was carried out. One hundred and five fungal 
isolates were collected for further decoulorisation studies. Together with these 105 isolates, 7 
strains from our collection: Aspergillus niger, Ceriporiopsis subvermispora, Paecilomyces variotii, 
Penicillium frequentans, Penicillium spinolosum, Pleurotus ostreatus and Pycnoporus cinnabarinus 
were also tested. A comparative screening was carried out in solid media containing either 0.02% of 
the polymeric dye Poly-R 478 or 0.05% of Remazol Brilliant Blue R dye in order to select the 
strains with decolourisation activity. The selected strains were then assayed a second time in liquid 
media with the same dye concentration. Rates of biotransformation (decoulorisation) were 
determined. Biochemical and taxonomical characterisation and the reactor application studies are 
now underway. 

 

[1] Azmi et al, Enzyme and Microbial Technology, 22, 185-191, 1998. 
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Lignocelluloses are produced in phothosynthesis in large quantities every year. Using this 
renewable biomass for fuel may reduce the energy problem of the world. 
Ethanol which can be produced from lignocellulosic materials can be used as a transportation fuel. 
Lignocellulosic materials are exposed to pretreatment before enzymatic hydrolysis, which is 
succeeded by yeast fermentation. 
The most promising process of ethanol production from lignocelluloses is simultaneous 
saccharification and fermentation (SSF). In SSF, enzymatic hydrolysis and fermentation to ethanol 
are carried out in one step at the same time in the same vessel. As the fermentable sugars are 
transferred to ethanol by yeast directly after being released by the action of cellulase enzymes, so 
end-product inhibition of the cellulases is diminished considerably. 
This results in increased rate of hydrolysis and ethanol yield compared to separate enzymatic 
hydrolysis and fermentation. The requirement of enzyme loading can be reduced which is important 
because of its economical benefit. The direct consumption of the sugars and the presence of ethanol 
reduce the possibility of microbial contamination. The main problem of SSF is that the optimal pH 
and temperature for cellulase enzymes and yeast differ. 
The SSF experiments have been performed with steam-pretreated spruce at 37°C and pH 4.8-5.0 
and stirred at 300 rpm in a 1 liter’s bioreactor equipped with temperature and pH control and 
operated anaerobically. 
In SSF experiments samples were taken at fixed hours and analyzed on HPLC for ethanol, glucose, 
lactic acid, glycerol, acetic acid, hydroxymethyl furfural, furfural, xylose, galactose and mannose. 
The experiments were carried out varying the different parameters such as: substrate, enzyme and 
yeast concentration and composition of medium. 
To avoid the bacterial contamination in some of the SSF experiments cultivated yeast was used and 
the experiments were performed under sterile conditions, but lactic acid was present in the late 
stage. 
The highest ethanol yield achieved was 22.5 g/100g of substrate, 66% of theoretical yield. 
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Bacteria have been largely used in the production of recombinant bioproducts and improvements in 
the downstream processing are required. When the product of interest is intracellular, the primary 
steps involve the removal of cell debris after cell disruption. Depending on the cell disruption 
method, very small sized particles are obtained in the cell homogenate, together with soluble 
intracellular products. These micro-particles are responsible for drastic changes in the separation 
characteristics of membrane filtration systems, due to an increased resistance to mass transfer in the 
concentration polarization layer and fouling of filtration membranes.  
The use of micron sized charged particles, as membrane filtration aids, has been successfully 
applied [1-3]. This work describes the use of a low cost, naturally occurring, cationic 
polyelectrolyte - chitosan - for the flocculation of Escherichia coli cell debris and its use to control 
membrane filtration processes.  

Cell fragments, produced by sonication and bead mill homogenization of E. coli suspensions (2.2 to 
3.0 g c.d.w./L) in buffered or electrolyte solutions, were flocculated by addition of pre-solubilized 
chitosan to final concentrations that varied in the range of 0.05 – 5.0 g/L. The adequate chitosan 
concentration, which produces optically clear supernatants and does not co-flocculate the product of 
interest (cytochrome b5 or cutinase), was verified in the range between 0.075 and 0.136 g chitosan/g 
c.d.w. for the two E. coli systems studied.  

Membrane filtration experiments were performed with non-flocculated, mis-flocculated and 
flocculated cell homogenates. Those experiments revealed that when the optimal chitosan 
concentration was achieved, the permeation fluxes were generally doubled but instant protein 
transmissions increased no more than 50% leading to similar global protein recoveries to the 
permeate. Membrane fouling during the membrane filtration process was higher when the 
flocculated homogenates were used than with chitosan-free homogenates. The mis-flocculated ones 
could cause even higher degrees of fouling. 
Membrane filtration is not only controlled by a size exclusion mechanism [4]. Charged 
polyelectrolytes modify the charge of the particles retained by the membrane and, therefore, its 
electrostatic interactions with the membrane. In order to study the influence of these phenomena, 
the zeta potentials of the free and flocculated cell debris and those of the membranes were measured 
and the results correlated with the filtration behaviour. 
[1] Mateus, M., Cabral, J.M.S., Bioprocess Engineering, 4, 169-174, 1989. 
[2] Cabral, J.M.S., Robinson, E.M., Cooney, C.L., U.S. patent 4830753, 1989. 
[3] Santos, J.A.L., Cooney, C.L., Cabral, J.M.S., Bioprocess Engineering, 7, 205-211,1992. 
[4] Bowen, W.R., Sharif, A.O., Proc. R. Soc. Lond. A, 452, 2121-2140,1996. 
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The production of biodiesel, a less pollutant fuel, generates glycerol as a by-product. Thus this 
glycerol can be consider as a cheap renewable resource to obtain a chemical more in demand such 
as 1,3-propanediol which can be used as a monomer on biodegradable polymers synthesis. 
 
 It has been shown that Costridium butyricum is able to ferment glycerol to 1,3- propanediol. 
Continuous cultures of Cl.butyricum VPI 1718 were performed at pH= 6.5 and D= 0.1 h-1, using 
glycerol as sole carbon source. Low-grade glycerol of diferent purity degrees were also used 
(without prior purification), with results similar to those observed with commercial glycerol (0.65 
mol 1,3-propanediol/ mol glycerol). 
 
A flat-plate membrane ultrafiltration unit is being used in a continuous cultures system to recycle 
biomass. An improvement in 1,3-propanediol yield and productivity was achieved. Low grade 
glycerol will also be used in this system. 
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There has been an increasing concern over dangerous levels of heavy metals contaminating the 
aquatic environment and sources of potable water. These metals are particularly toxic in their 
chemical combined forms. It is known that cadmium, copper, zinc, lead and mercury ions bind to 
the cell membranes hindering transport processes through the cell wall. The use of biological 
materials for heavy metals removal and recovery technologies has gained credibility during recent 
years, because of the good performance and low cost of these complexing materials.  
 
In this work, the removal of copper, zinc, nickel and mercury from aqueous solutions by biosorption 
of the metal cations onto grape-stalks biomass in a stirred reactor is reported. After biosorption, the 
solids are separated from the aqueous phase by sedimentation and go to the filtration stage. The 
biomass is eluted with an electrolyte solution in batch tests or with the biomass immobilised as a 
filter cake. Biosorption and elution equilibrium data for single and mixed metal solutions were 
obtained. These studies allowed the definition of the effect of several operational variables on the 
biosorption and elution of the metals in batch tests. The variables studied were: initial metal 
concentration and pH in the effluent, composition of the eluant, biomass concentration in the 
biosorption and elution and number of biosorption and elution stages. The results showed that it is 
possible to achieve 96% of copper removal from a 10ppm solution in two stages of bisorption / 
elution using a biomass concentration of 2g/l in the biosorption step and 80g/L in the elution step 
and a concentration factor of 60 fold is achieved. The biosorption tests with mixed solutions showed 
that the other metals affect negatively the bisorption of copper but this metal has the greater affinity 
to the biomass. Some kinetic studies of copper adsorption were also performed. The rate of copper 
biosorption is extremely high and, for an initial metal concentration of 10ppm and a biomass 
concentration of 2g/l, 50% of the maximum metal uptake is achieved in 17seconds. If the elution is 
carried out with the biomass immobilised in the filter cake, it is possible to achieve the complete 
elution of copper and 93% of zinc with a sodium sulphate/sodium citrate solution. Mercury is 
partially eluted with a sodium chloride solution.  
 
This process allows the recycling of biomass and up to eight cycles of bisorption 
/sedimentation/elution were carried out. The results showed that it is possible to achieve the same 
removal efficiency of copper than in a single stage, but a loss of 1% (w/w) of biomass occurred. 
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The ABE- fermentation can convert various biomass substrates into liquid fuels and basic 
chemicals. As the traditional batch process could not compete with the petrochemical route to the 
products, modern interest is motivated by the use of renewable resources including organic wastes. 
Technological research has centered on a continuous process with integrated product removal to 
reduce the inhibiting effects of the products. Applied microbiological research is presently focused 
on the problems of product inhibition and strain degeneration (Nimcevic & Gapes, in prep.) during 
prolonged fermentations. 
The development of the 
continuous process has 
reached the stage of long-term 
stability, running on semi-
synthetic substrates (Gapes et 
al., 1996) and natural 
substrates like potato mash 
(Schuster et al., in prep.) for 
more than 1000 hours and 
reaching productivities well 
over 1 g/l h.  
For a scale-up, a pilot plant has 
been designed (Fig. 1) 
essentially enlarging the 
laboratory setups for a factor 
50 to 100. The plant is 
designed for a substrate 
through put of up to 1m3/day, 
allowing dilution rates up to 1 h-1. The substrates will include low-grade potato and potato waste, 
cereals, and municipal organic wastes. This is thought to be the first time that the continuous ABE 
fermentation is tested in a pilot plant. 
 

[1] Gapes, J.R., Nimcevic, D., Friedl, A., Long-term continuous cultivation of Clostridium 
beijerinckii in a two-stage chemostat with on-line solvent removal, Appl. Environmental 
Microbiology 62, 3210-3219, 1996.  

[2] Nimcevic, D., and Gapes, J.R., Butanol / acetone ratio as an indicator of the degeneration of the 
continuous Clostridium beijerinckii NRRL B592 culture. Manuscript in preparation 

[3] Schuster, K.C., Maddox, I.S., Swoboda, H., Thayer, R., Gapes, J.R., Continuous acetone - 
butanol - (ABE-) fermentation on a natural substrate of potato. Manuscript in preparation 
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Winemaking, like most agroindustries, produces effluents with high organic charge (polyphenols, 
tanins and others). Winery effluents also can vary widely in their hydraulic and pollution loads 
seazonably in relation to the working period (vintage, racking, bottling), the type of wine (red, 
white, sparkling or special wine), the methods of production and water management. For these 
reazons wineries wastewater cause problems in municipals treatment plants and a previous 
treatment is necessary. 
Wine production is of great importance to the Portuguese and European economy, the vineyards 
covering a significant portion of the national agricultural area. To produce one volume of wine one 
volume of water is estimated to be necessary and one volume of effluent is generated. 
In order to investigate new solutions for the effluent treatment we designed a new bioreactor of the 
JLR type, whose main characteristics would be high unit capacity for biological conversion; 
operation at different loadings and prompt start after stops; reduced energy consumption for pumps, 
agitation, oxygen supply, etc; reduced volume and consequently small occupied area; reduced 
maintenance and installation costs competitive with other processes. Several tests have been done 
on 18 L laboratorial JLR prototypes at INETI’s Pilot Fermentation Laboratory using a high 
performing microbial inocula from different sources which were addapted to EVN effluent. 
 
 
 
 
 
 
 
 
Monitoring of physical and chemical parameters with on-line data acquisition of temperature, pH 
and dissolved oxigen was performed using a Modular Control Unit from SGI-Inceltech-LH (MOD 
7F) connected to the apropriated sensors. Monitoring of temperature, pH, dissolved oxygen and 
chemical demand of oxygen (COD) are shown for a sampling period of one day during more than 3 
months. We observed that pH values did not change significantly. Dissolved oxygen values vary 
between 100% to 60% of saturation and can be related to the microbial growth and to variations in 
effluent additions. Temperature was in a range of 30 to 40ºC. We observed that biomass 
concentration was not influenced by temperature and pH variations.Variation of COD removal with 
time was determined. Removal COD rate for continuous process was constantly higher than 92%. 
 
The experiments demonstrated the prototype´s properties. It could cope with variation in the 
hydraulic and pollution loads and in the temperature, maintaining a constantly high rate of 
purification efficiency (higher than 98%) for a maximal polluting charge of 3 Kg COD/m3/day. In 
order to increase the efficiency of the reactor a biomass recycling system was adopted. 

Figure 1. Bioreactor scheme:  
1-effluent inlet, 2-air inlet,  
3-degasser, 4-pump 

1 

2 
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Molinate (S-ethyl hexahydro-1H-azepine-1-carbothioate) is a selective herbicide which belongs to 
the thiocarbamate chemical class, and is often used to control weeds in rice paddies. 
 
Despite of being considered a moderate toxic compound, it is known that molinate is toxic to some 
kinds of cold water fish, suspected of being a human teratogen and to have irreversible neurotoxic 
effects. 
 
As molinate has a moderate half-life of 12 days in soil and is reasonably soluble in water (800 ppm 
at 25 ºC), it is expected to have a large potential to contaminate groundwater. 
 
Earlier studies reported that the principal ways of dissipation of this herbicide were volatilisation 
(75-85%), photolysis (5-10%) and adsorption and biodegradation (5-10%). 
Several bacterial species that can cometabolise molinate, belonging to the genera Pseudomonas, 
Mycobacterium, Flavobacterium, Streptomyces, Arthrobacter and Bacillus have been isolated. So 
far, however, there is no report of microorganism able to mineralize or to grow on molinate as a 
sole carbon source. 
 
In order to isolate microbial communities or single strains able to mineralize molinate, samples 
were collected from soil and water from the runoff of a molinate producing plant and incubated in 
mineral medium containing molinate (2,7 mM) as sole source of carbon and energy. A mixed 
culture able to grow with molinate (4 mM) as sole carbon and also as sole nitrogen source was 
obtained. Molinate degradation was monitored by HPLC and total organic carbon (TOC) analysis. 
Molinate depletion was accompanied by reduction of TOC. After exhaustion of molinate TOC was 
reduced by 90 %, indicating that metabolic products were not accumulated and that molinate was 
mineralized. GC-MS analysis of culture supernatants harvested during growth gave no indication 
for the intermediate accumulation of significant amounts of pathway metabolites. 
In order to identify members of the microbial community important for molinate degradation, the 
mixed culture was streaked out on plate count agar and individual colonies or mixtures of colonies 
tested for the ability to grow with molinate. Whereas no single microorganism was able of 
degradation, a defined mixed culture of 5 bacterial strains, could grow on molinate. The 16 S rRNA 
gene sequences from 4 of the 5 strains were most similar to Pseudomonas stutzeri, Pseudomonas 
chlororaphis, Stenotrophomonas maltophilia, and Alcaligenes xylosoxidans. In the future we will 
analyse the contribution of each of this strains in the molinate biodegradation.  
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Yeast biomass enriched by microelement - chromium can be used as a good source of biologically 
available chromium in human and animal nutrition chain. Generally, mineral enrichment based on 
the fact that yeasts are able to uptake elements in quantities higher than required concentrations for 
yeast cell activity and growth. The effect of batch and fed-batch cultivation mode on the 
accumulation of chromium as well as its organic distribution in the yeast cell was studied. Yeast 
defined cultivation media contained 278.8 mM of glucose and 1 mM of chromium added as 
K2Cr(SO4)2 x 12H2O in batch and fed batch enrichment bioprocess. In fed batch cultivation 
procedure the fed rate of substrate remained constant during growth of yeast and corresponded to 
yeast growth rate 0.25 h-1. In both cases the growth and yeast activity was followed by on line 
measurement of optical density, pH and pO2 at the 30 ºC. At the end of the bioprocess the 
concentration of protein in yeast biomass was determined off line by biuret reaction. The total and 
organically bound chromium was detected by ETA-AAS. Presence of chromium ion in the growth 
media and different cultivation mode used in yeast biomass enrichment bioprocess effected the total 
cell protein concentration. In batch process the protein concentration attained 25.7 % of dry yeast 
biomass while in fed batch this concentration was 16.9 % in the same period of time. The influence 
of cultivation mode on chromium uptake was seen in total chromium accumulation which reached 
451.6 ± 14.4 mg in batch and 99.9 ± 2.2 mg of chromium in gram of dry yeast biomass in the fed 
batch mode. The opposite behaviour was observed for organically bound chromium. The 60 % of 
total accumulated chromium were organically bound during yeast growth in fed batch mode. When 
yeast growth in batch mode this value reached 13.5 %. Comparing studied systems it was found out 
that fed batch system was more efficient over batch system in chromium biotransformation into 
organically bound chromium regardless lower protein ratio in the biomass. 
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Chlorinated aromatic compounds are priority environmental pollutants (EC Framework Directive 
76/64/EEC). We have isolated haloaromatic degrading bacterial consortia from the rhizosphere of 
the reed Phragmitis communis which inhabits a heavily contaminated environment in Northern 
Portugal. Consortium EST2 was selected for further studies as it was able to metabolise the widest 
spectrum of target substituted aromatic compounds. These compounds included nitrophenols, 
chlorophenols, benzene, chlorobenzene and mixtures of chloro- and nitrophenol and mono- and di-
chlorophenols. The removal of compounds from culture media was monitored by HPLC and 
chloride liberation. 
 
Consortium EST2 was used to establish a granular activated carbon (GAC) biofilm column for the 
degradation of a model target compound, 4-chlorophenol. The effect of heavy metal and nitrate 
addition on bioreactor performance was investigated. A tubular glass column was packed 
 with GAC and inoculated with a 4-chlorophenol batch grown EST2 culture. Initially, the reactor 
was operated in a closed system mode in order to establish the biofilm on the GAC column. The 
reactor was subsequently run in continuous open mode operation to quantify 4-CP degradation in 
the reactor. This was determined based on the amount of chloride released into the recirculating 
vessel or effluent. Adsorption to GAC was quantified by measuring the amount of chlorophenol in 
the column outlet. Both adsorption and biodegradation occurred in the GAC column bioreactors, 
and 4-CP was never detected in the column effluent. 
 
Different amounts of a priority heavy metal pollutant, chromium, were supplied to a GAC biofilm 
column previously established under similar operating conditions. During shock loadings of 
chromium (10 ppm) onto the column in continous mode, 0.05-0.1 mgCr/gGAC was adsorbed, and 
this did not affect 4-CP biodegradation. Twice the amount of chromium was adsorbed onto 
colonised GAC particles. In batch suspension cultures, EST2 was able to biodegrade 4-CP in the 
presence of Cr, in the tested range 1-5 ppm Cr, and only at the highest concentration an acclimation 
period occurred. The effect of nitrate addition was also examined. The binding of nitrate to GAC 
depends on the flow conditions, and in batch cultures nitrate did not affect 4-CP metabolism, at 
tested supplied concentrations up to 400 ppm. 
 
The development and structure of the biofilm community was monitored using Scanning Electron 
Microscopy (SEM) and Confocal Laser Scanning Microscopy (CSLM). Mature biofilms had a 
network of channels and long void spaces, partially filled with exopolymer structures (EPS). 
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Among bioremediation techniques, biosorption seems to present good characteristics to be applied 
to the recovery of heavy metals in diluted wastewater. For those small and medium size industries, 
operating with tight budget, classical processes of heavy metal wastewater treatment may turn out 
to be too expensive to be implemented for solutions with less than 50 to 100 mg.l-1. Biosorption, 
defined as the entrapment of ions by materials of natural origin, retains the metal or metals that may 
be recovered/recycled and, alternatively, implements the catalytic activity of the support, chosen to 
be granular activated carbon. This material is able to retain other pollutants, organic ones, which are 
sometimes present in wastewater in association with heavy metals. The product of this remediation 
action, which is granular activated carbon / biofilm / metal may, then, be used as catalyst for 
treatment of gaseous mixtures of noxious compounds. 
This work focus special attention on the maintenance of the characteristics of that solid matrix 
through several cycles of biofilm formation over the activated carbon followed by metal biosorption 
with enhancement of structural properties which will allow future applications of the biosorbent. 
The effect of conditions of biofilm formation, of pellet size, of pH solution, the effect of the 
presence of a second metal, as well as of the presence of organic compounds were analysed in terms 
of chromium biosorption. Metal fixation by heat treatment of the biosorbent was also considered in 
terms of reutilization of the solid in cycles of biofilm formation - metal biosorption. Finally, the 
effect of the metabolic activity of the biofilm on the metal retention was also considered. 
Experiments were carried out with mini-columns partially filled with granular activated carbon over 
which a biofilm was formed. A metallic solution with pre-established characteristics was, then, 
passed through the column and retention was determined by quantification of the metal in solution 
by Atomic Absorption Spectroscopy. 
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Protozoa play an important part in the wastewater treatment by activated sludge. They live using 
smaller microorganisms such as bacteria as feed by grazing. Information on their specific growth 
rates and response to operation conditions (availability of food) [1] is not yet well documented. 
However they have been found to be a good indicator of the good operation of a plant [2].  
 
Protozoa are very diverse and their study is not easy. An automated species recognition would be 
useful for a systematic study. For that purpose the possibilities of characterization by image analysis 
have been investigated. 
 
Activated sludge has been sampled in the aeration tank of treating municipal and brewery 
wastewater in separate lines. After sampling the protozoa have been maintained in an aerated tank. 
They have been examined by optical microscopy and monochrome images have been captured by a 
video camera. The commercial software Visilog™ (Noesis, France) has been used for the image 
treatment and analysis. The characterization is based on the silhouette of the microorganism. The 
determination of the silhouette is semi-automated as manual editing is generally necessary to 
separate the grazing protozoa from the sludge flocs. Five shape descriptors of the silhouette are 
calculated such as elongation factors and indices related to concavity [3]. These descriptors are size-
invariant. A Principal Component Analysis [4] is then performed to reduce the dimensionnality of 
the problem and enable a graphical representation of the different types of protozoa. 
 
About 20 different protozoa have been first manually recognized [5, 6] and their shape descriptors 
calculated. The main species are Bodo edax, Vorticella convallaria and Vorticella microstoma. 
Their abundance have been recorded over a 8-week period. The difficulties come from the different 
shapes which can be taken by an individual. The size range would probably be helpful to improve 
the performance of the protocol and obtain an automated characterization procedure. 
 
[1] Nicolau, A., Lima, N., Mota, M., Madoni, P., Boletim de Biotecnologia, 56, 14-19, 1997. 
[2] Drakides, C., T.S.M. L'eau, 2, 85-98, 1978. 
[3] Pons, M.N., Vivier, H., Dodds, J., Part. Part. Syst. Charact., 14, 272-277, 1997. 
[4] Einax, J.W., Zwanziger, H.W., Geiβ , S., Chemometrics in Environmental Analysis, Wiley, 

1997. 
[5] Madoni, P., Atlante Fotografico - Guida all'analisi microscopica del fango attivo, Università 

degli Studi de Parma, AGAC, Reggio Emilia, 1996. 
[6] Jahn, T.J., Bovee, E.C., Jahn, F.F., How to know the protozoa, The Pictured Key Nature Series, 

Wm.C. Brown Company Publishers, Dubuque (Iowa), 1979. 
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Because the biological wastewater treatment is based on the activity of microorganisms, the study 
of these kind of treatment systems cannot be suitably carried out without taking into account the 
microbiological aspects involved. The understanding of these aspects, together with the knowledge 
of which factors affect the microbial activity and how they do so, leads to the understanding of their 
eficiency and the problems associated with these kind of treatment systems.  
 
The aim of this study, carried out in large-scale and pilot treatment plants, which eliminate either 
organic matter and nitrogen or only one of these two pollutants, is to get a deeper knowledge of the 
characteristics of the microbial communities associated to the treatment processes and the effect of 
the physico-chemical parameters on their activity. 
 
The wastewaters chosen for the study were either from urban WWTP or from industrial processes. 
On the other hand, while the configurations of the activated sludge plants varied from one case to 
another, the study of the fixed film was done with a four-stage SBC (Submerged Biological 
Contactor), designed to remove the ammonia contained in a secondary effluent of an urban 
wastewater treatment plant. The SBC is an improvement on the air-driven Rotating Biological 
Contactor (RBC), in which the submergence of the media has been increased from about 40% to at 
least 70%, resulting in an increase of the process eficiency. The use of a four-stage SBC allows the 
existence of different physical and chemical conditions along the reactor, to which every one of the 
four microbial communities is exposed.  
 
The parameters measured were the organic matter, ammonia, nitrite, nitrate and suspended solids, 
along with the dissolved oxigen, the temperature, the redox potential and the pH. The operational 
parameters of the plants studied and the results of the physico-chemical data provide the 
information necessary to explain the microbial communities characteristics and activities observed. 
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Biofouling in industrial water systems is commonly controlled by the use of biocides, which are, 
generally, chemical substances that kill the microorganisms responsible for biofilm growth or at 
least reduce their activity[1]. The use of biocides demands the previous knowledge of the factors 
that could affect its efficiency such as: the optimal values of pH and temperature of the system, the 
suitable biocide dosing programme and its application frequency, the environmental risks that the 
residual biocide can give rise to when the waste water is discharged. Because legislation is 
becoming ever more restrictive, this last factor has acquired such importance that it became a 
decisive factor in the choice of a certain biocide or combination of biocides. There are essentially 
two ways of minimising the environmental impact of biocides: i) the use of the so called 
“environmental friendly” biocides, that easily break down to harmless products after its application 
and ii) the implementation of a treatment scheme in a way to reduce the amount of biocide 
necessary to control the biological activity.  
Two biocides (gluataraldehyde and carbamate) were tested with P. fluorescens suspended cultures 
in order to know the mechanism of each biocide action and to compare both performances. Hence, 
in order to determine the optimum conditions to properly apply these two chemicals, assays were 
carried out at several pH, applying different concentrations of each biocide, respectively 100, 200 
and 300 g/L of carbamate and 50 and 100 g/L of glutaraldehyde and exposing the bacterial cultures 
to the biocides at different contact times. The effect of each biocide on the bacterial surface charge 
was determined by zeta potential measurements. The effect on the bacterial suspension was 
evaluated in terms of oxygen uptake rates, as a measure of bacterial activity. These respirometric 
assays were fulfilled in a biological oxygen monitor (BOM) and the procedure used was described 
elsewhere[2]. 
The results clearly indicate that, contrary to the glutaraldehyde, the carbamate shifts the surface 
electrical charge of the P. fluorescens from negative to neutral or positive values, depending on the 
pH value and the biocide concentration. Thus, this biocide may promote cell aggregation when 
electrostatic repulsion between cells becomes low or non-existent. The changes in the surface 
properties and in the composition of the medium, caused by the carbamate, may lead to a reduction 
in a production of extra-cellular polymers, thereby reducing biofilm formation. 
The results also show that carbamate causes a small decrease on the P. fluorescens activity, its 
action being more significant for higher concentrations and longer contact times. Oppositely, 
gluataraldehyde has a faster and stronger killing effect, because the bacterial activity decreases 
down to value close to zero, independently of the pH and the biocide concentration applied. The 
results stress that gluataraldehyde is more effective as a biocide than carbamate. However, it can 
also have a negative effect on the operation of the treatment systems when wastewater is 
discharged, enhancing the environmental risks. On the contrary, carbamate is considered almost an 
“environmental friendly” biocide, since its decomposition occurs rather quickly and does not affect 
the biological processes in treatment systems.  
[1] Bott, T. R., Fouling of Heat Exchangers, 287-356, 1995. 
[2] Nogueira, R., Lazarova, V., Melo, L. F., Microbial Ecology of Biofilms: Concepts, Tools, and Applications, Illinois, 
8-10 October, 1998.  
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This study is aimed at investigating the feasibility of an inverse fluidized-bed biofilm reactor to 
eliminate nitrate from water and wastewater using acetate as an external carbon source. 

Methods  

The experimental work was carried out in an inverse fluidized-bed biofilm reactor packed with a 
floating carrier as the support for biomass growth in which the continuous liquid phase (influent + 
recirculated effluent) was flowing downward countercurrent to the gas phase. The carrier (33% v/v) 
was an irregular plastic granular product with grain size in the range of 1–3 mm and an average 
density of 865 kg m-3. The bioreactor was fed continuously with increasing nitrate concentrations in 
a synthetic medium of tap water, potassium nitrate and sodium acetate, maintaining the C/N mass 
ratio at 3.5. Phosphate (-PO4

3-) was supplied at a concentration of 3.5 mg L-1. For each nitrate 
concentration the reactor was operated until steady state conditions were achieved. 

Nitrate, nitrite and chemical oxygen demand (COD) analyses in liquid samples were in accordance 
with those outlined in Standard Methods. The biofilm mass was estimated by means of dry weight 
(103–105 °C), total protein (Sigma kit) and total polysaccharides (Dubois method). 

Results and Conclusions  
The maximum nitrate removal rate reached in this study was 2.98 kg N-NO3- m-3 d-1, which is higher 
than those obtained with submerged filters1. The maximum quantity of nitrate consumed divided by 
the amount of biofilm dry weight (DW) in the reactor was 0.45 kg N-NO3-kg-1

 DW d-1, which is of the 
same order as those obtained with fluidized-bed reactors2. The consumed COD/N mass ratio was 
about 8.1. No nitrite accumulation was observed. 
Biofilm dry weight steady state values were nearly constant (6.1Õ6.6 kgDW m-3), whereas biofilm 
total protein (TP) values were dependent on nitrate loading rate (0.11Õ0.25 kg TP m-3). A very low 
content of total polysaccharides was also observed. The biofilm wet and dry densities were not 
strongly dependent on nitrate loading rate (1024Õ1063 kgwet biofilm m-3 and 20.2Õ25.1 kgwet biofilm 
m-3). 

Due to the characteristics of the carrier, the superficial liquid velocity needed to expand the bed in 
the inverse fluidized-bed reactor is lower than the one in the common fluidized-bed. It was observed 
that by increasing the nitrate loading rate, gas production and bed expansion increased. The gas 
bubbles moving upward intensify the turbulence around the carrier particles and seem to prevent 
them from agglomerating (which could easily happen due to the fast growth process of the 
heterotrophic microorganisms). 

The nitrate loading rate could be further increased and the maximum denitrification capacity of the 
reactor is under investigation. 

References 
[1] Çeçen F., Gönenç I. E., Wat. Sci. Tech., 29, 409–411, 1994. 
[2] Coelhoso I., Boaventura R., Rodrigues A., Biotech. Bioeng., 40, 635–633, 1992. 
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This work concerns the fate of phosphorus concentration during the operation of a SBR designed 
for nitrogen removal from a brewery wastewater with an anaerobic pre-treatment. The aim was to 
assess if an operational strategy directed towards nitrification-denitrification could be set up 
integrating simultaneously a biological phosphorus removal process. 
The SBR was seeded with a grab sample of mixed liquor from a municipal activated sludge 
wastewater treatment plant and was operated over a 10 months period. In order to remove the 
nitrogen from the wastewater, six operational strategies were tested, as depicted in Table 1. 
Accordingly, Figure 1 presents, in each operational strategy, the soluble phosphorus concentration 
as determined in distinct periods of the SBR operating cycle. 
 
Table 1. Experimental conditions. 
 

Operating 
strategy 1 2 3 4 5 6 

Reaction 
sequence 

Aerobic/Anoxic 
Anoxic/Aerobic/ 

/Anoxic 

Cycle time 
(Hrs) 

36  24  24 8 8 8 

Maximum 
working 
volume (L) 

 
2.9 

 
2.9 

 
2.9 

 
1.7 

 
1.7 

 
2.9 

Filling ratio 0.6 0.6 0.6 0.3 0.3 0.2 

HRT (days) 2.7 1.9 1.6 1.2 2.3 2.3 
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Figure 1. Soluble phosphorus concentration 
in distinct periods of the SBR operating 
cycle, using different operational strategies. 

 
As can be seen in Figure 1, in all operational conditions that were tested phosphorus concentration 
in the liquid phase remained at a similar level. This result was expected since there was a lack of 
available organic carbon in the anaerobic effluent. Indeed, the ratio sCOD/TP was lower than 10, 
which is less than the minimum required according to reaction stoichiometry. Furthermore, is 
known that denitrifying microorganisms may outcompete phosphorus removal organisms regarding 
the carbon source. For that reason, the presence of a nitrate concentration above 6 mgNO3

--N.L-1 
was also detrimental because the available organic carbon was mostly utilised as an electron donor 
in the nitrate reduction, affecting the substrate available for polyP organisms. On the other hand, the 
reduction of the filling ratio from 0.6 to 0.3 and 0.2, and the reduction of the cycle time to 8 hours 
resulted in a slight decrease of the soluble phosphorus concentration. 
The results clearly show that a SBR operation optimised for nitrogen removal can restrain the 
development of polyP organisms when the available carbon source is limited. Therefore, if a 
phosporus removal is necessary due to legal discharge guidelines, the SBR operation should 
incorporate “ab initio” the appropriate design. 
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Much effort has been put into modeling all the phenomena occurring in biofilms in order to predict 
biofilm behaviour in different situations. In fact, predicting is necessary and useful for ecosystem 
analysis, proper design and scaling-up, waste water treatment plant design and operation, and for 
determining the feasibility of biofilm reactors in a large number of biotechnological applications. A 
theoretical model developed for heterogeneous catalysis has been frequently used to describe 
diffusion-reaction mechanisms that take place inside a biofilm. 
The general purpose of this research is to determine the Monod kinetic parameters (µmax and KS) 
and the concentration profiles within Pseudomonas fluorescens biofilms developed under different 
limiting substrate conditions in an airlift reactor with basalt particles. Furthermore, it is expected to 
obtain some information about the activities of the microorganisms in a microbial film in 
comparison with those in a homogeneous suspension. 
In this mathematical model, a Monod kinetics was used to describe the substrate uptake rate by the 
biofilm and appropriate numerical methods were applied in order to solve the differential equations 
developed. Besides, an adjustment was made in order to incorporate experimental mass transfer 
coefficients determined in a flow cell system operating in similar velocity conditions (between 0.28 
and 0.63 m/s) to those of the airlift reactor. Measurements were carried out with an inert tracer 
(LiCl). Although biofilm thickness decreased with increasing velocity, steady-state mass transfer 
coefficients were approximately the same in all tests (therefore, the diffusivity was lower in the 
thinner and more compact biofilms).This coefficient takes into account all the mechanisms of mass 
transport occurring in the matrix.  
To obtain the concentrations profiles within the biofilms and the Monod kinetic parameters, 
experimental data of steady-state substrate consumption, biofilm thickness, mass transfer coefficient 
and bulk substrate concentration were required. Biofilm development was followed in several 
assays using different limiting substrate concentrations (glucose) and liquid velocity of 0.26 m/s. 
Substrate uptake rates and thicknesses were measured. 
Results provided by the model clearly show active biofilms, completely penetrated. This result 
confirms the advantage of using biofilm airlift suspended reactors for aerobic treatment since it is 
possible to obtain highly active biomass concentrations, leading to high volumetric conversion 
rates. Moreover, the turbulent conditions prevent the development of too thick and partially active 
biofilms. 
The kinetic parameters estimated (Ks = 0.73×10-3 kg/m3 µmax = 0.24 h-1) differed from those 
obtained in a suspended culture (Ks = 6.21 kg/m3, µmax = 0.31 h-1), especially the Monod saturation 
constant. Microorganisms are subject to different environments within a biofilm so their activities 
may be significantly altered from those in a dispersed culture. Taking into account the 
concentrations profiles and the Monod saturation value, a zero order reaction is expected to occur 
within the studied biofilms. 
Finally, the validity of the model was verified comparing its predictions of the substrate uptake rates 
to the corresponding experimental data. 
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Composting of municipal solid wastes (Port. abbrev., R.S.U), besides being a highly efficient 
treatment procedure, produces composts can be used as soil amendments. 
 
Compost stability and maturity are essential for the quality of the final product. Several methods 
have been proposed to measure compost maturity, such as changes in cation-exchange capacity, 
C/N ratio, the ability of the material to reheat (Harada et al. ,  1981), soluble carbon and the 
degree of humification (Jodice, 1989, Riffaldi et al., 1986, Sugahara and Inoko, 1981). Jodice 
(1989) refers respiratory activity as an indicator of biological stability; Zucconi et al. (1981 a, 
1981 b) have proposed germination index as an indicator for phytotoxicity, thus for maturity; 
Hermann and Shann (1993) conducted several studies on enzymatic activities related to 
compost maturity and stability.  
 
The aim of our study on composting of municipal solid wastes was to combine the measurement 
of classical parameters used in the evaluation of maturity and stability with the determination of 
enzyme activities over time, in order to establish a fast method for predicting compost quality. 
  
Enzymes assayed in this study were alkaline and acid phosphatases, cellulases, β-glucosidases 
and lipases. The comparison of enzymatic activities assayed with the classical methods revealed 
that lipases and cellulases appear to be good indicators since increased activities of these 
enzymes occur for a higher C/N reduction. 
 
Enzymatic profiles for lipases and cellulases seem to be related with the evolution of classical 
parameters used in maturity evaluation and, when measured in association with them, can be 
good indicators of compost maturity and stability. 
 
 
Harada,Y., Inoko, M., Tadaki, M., Izawa, T., Soil Sci. Plant Nutr., 27, 3, 357-364, 1981. 
Herrmann, R.F., Shann, J.R., Compost Sci. & Util., 1,4, 54-63, 1993. 
Jodice, R., Simpozio Internazionale Produzione ed Impiego del Compost, Istituto Agrario 
Provinciale. S. Michele All'Adige - Trento, Italia, 363-383, 1989. 
Riffaldi, R., Levi-Minzi, R., Pera, A., Bertoldi, M., Waste Management and Research, 4, 4, 
387-396, 1986. 
Sughara, K., Inoko, A., Soil Sci. Plant. Nutr., 27, 2, 213-224, 1981. 
Zucconi, F., Forte, M. Monaco, A., Bertoldi, M., BioCycle, 22,4, 27-29, 1981b.  
Zucconi, F., Pera, A., Forte, M., Bertoldi, M., BioCycle, 22,2, 54-57, 1981a.  
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This study investigates the extraction of microbial polymer from fermentation broths of 
Sinorhizobium meliloti M5N1 CS using cross-flow microfiltration through ceramic membranes. 
Previous works have shown that this strain produces an extra-cellular polysaccharide composed of 
D-glucuronic residues which are β(1à4) linked and partially acetylated. Its applications vary 
according to the average molecular weight: large polymers can be used in the food industry and 
small polymers in cosmetics. Fermentations were performed under controlled conditions. 
Thereafter, the media was used to test filtration with tubular ceramic membranes. 
Firstly, one set of fermentation conditions and duration was used to investigate the feasibility of 
harvesting this polysaccharide. Various pore size membranes between 0.1 and 0.8 µm were tested. 
The 0.1 µm underwent rapid fouling and the polymer was not found to pass through the membrane. 
For the other membranes, the sieving coefficient decreased from 95% to about 20% in 90 min, but 
at a slower rate than the permeate flux. The largest permeate and mass fluxes were obtained with 
the 0.5 µm membrane which was then used in most further studies. 
The influences of tangential feed velocity and mean transmembrane pressure on separation were 
determined. Increasing the fluid velocity increased both permeate flux and sieving coefficients. 
Raising transmembrane pressure slightly increased the permeate flux but decreased the sieving 
coefficient. The effect of bacterial cells on filtration performance was then investigated. 
Experiments with cell-free solutions showed that the permeate flux is mostly limited by the 
bacterial layer deposited on the membrane, while the presence of cells do not affect the sieving 
coefficient. This bacterial layer is easily removed and is fairly compressible. This compressibility is 
shown by a 58% increase in the resistance of this layer when the transmembrane pressure increases 
from 0.5 to 1.1 bar. Irreversible fouling due to polymer adsorption inside the pores of the membrane 
decreased with increasing pore size and velocity, but increased strongly with transmembrane 
pressure. 
In a second part, the influences of fermentation duration and conditions on polysaccharide 
production and extraction were investigated. Longer fermentation duration produced broths that 
were easier to filtrate: permeate fluxes were slightly higher and sieving coefficients were always 
higher than 60%. Fermentations performed at higher temperature produced a media in which 
polysaccharides were more difficult to extract. Indeed, the sieving coefficients were initially smaller 
than 60% and decreased sharply with time and then stabilized at 15%. The permeate fluxes were 
also smaller. The concentration of polysaccharides was found to be the same whatever the 
fermentation conditions and duration (2 to 2.5 g/l). The structure of this polymer, excreted under 
different conditions, may however be different. The molecular weight distribution of the EPS was 
influenced by fermentation conditions and duration. Photographs taken by electronic microscopy 
clearly showed highly different structures in these various polysaccharides. 
This study is supported by Regional Council of Picardy. 
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There is an increasing interest by the flavor industry for producing natural aroma compounds 
through biocatalysts. L-Phenylalanine is transformed by Saccharomyces cerevisiae into 2-
phenylethanol which has a rose-like odor. Unfortunately this product inhibits growth even at low 
concentrations. This problem of the inhibitory effect of the product on the cell can be tackled by 
different in-situ product removal (ISPR) techniques [1].  

For designing the capacity of an ISPR process it is crucial to know at which 2-phenylethanol 
concentration a reasonable production rate is still achievable. The formation of 2-phenylethanol 
from L-phenylalanine was detected during the growth phase on glucose and ethanol under aerobic 
and anaerobic conditions. Besides the toxicity of 2-phenylethanol the metabolite ethanol also gets 
inhibtory in a batch culture. Therefore, a fed-batch on glucose was chosen to reduce the formation 
of ethanol. 2-Phenylethanol was formed up to a concentration of 3.9 gl-1 where it completely 
inhibited further growth of the yeast. Above 2-phenylethanol concentrations of 2 gl-1 the yield of 
biomass from glucose falls below 0.5 C-mol/C-mol because at higher 2-phenylethanol 
concentrations the oxidative capacity of S. cerevisiae is reduced and consequently more ethanol is 
formed. 

The inhibition kinetics were determined in batch cultures by measuring the maximum growth rate at 
different 2-phenylethanol concentrations. Concentrations up to 1 gl-1 do not seem to affect the 
growth rate, whereas above 4 gl-1 no growth was detected. This corresponds well to the observation 
mentioned above that 3.9 gl-1 of 2-phenylethanol formed from L-phenylalanine is toxic. The 
experiments have also shown that the yield of 2-phenylethanol is lower if the yeast grows under 
aerobic conditions. 

The hydrophobicity of 2-phenylethanol differs from those of the precursor and culture 
medium.Therefore, extraction into a second phase with an organic solvent seems to be an 
appropriate ISPR-technique. This enables keeping the 2-phenylethanol concentration in the aqueous 
reaction phase below 2 gl-1 in order to sustain a high productivity of the system.  

 

[1] Freeman, A., Woodley, J. M. and Lilly, M. D. In situ Product Removal as a tool for 
Bioprocessing. Bio/Technology 1993, 11, 1007-1012 
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The hydrolysis of starch to low-molecular-weight products is one of the most abundant commercial 
enzyme processes. Knowledge on the hydrolysis of starch is limited due to the polymeric nature of 
substrates and products. Consequently most kinetic studies are based on the decrease in the number-
average molecular mass during the hydrolysis. The saccharide composition of a starch hydrolysate 
(with a certain average molecular mass) depends on the α-amylase used and the process conditions. 
There is an increasing interest in the development of more tailor-made starch hydrolysis products 
with a defined saccharide composition. Hence, there is a need to develop a model to describe the 
complex kinetics of starch hydrolysis. Here an approach according to the Monte Carlo method was 
chosen to model the mixture of saccharides produced during the hydrolysis of starch. In a matrix the 
substrate (amylopectin) was modeled according to the generally accepted cluster model [1]. 
Variable branch points and chain-lengths were deduced from literature and experimental data. The 
modeled substrate had a degree of polymerization of around 60000 glucose units. The effective 
productive binding modes of an α-amylase are restricted by the subsite map of the enzyme. The 
subsite map of Bacillus amyloliquefaciens α-amylase (which can bind up to 10 glucose units) [2], 
determines the affinity to bind and hydrolyse a substrate in a given binding mode. The affinity to 
bind a saccharide is expressed as a energy of binding. These energies of binding are translated into 
an association constant, which is proportional to a frequency of hydrolysis when the enzyme 
encounters (a part of) the substrate in the matrix. At maximum bindingsenergy (9 subsites occupied) 
the frequency of hydrolysis is set to 1. The chance of hydrolysis is set proportional lower with 
decreasing energy of binding. The enzyme is simulated to move at random in the matrix. Whenever 
the enzyme encounters the substrate, the total energy of binding is calculated and translated into a 
chance of hydrolysis. When the substrate is hydrolyzed into two new saccharides, the matrix is 
adjusted accordingly. So, at each stage of the hydrolysis the matrix represents the mixture of 
saccharides with various degree of polymerization and conformations (either linear or branched in 
several possible ways). The predicted saccharide mixtures during the course of the hydrolysis are in 
good agreement with the experimentally determined values using HPLC, Ion-exchange 
chromatography, and GPC analysis. This newly developed model describes the complete mixture of 
saccharides (branched and linear) obtained during hydrolysis of starch. It can be used for further 
process simulation and optimization. 
 
[1] Manners,D.J. Carbohydrate polymers, 11, 87-122,1989. 
[2] Allen, J.D., Thoma, J.A., Biochem J., 159, 121-132, 1976. 
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The efficiency of model based monitoring and control strategies depends highly on the quality of 
the model used. Unfortunately bioprocess modelling is a difficult task and biological models often 
suffer from a lack of reliability. This is mainly due to two difficulties inherent in the biological 
background. On one hand the involved micro-organisms are fragile and very sensitive to their 
environment, this gives rise to a high variability of the biological process under consideration. On 
the other hand, the measurements of the bioprocess variables are often complex and difficult to 
perform at a high frequency. This explains the lack of reliable measurements which are necessary to 
model the bioprocesses. To face these difficulties a general methodology for the structural 
identification of bioprocesses has been developed [1]. 
The purpose of this paper is to apply the systematic and rigorous methodology developed in [1] in 
order to derive a mechanistic model for the vanillin production by Pycnoporus cinnabarinus from 
vanillic acid [2,3]. This model is intended to be used for the development of model based 
monitoring and process control strategies. 
The model identification task is supported by five fed-batch cultures in a pilot bioreactor: one 
control culture of Pycnoporus cinnabarinus and four production cultures where pure chemical 
vanillic acid is added as a precursor of vanillin biosynthesis. 
A first step is devoted to the identification of the underlying reaction structure (cf. [4]) and the 
development of a validated mass balance model for the growth of Pycnoporus cinnabarinus and the 
biotransformation of vanillic acid into vanillin. The identification of the yield coefficients, the 
estimation of mortality during the production phase and the sugar utilisation for vanillin production 
are successively considered. The second step is devoted to the kinetic modelling, namely the 
estimation of the reaction rates and the calibration of the kinetic parameters. The whole procedure 
leads to the final set up of a simulation model of the process. The model is then validated with data 
which were not used to estimate the model parameters. 
 
 

[1] G. Bastin, O. Bernard, L. Chen, V. Chotteau, ECB8, 1559-1572,1997.  
[2] B. Falconnier, et al., Journal of Biotech. 7, 123-132,1994.  
[3] L. Lesage-Meessen, et al., Journal of Biotech. 50, 107-113,1996.  
[4] G. Bastin, D. Dochain, On-line estimation and adaptive control of bioreactors. Elsevier, 

Amsterdam, 1990.  
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Glutamic acid is of importance for the food industry and has necessitated an important effort to 
improve the fermentation strategy employed to obtain economically interesting performances. 
Production of glutamate is induced following a period of biomass accumulation using a number of 
techniques to block growth (biotin-limitation, surfactant addition, temperature shock, etc.). In this 
study, a temperature sensitive strain of Corynebacterium glutamicum has been used for which the 
onset of the production phase is induced by increasing the temperature of the fermentation. Product 
yields and rates of production have been examined under realistic scaled-down industrial conditions 
and metabolic constraints identified by coupling stoichiometric analysis to intracellular 
quantification of intermediary metabolites and enzymatic activities. 

Enzyme assays were performed in vitro using crude cell free protein extracts while intracellular 
metabolite concentrations were quantified after rapid inactivation of cell metabolism, and acid 
extraction using enzymatic methods coupled to NADH fluorescence measurements. Kinetic 
analysis was by classical estimations based upon measured fermentation variables. 

Following the growth phase which lasted approximately 5 hours, glutamate production was 
induced. Growth slowed progressively concomitant with the onset of glutamate accumulation. A 
period of maximal glutamate production occurs in the following hours prior to a progressive 
decrease in specific rates of production, parallel with the fall in glucose consumption rate. In the 
later stages of the fermentation, lactate is produced with a negative effect on the glutamate yield, 
indicative of a shift in cell metabolism. 

Intracellular analysis shows that most of the enzymes of central metabolism involved in glutamate 
production remain approximately constant throughout the fermentation though NADH oxidase 
activity falls rapidly several hours after the onset of the production phase. Metabolite analysis 
indicates that metabolic stress occurs during the later period of the production phase with all 
glycolytic intermediates upstream of glyceraldehyde-3P dehydrogenase increasing in concentration 
along with the NADH/NAD+ ratio. This behaviour pattern is symptomatic of an energetic 
imbalance, which cannot be attributed to a simple oxygen limitation, with strong negative control 
being exerted on both GAP dehydrogenase and pyruvate dehydrogenase coupled to activation of 
lactate dehydrogenase activity. This co-ordinated control over enzyme activity provides the 
biochemical basis for the shift in metabolic flux distribution and suggests that fermentation 
performance is dependant upon the biological capacity of the cells to maintain an adequate 
respiratory activity. 
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It is known that glycogen and trehalose accumulate in yeast at the end of growth in a batch culture 
while the medium is becoming depleted and the growth rate is decreasing. By now, nothing is 
known about the molecular mechanisms underlying the synthesis or degradation of these two 
storage compounds, and the interconnections between their biosynthesis and growth.  
The study of the behaviour of two strains of Saccharomyces cerevisiae yeasts the CBS 8066 and the 
CENPK 133-7D under defined growth conditions shows that the carbohydrate content is higher (10 
to 15 % dry weight) at lower growth rate µ ≈ 0.05 h-1. 
The effect of the growth rate on this biosynthesis is widely studied on the strain Saccharomyces 
cerevisiae CBS 8066, cultivated in continuous culture limited on glucose, on defined medium, and 
the profile of the carbohydrate reserves measured from growth rate 0.06 h-1 to the critical oxydative 
growth rate for this strain 0.355 h-1. The specific respiratory activity was also measured both i)-on 
line in the bioreacteur under carbon limitation and ii)-outside the reactor under carbon excess. The 
intracellular trehalose content was about 3.5% (of cell dry-weigth) at 0.06 h-1 and decreases 
regularly with increasing µ, the cell became depleted at µ = 0.20 h-1. The intracellular glycogen 
content also decreases regularly with increasing µ from 14% to 2% at the critical dilution rate. This 
study shows that the respiratory capacity was not saturated at growth rates below ≈ 0.25 h-1 and 
saturated over this value. 
Another strain, the strain CENPK 133-7D was cultivated both in a batch fermentative culture under 
glucose excess and during the transient to a fed-batch oxydative culture under glucose limitation at 
growth rate 0.05 h-1. No carbohydrate compounds were stored during the diauxic growth glucose 
and ethanol, only while the assimilation of glucose became limited at the eginning of the fed-batch. 

Thus, the storage carbohydrate content in trehalose and glycogen seems to be tightly connected to 
the intracellular flux of assimilation of glucose, especially the less accumulated compound the 
trehalose which is not anymore stored in the strain CBS 8066 at µ>0.20 h-1.  
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Summary 
 
The aim of presented work was investigation of south african milled maize as a substrate for 
submerged citric acid fermentation. Apart from the economic evaluation in terms of yields and 
productivity, information on overall heat transfer and mass transfer coefficient were obtained.  
 
Material and methods 
 
Milled maize (south african Super maize meal) suspended in tap water to 20% (w/V) starch dry 
matter concentration was used as a substrate. 
Aspergillus niger from LikoSpol culture collection was used. All fermentations, including 
vegetative inoculum preparation were carried out at 32oC. 
Total acidity, citric acid concentration, biomass content, total reducing sugars, glucose, maltose and 
higher sugars concentrations were determined using off-line analysis methods.  
A total of 15 fermentations were done in a 15 m3 and two 7.5 m3 vessels. A Honeywell control 
system measured, controlled and recorded several process parameters in a continuous cycle. Typical 
fermentation times were on excess of 120 hours and even up to 180 hours. To keep the size of data 
files manageable, data points were recorded every 15 minutes. 
Agitator power input was determined from electrical power measurment on agitator motor; Gas 
hold-up was measured based on difference in liquid height under aerated and unaerated conditions;  
kla values were determined according steady state gas balance method. Gas analysis was done with 
a SevomexTM gas analyser;  
Viscosity measurments were done with a coaxial cylinder type viscosimeter Rheotest 2;  
A steady state heat balance was done over the fermenter, by equating the cooling water load to the 
microbial energy input plus the mechanical energy input. Losses to the environment, enthalpy 
differences between gas streams and pneumatic energy input were neglected. 
 
Conclusions 
 
§ Strong influence of lipid content in the substrate on citric acid yields and oxygen uptake rate 

was observed. In successful fermentations the yield within the range of 85-90% was reached. 
§ An axial flow impeller arrangment, where A315 impellers are used in combination with a 

Rushton turbine as the lower impeller, can improve the overall transfer coefficient by 40%. This 
improvement is not related to an increase in specific power input, but is ascribed to improved 
bulk blending. 
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Glucose isomerase is an enzyme widely used in the food industry to catalyze the conversion of 
glucose isomerase to fructose. High conversion yields are obtained through the use of thermostable 
enzymes. Glucose isomerase is almost exclusively an intracellular enzyme and purification of the 
enzyme from the cytoplasm requires costly processes. 

E.coli cells which are transformed with recombinant plasmids containing the gene expressing 
thermostable glucose isomerase of Thermus thermophilus were studied for extracellular production 
of the enzyme. The plasmids used are pEZZ18 and pMAL-p2. The recombinant PEZZ18 vector 
encodes a fusion protein that directs the product to the culture broth, whereas the recombinant 
pMAL-p2 vector encodes IPTG induced fusion protein that is directed to the periplasm. First the 
effect of addition of glycine to the culture broth was investigated for the release of the fusion 
proteins expressed from the cell to the medium. Then the effect of mitomycin induced bacteriocin 
release protein (BRP) on periplasmic protein release in the absence and presence of glycine was 
examined. The fermentation conditions leading to the efficient secretion of the recombinant protein 
ere determined. 
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Lipases (EC 3.1.1.3.) catalyze the hydrolysis of triacylglycerols to fatty acids, glycerols, 
monoacylglycerols and diacylglycerols. The use of specific microbial lipases to catalyze 
interesterification reactions has aroused considerable interest because of certain advantages over 
chemical catalysis. Biotransformation can compete with optimized chemical production if the 
techniques involving the choice of convenient methods of downstream process are improved. 
Affinity chromatography is an efficient technique for the isolation and purification of biological 
macromolecules. It is distinguished of other methods because it is based mainly in the biological 
properties. The main advantage of this technique is high degree of purification of the target 
substance that can be obtained in an only step of global process of separation. Hydrophobic 
interaction chromatography (HIC) has become a popular technique for purifying proteins. Proteins 
are separated in HIC based on differences in their content of hydrophobic amino acid side-chain on 
their surfaces. In the present work kinetics curves and adsorption isotherms of lipase from 
Geotrichum sp were determined using affinity and hydrophobic chromatographic resins. The 
bioespecific resin was prepared using EAH sepharose 4B from Pharmacia and making it to react 
with oleic acid as ligand. The hydrophobic resin used was Butyl Sepharose 4FF from Pharmacia. 
Lipase was produced by Geotrichum sp in a culture medium composed by 5% of corn steep liquor, 
0.5% ammonium nitrate and 1% olive oil. The culture conditions were temperature 30°C, aeration 
of 1 liter/min and agitation of 400 rpm. The enzymatic activity obtained was around 20 U/ml after 
12 hours. The adsorption kinetic was modeled by the construction of the adsorption isotherms and 
dynamic fitting of the kinetic parameters through Runge-Kutta fourth order method. These 
isotherms could be described by Langmuir equation with good agreement. The equilibrium 
constants obtained were 16.60 U/g and 2.41 U/ml for qm and Kd, respectively, using the affinity 
resin, and 16.02 U/g and 2.99 U/ml for qm and Kd, respectively, using the hydrophobic resin. Also 
recovery efficiency was 70% and 55% for affinity and hydrophobic chromatographic resins 
respectively. Both methods were compared with conventional ionic exchange method in fixed bed 
columns, giving better results for purification factors and recovery efficiencies.  
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The proteinases and aminopeptidase of Brevibacterium linens are involved in the maturation of 
surface ripening of cheese varieties such as Limburger and Romadour. Since shortening the 
maturation period reduces the cost of cheese production, several methods (elevated temperature, 
modified starter and enzyme addition) have been investigated to reduce the period. Especially, the 
application of proteinases is a promising method, but the addition of commercially available 
proteinases leads to the formation of bitter peptides. The proteolytic enzymes of Brevibacterium 
linens may be considered to have naturally desirable proteolytic characteristics and therefore they 
can be applied to accelerate the ripening of cheese without causing bitterness [1]. The aim of 
experiments to be reported here was to investigate the influence of nutrients (carbon source, 
nitrogen source, vitamins) and physical parameters (pH, temperature and dissolved oxygen) on 
growth and formation of proteinase and aminopeptidase by Brevibacterium linens.  

Since Brevibacterium linens is not able to utilize carbohydrates the organism was cultivated in 
shake flask experiments on a number of organic acids together with organic (peptones, amino acids) 
and inorganic ((NH4)2SO4) nitrogen sources to study the formation of biomass and proteolytic 
enzyme activities. The best result for growth was achieved by a combination of Na-L-Lactat, 
peptone from soymeal and ammonium sulphate. In any case the formation of proteinases depended 
on biomass formation, indicating the enzyme production to be constitutive. 

The statistical multifactorial plan of Plackett and Burman [2] was used to investigate the influence 
of distinct vitamins on growth. The results indicated a significant positive effect of Ca-pantothenate, 
biotin and thiamine. After subsequent cultivations in shake flasks pantothenate appeared to be 
required, whereas Biotin and Thiamine appeared stimulatory on biomass formation. 

The influence of temperature, pH and dissolved oxygen on production of proteolytic enzymes was 
further studied in a highly instrumented 10 l laboratory bioreactor. The growth of Brevibacterium 
linens strongly depends on temperature and has an optimum at 28°C. Maximum proteinase activity 
as well as specific activity based on the bacterial biomass formed were also obtained after 
cultivation at 28°C. Aminopeptidase formation was optimal at 29°C. The pH had only slight effects 
on growth. Best condition for proteinase production was pH 7,0. At a pH lower than 7,0 proteinase 
production decreased strongly, at higher pH it decreased only slightly, although growth was little 
favoured at higher pH. 

References: 

[1] Hayashi K., et al., Accelerated Maturation of Cheese by Proteolytic Enzymes Produced by 
Brevibacterium linens, Japan Agricultural Research Quaterly, 30(2), 129-137, 1996. 
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Heterofermentative lactic acid bacteria have an important role in the development of flavour of 
many alcoholic beverages including wine, cider and in some situations, beer. In order to understand 
the role of these bacteria more clearly, we have investigated the influence of organic acids, tannins 
and the products yeast metabolism on the growth and two heterolactic lactobacilli isolated from 
cider grown on glucose or fructose. 

Both the amount of growth and the growth rate were significantly stimulated when grown on 
glucose in the presence of tannins (chlorogenic acid and cinnamic acid derivatives), organic acids 
(pyruvate citrate, malate, fumarate and succinate) and the some Yeast fermentation products 
(acetaldehyde and diacetyl). In addition these studies have shown that in the presence of many of 
these products, the levels of alcohol tolerance (growth in 5% w/v ethanol) was significantly 
improved. However, many of the observed stimulatory effects are not observed when these 
organisms are grown on fructose. 

From these results it is possible to develop a model of carbon and electron flow within these 
bacteria which can explain the responses of these organisms to the additions. When grown on 
glucose these organisms seem to be limited by their ability to dispose of excess reducing 
equivalents by the reduction of Acetyl-CoA to ethanol. Addition of electron acceptors removes this 
restriction as these substances are reduced, so allowing enhanced growth yields and growth rates 
with the formation of addition quantities of acetate. The organisms also grew better on fructose than 
glucose. Fructose represents an internal electron acceptor and a portion of it has been reduced to 
mannitol so allowing enhanced growth. 

The results of this work show that the environmental conditions found in alcoholic beverages are 
suitable for the enhanced and selective growth and activity of these bacteria. 
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The fermentation process for the production of the polymaltotriose polysaccharide - pullulan - 
suffer from oxygen mass transfer problems, both on a reactor and on a cellular level. This hinders 
the fermentation by causing undesired morphogenesis of the culture, accumulation of contaminating 
pigments and decrease of fermentation productivity [1,2,3]. Traditional methodologies to increase 
mass transfer (e.g., intensified aeration and agitation, increase pressure or operational configuration) 
during the pullulan fermentation have limited improvement, mainly due to the individual tightly-
associated extracellular pullulan layer. In this work we present a novel hybrid technology of 
coupling ultrasound irradiation with bioreactor to overcome the micro-scale mass transfer problem 
and enhance the production of the biopolymer. 

Ultrasound irradiation was introduced into cultures of Aureobasidium pullulans (ATCC 42023) to 
reduce the cell-associated pullulan layer and render the cells with improved oxygen supply without 
destroying their overall integrity. The effect of ultrasound parameters: frequency [at 20 kHz, 42 kHz 
and 1 MHz], intensity and mode of operation (pulse or continuous) was studied in relation to cell 
growth, morphogenesis, production and distribution of pullulan and the cellular oxygen uptake. Dry 
cell biomass and solvent precipitated pullulan were followed along the fermentations [1,2]. 
Bioimaging technique was used to monitor cellular morphogenesis and pigmentation and assess the 
cell-associate extracellular pullulan layer with fluorescently labeled lectin (Con-A) which label 
pullulan [2,3]. 

Pullulan production was enhanced by 50 percent when ultrasound was operated at frequency of 20 
kHz for 10min at 24h intervals along 72h of fermentation and starting with low number of cells 104 
cells/ml. The rise in productivity at 20kHz depended on intensity of more than 0.4 w cm-2. Higher 
frequencies of 42kHz or 1 MHz resulted in insignificant increase of productivity regardless of the 
intensity. An overall productivity of 0.18 g l-1 h-1 was attained due to improvement of oxygen 
uptake in the treated culture with viability index of ~0.6 relative to the control (0.11 g l-1 h-1 and 0.9 
respectively). Operation of a coupled ultrasound-fermentor (three ultrasound cycles at 24 hour 
intervals, continuous-flow chamber, 20 kHz, 0.5 w cm -2 and 16 L fermentor and broth recycle rate 
40 Lpm) resulted in accumulation of more than 40 g L-1 of pullulan due to improved oxygen uptake 
by the culture without hindering the normal molecular weight distribution of the polysaccharide 
product. The selective removal of the extracellular pullulan layer was indicated by the diminished 
labeling with fluorescently labeled lectins which bind pullulan. Bioimaging data indicated that 
cellular morphogenesis was restricted to branched blastospore-forming-centers and free young and 
swollen balstopores and melanin-pigmented chlamydospores were scarcely detected. These results 
suggest that the culture was channeled to and maintained in a highly productive stage. 
 
[1] Shabtai Y. and I. Mukmenev. Appl. Microbiol. Biotechnol. 43, 595-603. 1995. 
[2] Guterman H. and Y. Shabtai. Biotechnol. Bioeng. 51, 5101-510. 1996.  
[3] Shabtai, Y. M. Ronen, I. Mukmenev and H. Guterman. Computer Chem. Eng. 20, S321-S326. 1996.  
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The metabolic pathway and the properties of many enzymes involved in the biosynthesis of citric 
acid from hexoses in A. niger is well established. Following uptake, hexoses are degraded either to 
biomass, CO2 or to citric acid. Citric acid accumulation results from the disruption of the TCA cycle 
in which destruction of citric acid is blocked. NADH formed during intensive growth of A. niger is 
a substrate for transformations of a respiratory chain in the presence of cytochromes with which the 
synthesis of ATP is coupled in the process of oxidative phosphorylation. The main pathway of 
electron transport during citric acid overproduction is an alternative respiratory system. 

However, only a few attempts have been made which aimed at quantitative analyses of control and 
dynamics in the metabolic systems [1]. The analysis of balance equations by means of theoretical 
and real observed and true yield coefficients has been performed for simplified metabolic 
description of A. niger growth [2, 3]. The aim of this paper is to provide a stoichiometry and 
balance equations required for the mathematical model incorporating the metabolic structure and 
kinetic data of the enzymes.  

The stoichiometry of the uptake of glucose, ammonia and oxygen, the intracellular reactions for 
formation of biomass, catabolism of glucose, oxidative phosphorylation, formation of citric acid 
and the excretion of the products was developed. The elemental composition of A. niger biomass 
has been established from the experimental data. The specific growth rate of the whole biomass, the 
net synthesis rate of intracellular components, the rates of substrate uptake and the rates of product 
excretion to the abiotic phase were specified. Generally, the Michaelis - Menten (multiple - 
saturation type) kinetics has been used to express reaction rates. Most of the rate and saturation 
constants have been taken directly from literature.  
The model simulations and the experimental verification of the mathematical model are still in 
progress [4]. 
 
[1] Torres, N.V., Voit, E.O., Gonzalez-Alcon, C., Biotechnol. Bioengng, 49, 247-258, 1996. 
[2] Krzystek, L., Gluszcz, P., Ledakowicz, S., Chem. Eng. J., 62, 215-222, 1966. 
[3] Krzystek, L., Ledakowicz, S., Mass and energy balances. Chapter in a book "Citric Acid 

Fermentation" ed. by Mattey M., Kristiansen B. and Kristiansen J.L., published by Taylor & 
Francis Ltd, London, Washington, DC., 1997, in press. 

[4] Krzystek, L., Bizukojc, M., Ledakowicz, S., 8th ECB, Budapest, Hungary, 286, 1997. 
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Brevibacterium linens taxonomically belongs to the coryneform bacteria. It strongly influences the 
surface-ripening of red smear cheese such as Limburger or Romadour. To be able to controll the 
process of ripening in concern of time, taste and flavour on the one hand the conditions - such as 
temperature, starter, admixture of enzymes - have been modified. On the other hand successful 
results in accelerated ripening have been reported by employing enzymes such as proteinase 
peptidase and lipase. Proteolytic enzymes, which are mainly responsible for the formation of the 
taste of the product, have been investigated intensively [1]. But aside the cleavage of casein, the 
formation of volatile compounds from fatty acids influences the taste of the cheese. This report 
describes some of the properties of the lipolytic enzyme system of Brevibacterium linens ATCC 
9172. 

Brevibacterium linens was cultivated in shaker-flasks with different carbon sources, some of them 
containing additionally tributyrine. The activity of triacylglycerol hydrolase was measured with the 
pH-stat method with tributyrin in gum arab suspension as the substrate. It showed that 70-90% of 
the lipase was localized on the cells. It was impossible to separate the lipolytic activity from the 
cells by employing common detergents such as Twen 80 or Triton X-100, but 80% of the lipase 
were dissolved from the cells by treating them with lysozyme removing the cell-wall. 

Addition of tributyrine to the culture growth medium showed a significant increase in biomass 
compared to a standard. Simultanously a lower specific activity refered to biomass was observed. In 
a medium which contained tributyrine as the only carbon source, inorganic nitrogen and essential 
vitamins no significant growth of Brevibacterium linens was obtained in a period of 140 hours. 

The growth dependence of lipase formation was observed by a cultivation of the bacteria in a highly 
instrumented laboratory bioreactor on both lactic acid/soy peptone/ammonium sulfate and yeast 
extract/malt extract/tributyrine. There was a quite close realtion between volumetric activity of the 
culture medium and the concentration of biomass in the broth, thus the specific activity related to 
bacterial dry matter was nearly constant. 

Inhibition of the lipase by 3,4-Dichlorisocumarin, which inhibits serine-proteases specifically, 
reduced the lipolytic activity to less than 25% related to a standard without inhibitor. 

References: 

[1] Hayashi K., et al., Accelerated Maturation of Cheese by Proteolytic Enzymes Produced by 
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Leuconostoc mesenteroides NRRL B-1355 produces distinct glucosyltransferases that catalyze from 
sucrose the synthesis of polyglucan : dextransucrases (EC 2.4.1.5) and alternansucrase (EC 
2.4.1.140)[1]. Alternansucrase is a very original and unique enzyme that synthesizes from sucrose 
an α-D-glucan named « alternan » composed of alternating α-1,6 and α-1,3 linkages. In the 
presence of acceptor molecules, it can also transfer α-D-glucosyl residue from sucrose onto 
acceptor molecule to produce valuable oligosaccharide that may found potential applications in 
cosmetics or foods. However, there is no strain that produces only alternansucrase and preparations 
are always contaminated by dextransucrase. Separation of the two enzymes can be achieved by 
thermal denaturation, however this process does not warranty the total absence of dextransucrase. 
To eliminate dextransucrase presence, an alternative consists in constructing mutant deficient for 
dextransucrase. To validate such an alternative, it is necessary to measure the effect of the mutation 
both on sucrose metabolism and on alternansucrase level of production.  
In the present work, the growth and energetic properties of two mutants strains from L. 
mesenteroides NRRL B-1355 which don’t produce high level of dextransucrases have been 
compared to the wild strain. Mutant NRRL B-23192 was isolated after mutagenesis with 
nitrosoguanidine [2] and mutant DSRB-1355 was constructed by inactivation of dsrB gene (a gene 
that is known to encode for dextransucrase type of enzyme [3]). Inactivation was carried out using 
homologous recombination with the chromosome. Growth of the wild strain was more rapid than 
that of the strains NRRL B-23192 and DSRB-1355. The final biomass concentrations and the YATP 

(g of biomass per mole ATP) were similar for the wild and DSRB-1355 strains. Different results 
were obtained for strain 23192. 
Concerning enzyme production, neither levansucrase nor invertase were detected for the three 
strains. More than 80 % of glucansucrase were linked to the cells. the percentage of contaminating 
dextransucrase was estimated to be 50 % for the wild strain. Both mutants were enriched in 
alternansucrase, the lowest percentage of contaminating dextransucrase being obtained with 23192 
strain. Characterization of α-glucan and maltose acceptor reaction product confirmed these results 
showing that both mutant strains are interesting for alternansucrase production. 
 
 
[1] A Lopez-Munguia, V. Pelenc, M. Remaud, J. Biton, J. M. Michel, C. Lang, F. Paul, P. Monsan, 1993, 
Enzyme Microb. Technol., vol 15, 77-85. 
[2] M. R. Smith, J. Zanhley, 1997, Appl. Environ. Microbiol., vol 63, no. 2, 581-586. 
[3] V. Monchois, M. Remaud-Simeon, P. Monsan, R.M. Willemot, 1998, FEMS Microbiol. Letters, 159, 
307-315. 
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In the presence of maltose and sucrose, L. mesenteroides dextransucrase produces α(1-2) 
oligosaccharides having « prebiotic » properties. Each year, around 40 T of these molecules are 
produced for nutritional and dermocosmetic applications [1]. The enzymatic synthesis is performed 
using continuous reactors packed with immobilised insoluble dextransucrase.  
The immobilisation of dextransucrase within Ca-Alginate beads relies on the close association 
between dextran polymer and dextransucrase which are co-produced by fermentation [2]. However, 
high amounts of dextran in the enzyme preparation limit drastically the specific activity of the 
alginate beads to 4 U/mL of support. As a result, when the immobilised catalyst is used for 
continuous reaction, the flow rate necessary to obtain high conversion rate of the substrates is very 
low, leading to external diffusion resistance and to « operational instability » of the catalyst. The 
sucrose conversion rate decreases quickly during the first hundred hours of continuous reaction. The 
operational half life of the entrapped IGT in the fixed bed reactor, is twice lower than that obtained 
when IGT is kept in acetate buffer.  
To better understand this instability of the immobilised dextransucrase, the residence time 
distribution (RTD) was analysed on the first and on the 10th working day of the reactor. Initially, the 
RTD in the reactor presents a shape characteristic of an axially dispersed plug-flow reactor. But, 
after a 10 day working period, the RTD profile presents a clearly visible tailing and cannot be 
approximated by the axially dispersed plug flow. The mean residence time and the calculated void 
fraction decreases indicating the appearance of dead zones in the reactor. These dead zones were 
shown to be the result of pore obstruction due to the accumulation of endogenous dextran (side 
reaction to the oligosaccharide synthesis) within the beads. This causes a decrease of the 
immobilised enzyme activity of 25 %. However, a simple modification of the feeding solution 
composition and flow rate significantly improve the enzyme operational stability and the reactor 
performances: the productivity was multiplied by 3.5 and the oligosaccharide yield was nearly 
doubled. 
 
[1] Paul, F., Lopez-munguia, A., Remaud, M., Pelenc, V., Monsan, P., US Patent 5,141,858, 1992. 
[2] Dols, M., Remaud-Simeon, M., Monsan, P., Enz. Microb. Technol., 20, 523-530, 1997. 
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Bélafi-Bakó, K.1, Csányi, E.1, Galán Serrano, M.A. 2 
1Research Insitute of Chemical and Process Engineering, Pannon University of Agricultural 
Sciences, 8200 Veszprém, Egyetem u. 2. Hungary 
2Institute of Chemical Engineering and Textile, Salamanca University,  
Plaza de los Caídos 1-5, 37008 Salamanca, Spain 
 
 
Enzymatic production of certain ester compounds has significant advantages compared to the 
traditional chemical reaction. The biochemical conversion may be completed under mild conditions, 
which results energy savmg and high quality products; the conversion can be higher and special 
compounds might be produced. 
 
In our research work lipase enzyme (E.C. 3.1.1.3. Triacylglycerol acylhydrolase) from Candida 
cylindracea was used to produce esters of long chain fatty acids. The reactions were carried out in 
two-phase system, in one hand, and so called enzyme-membrane bioreactor, on the other hand. The 
two-phase conversion is a test reaction, as well, which is applied to realize an enzymatic process in 
a magnetically stabilized fluid bed reactor, later. 
 
The research work was supported by the Hungarian Research fund for Fundamental Research, 
OTKA, grant No. F 16245 and the Spanish-Hungarian Intergovernmental Technology and 
Scientific Co-operation, grant No. E-8/97. 
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Isolation, purification and some properties of an αα -amylase from potato 
tubers (Solanum tuberogum cv. Bintje) and thermostable bacterial a-
amylase 
 
D. Todorova and M.A. Vijayalakshmi 
Laboratoire d´Interactions moléculaires et Technologie des Séparations (LIMTechS). 
Université de Technologie de Compiègne, B.P. 529; 60205. Compiègne, France 
 
 
Starch is a major polysaccharide in the storage cells of potato hydrolysed by the amylolytic enzyme 
complex. Particularly, α-amylases (EC 3.2.1.l.) hydrolyse the α (l.4)-glucan bonds and liberate 
dextrines, maltose and glucose. Two types of amylases, endoamylase from fresh potato tubers 
(Solanum tuberosum cv. Bintje) and a thermostable α-amylase of bacterial origin were purified and 
compared, with a near future aim of expressing the thermostable enzyme in potatoes for facilitating 
the industrial use of potato starch. 
 
The purification step mainly consisted of extraction with the Tri EthanolAmine (TEA) buffer at pH 
8 and Immobilized Metal ion Affinity Chromatography (IMAC) using either Sepharose 6B - IDA - 
Cu(ll) or Sepharose 6B - IDA - Ni(II). Importance of low concentration of Ca2+

 ions for stabilising 
the enzyme was established. With Sepharose 6B - IDA - Ni(II) with a discontinuous decreasing pH 
gradient elution programme  
 
The potato extract gave 3 protein peaks with amylolytic activity. Interestingly, two peaks with two 
protein populations of 44 kDa and 20 kDa showed higher specific activity (104 Units/mg at pH 7 
and 86 Units/mg at pH 6) as compared to a single protein fraction of 20 kDa (5 Units/mg at pH 5). 
This suggest a cooperative action of these two protein populations in the amylolytic degradation. 
 
The amylasic activities of these two sources, both purified by IMAC were compared and protein 
characteristics evaluated. On the basis of their IMAC chromatographic retention behavior a few 
hypothesis were announced concerning structural differences and correlated with their differences 
in terms of their functional properties, such as thermostability. 
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SMB Separation of Dextran-Fructose Mixtures Produced by 
Leuconostoc mesenteroides NRRL B512(f) 
 
Mariana Santos1, José Teixeira2 and Alírio Rodrigues1 
1Laboratory of Separation and Reaction Engineering  
Faculdade de Engenharia, Rua dos Bragas 4099 Porto Codex Portugal 
2Centro de Engenharia Biológica – IBQF, Universidade do Minho, 4700 Braga Portugal 
 
 
In 1961 UOP developed the simulated moving - SMB - bed system in which effective counter-
current flow of the adsorbent is achieved by moving the feed and draw-off points at intervals 
through a fixed adsorbent bed which is divided into several sections. 
Since counter-current contact maximizes the driving force for mass transfer, processes of this type 
become economically preferable to cyclic batch processes. 
SMB was firstly developed for hydrocarbon separations but in our days this technology has been 
used in other areas such as biotechnology and bioengineering. 
The objective of this work is to use the SMB to separate fructose from dextran in a fermentation 
broth, obtaining one extract current rich in fructose and one raffinate current rich in dextran. 
A scheme of the SMB apparatus is shown in figure 1. Twelve columns (Superformance, Merck) 
with 61.06 cc each were used, packed with AMBERLITE CR1320CA resin in its Ca2+ form (Rohm 
and Haas, France, SA). 
Two separations were made. In the first one, a synthetic solution with 5g/l of dextran and fructose 
was fed to the system. The second separation was done with a fermentation broth obtained from 
Leuconostoc mesenteroides growth. The fermentation batch took place in a media containing 20 
g/l sucrose, 7 g/l yeast extract and 8 g/l Na2HPO4, at 35ºC and without pH control. After cells 
removal and before dextran and fructose separation in the SMB bed, Na+ concentration was 
assayed. This is an important step because Na+ ions can reduce drastically the efficiency of the 
separation process by removing Ca2+ from the AMBERLITE resin.  
Na+ concentration in the final broth - 0.071 eq./l - was reduced till 0.0136 eq./l by passing the 
fermented broth through an ion exchange resin in Ca2+ form. After these procedures, the final 
concentrations of dextran and fuctose in the broth were 5.16 and 4.98 g/l, respectively. 
Table 1 represents the results obtained for both runs. The purity for both extract and raffinate in the 
second run is smaller due to the presence of a small concentration of Na+ in the fermented broth. 
Once dextran is a biopolymer (not adsorbed on the resin) a much better purity was expected to be 
obtained. However, the small resin volume used did not allow for the obtention of better results.  
 

 
 

Table 1.Results from SMB separation of 
dextran/fructose mixtures 

Solution PR PX 

Synthetic 81.4% 74.2% 
 

Figure 4 Scheme of an SMB unit with 3-3-3-3 configuration. 
Fermentate 77.9% 72.2% 
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Selectivity of Commercial Culture Media for the Endogenous Microflora 
of Traditional Sourdough Bread 
 
João M. Rocha and F. Xavier Malcata 
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Rua Dr. António Bernardino de Almeida, 4200 Porto, Portugal 
 
Keywords: Culture media, Microbiology, Sourdough, Maize, Rye 
 
 
For a long time now, culture media have been made available in dehydrated form and have 
expanded in response to increased interest by more and more researchers worldwide in medical and 
food settings, both on the laboratory and industrial levels. Meanwhile, culture media have been 
developed for isolation of specific genera of microorganisms, by selectively allowing a high 
growth-rate for these specific groups while, at same time, inhibiting growth of the reminder. 
Despite strict quality control ensured by the suppliers, such media do usually perform poorly with 
respect to isolation of microorganisms from products that already bear a complex native microflora; 
this is the case of sourdough breads, as well as maize and rye flours used in the manufacture 
thereof, e.g. “broa”, a traditional bread manufactured at the farm level in Northern Portugal. 
 
Total viable counts in samples of sourdough, maize and rye flour were obtained after inoculation on 
10 different solid selective media poured onto Petri dishes. The identification of 419 isolates was 
via appropriate BioMérieux API™ galleries, after several preliminary biochemical and 
morphological tests; such identification has shown that the total counts on each medium do not 
correspond exactly to the expected group of microorganisms for that culture medium. In the case of 
Reinforced Clostridial Medium (RCM), for instance, no microorganisms whatsoever from the 
Clostridium genus could be isolated, whereas in Pseudomonas Agar Base (PAB) no microorganism 
was at all isolated, in spite of growth of Pseudomonas genera in other culture media. In most cases, 
e.g. Mannitol Salt Agar (MSA) and Mayeux, Sandine and Elliker Agar (MSE), a large diversity of 
microorganisms groups could also grow. 
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