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ABSTRACT  

DEVELOPMENT OF NANOHYDROGELS AS A VEHICLE FOR THE RELEASE OF BIOACTIVE COMPOUNDS 

IN FOOD MATRICES 

 

One of the challenges of the food industry is to develop innovative systems that can produce high 

quality and safe foods while being efficient, environmentally acceptable and sustainable. To 

address this set of challenges, nanotechnology research is being focused in developing new 

structures that can be used to manipulate or assemble materials providing commercial, 

technological and scientific opportunities for the food industry. Protein-based nanohydrogels are 

hydrophilic three-dimensional polymer networks that are able to take up large amounts of water, 

while maintaining their internal network structure. Their interior network, the ability to encapsulate 

diverse classes of bioactive compounds and their capacity to response to the alteration of certain 

environmental stimuli, make of protein-based nanohydrogels a useful carrier of bioactive 

compounds. Due to these attractive characteristics protein-based nanohydrogels are potentially 

materials to be used in food industry. However, designing these nanostructures using natural 

biopolymers such as proteins and guarantee their stability preservation, and behavior within the 

human gastrointestinal system was a challenge yet to be addressed. 

 Having this in mind, this thesis aims at evaluating the optimal conditions to obtain a stable 

nanohydrogel composed by two milk proteins (lactoferrina-Lf and glycomacropeptide-GMP) and 

analysing its stability when submitted to different environmental conditions, in order to predict its 

behaviour when used in different conditions. 

Results showed that spherical nanohydrogels with a hydrodynamic diameter around 170 nm and 

a PdI of 0.1 were obtained by gelation of the mixture of Lf and GMP solutions (molar ratio 1:7) at 

pH 5.0, heated at 80 °C, during 20 min. Nanohydrogels’ size and PdI revealed to be influenced 

when submitted at different conditions of pH, ionic strength and temperature. Toxicity 

measurements were performed to understand the ability of these protein nanohydrogels to be used 

e.g. in a food product and a negligible toxicity of nanohydrogels was observed when these were put 

in contact with Caco-2 cells. 

One of the limitations of using protein-based systems is their high sensitivity to physicochemical 

stresses during processing and storage. Two drying processes nano spray-drying and freeze-drying 

were tested to compare their effect on nanohydrogels´ properties. It was observed that spray-drying 
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did not affect protein structure stability when compared to freeze-dried nanohydrogels, however the 

former were more sensitive to thermal degradation and agglomerates were formed upon 

rehydration. 

Curcumin and caffeine (used as lipophilic and hydrophilic model compounds, respectively) were 

successfully encapsulated in Lf-GMP nanohydrogels by thermal gelation showing high 

encapsulation efficiencies (> 90 %). It was also observed that loaded nanohydrogels maintained 

their spherical shape with sizes of 112 nm and 126 nm for curcumin and caffeine encapsulated 

in Lf-GMP nanohydrogels, respectively. The release mechanisms of bioactive compounds through 

Lf-GMP nanohydrogels were evaluated at pH 2 and pH 7, by fitting the Linear Superimposition 

Model to the experimental data. The bioactive compounds release was found to be pH-dependent: 

at pH 2, Fick’s diffusion was the governing mechanism while at pH 7 polymer was governing, 

instead (in the case of caffeine).At pH 7 curcumin was not released from Lf-GMP nanohydrogels. 

The degradation of the protein matrix in the gastro intestinal tract is an obstacle to the delivery of 

the encapsulated compounds at a specific target (e.g. mouth, stomach, small intestine or colon). 

A chitosan coating was thus applied by a layer-by-layer coating process in order to help reducing 

the degradation of the nanostructures.  

In vitro digestion was performed in a dynamic gastro intestinal model and results showed that the 

chitosan coating improved the stability of Lf and GMP (proteins were hydrolysed at a slower rate 

and were present in a solution for a longer time) during the gastric phase, thus improving the 

stability of protein nanohydrogels and the bioaccessibility of proteins. Moreover, it was observed 

that chitosan coating applied on the nanohydrogels also enhanced the bioaccessibility of bioactive 

compounds (i.e. curcumin and caffeine). 

Overall results suggest that the use of chitosan layer to coat protein-based nanohydrogels could be 

a good alternative to improve proteins´ stability during in vitro digestion and protect lipophilic and 

hydrophilic compounds, improving their bioaccessibility. 

In conclusion, this works showed that Lf-GMP nanohydrogels are a promising delivery system for 

encapsulation of lipophilic and hydrophilic bioactive compounds. This system can thus be an 

alternative to synthetic carriers, with potential applications in food and pharmaceutical industries.  
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RESUMO  

DESENVOLVIMENTO DE NANOHIDROGÉIS COMO VEÍCULO DE LIBERTAÇÃO DE COMPOSTOS 

BIOATIVOS EM MATRIZES ALIMENTARES 

 

Um dos maiores desafios da indústria alimentar é desenvolver sistemas inovadores que sejam 

capazes de aumentar a qualidade e a segurança dos alimentos sem perder de vista a sua 

sustentabilidade ambiental. Em resposta a estes desafios, vários estudos na área da 

nanotecnologia têm tido como objetivo o desenvolvimento de novas estruturas que permitam a 

modificação ou otimização de materiais que promovam oportunidades comerciais, tecnológicas e 

científicas para a indústria. Os nanohidrogéis de proteína são constituídos por cadeias poliméricas 

tridimensionais com elevada capacidade de reter água ao mesmo tempo que mantêm a sua 

estrutura interna intacta. A sua elevada área interna, capacidade em encapsular diferentes 

compostos bioativos e a sua resposta pré-determinada face a determinados estímulos ambientais, 

tornam estas estruturas bastante apelativas para a indústria alimentar. Contudo, a utilização de 

biopolímeros naturais como é o caso das proteínas traz inúmeros desafios, nomeadamente em 

termos de estabilidade, conservação e comportamento no sistema digestivo humano, que 

necessitam ser avaliados. 

Tendo em vista todos estes desafios, a presente tese pretende avaliar as melhores condições para 

desenvolver um nanohidrogel constituído por duas proteínas do leite (lactoferrina-Lf e o 

glicomacropetideo -GMP) e analisar a sua estabilidade face a diferentes estímulos ambientais que 

permitirá prever o seu comportamento em futuras aplicações alimentares. Desenvolveram-se 

nanohidrogéis constituídos por Lf e GMP com um tamanho de 170 nm e uma polidispersividade 

de 0.1 através de gelificação térmica da mistura de Lf com o GMP para uma razão molar de 1 

para 7, a 80 ºC durante 20 min. Estudos de estabilidade em diferentes condições ambientais 

revelaram que os nanohidrogéis obtidos apresentaram diferentes tamanhos e valores de 

polidespersividade face a alterações de pH, temperatura e força iónica. 

Realizaram-se ensaios de toxicidade para avaliar a possibilidade de estas estruturas serem 

utilizadas em produtos alimentares e verificou-se que os nanohidrogéis não apresentaram 

toxicidade quando submetidos ao contacto com células Caco-2.  

Avaliaram-se dois métodos de secagem dos nanohidrogéis: liofilização e nano spray drying. 

Verificou-se que durante a secagem por nano spray drying a estrutura da proteína apresentou uma 

menor degradação do que nos nanohidrogéis secos por liofilização. Contudo, a sensibilidade 
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térmica dos nanohidrogéis secos por nano spray-drying é superior e a sua reidratação originou a 

formação de aglomerados, contrariamente ao observado com os nanohidrogéis secos por 

liofilização. 

Encapsulou-se, curcumina e cafeína (utilizados como composto modelo lipofílico e como composto 

modelo hidrofílico, respetivamente) nos nanohidrogéis através de gelificação térmica, obtendo-se 

elevadas taxas de eficiência de encapsulação (> 90 %). O mecanismo de libertação dos compostos 

bioativos através dos nanohidrogéis foi avaliado a pH 2 e apH 7, através do ajuste do modelo 

matemático “Linear Superimposition Model” aos dados experimentais. Verificou-se que a 

libertação dos compostos é influenciada pelo pH: a pH 2, a libertação do composto ocorre 

preferencialmente por difusão de Fick e em pH 7 ocorre por relaxamento do polímero. Neste último 

caso, no entanto, apenas se observou libertação de cafeína a pH 7, a pH 7 não se observou a 

libertação da curcumina através dos nanohidrogéis. 

A aplicação de uma camada de quitosano nos nanohidrogéis de proteína permitiu aumentar a 

estabilidade da partícula durante a digestão gástrica in vivo, bem como diminuir a digestão das 

proteínas durante este período. Verificou-se ainda que com a aplicação desta camada foi possível 

aumentar a bioacessibilidade das proteínas e dos compostos bioativos encapsulados durante a 

digestão gastro intestinal in vivo. 

  

 

Em conclusão, este trabalho permitiu desenvolver um nanohidrogel a partir de duas proteínas com 

elevado teor nutricional e com inúmeras propriedades funcionais, o que além de permitir um futuro 

desenvolvimento de produtos alimentares (sumos, compotas, alimentos para atletas ou para 

crianças) tem um potencial impacto na saúde humana. Estes nanohidrogéis apresentaram ainda 

a possibilidade de incorporar diferentes compostos bioativos, o que amplia a sua versatilidade de 

aplicação na indústria alimentar. Foi ainda possível encontrar alternativas para que a sua ingestão 

seja prolongada no organismo humano, permitindo que estes consigam chegar aos locais onde 

ocorre a sua absorção (epitélio intestinal) e aumentar a sua eficiência. Os presentes nanohidrogéis 

surgem assim como um veículo de transporte de compostos bioativos que poderá ser utilizado na 

indústria alimentar e farmacêutica 
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1.1 RESEARCH BACKGROUND AND MOTIVATION 

The increase in consumers’ awareness of the impact that food has on health and the consequent 

increase in demand for functional foods are stimulating the innovation and the development of new 

products in the food industry. In this context, food technology plays an important role, with main 

research areas such as chemistry, biochemistry, engineering and physics, seeking for new know-

how and for the improvement of food quality. Nanotechnology appears in last years as an emerging 

technology that holds potential to change the food industry (Huang, et al., 2010). Nanotechnology 

involves the control of nanostructures within sizes from 1 to 100 nm (Quintanilla-Carvajal, et al., 

2010), which with the adequate development of technology can be used to manipulate or assemble 

materials providing commercial, technological and scientific opportunities for the industry. Due to 

their subcellular size, these nanostructures could increase the solubility, bioavailability, sensorial 

aspects and promote the controlled release of bioactive compounds, particularly those which have 

low solubility in water (Chen, et al., 2006). Moreover, the application of nanoencapsulates in food 

products can improve their stability and increase their shelf life (Nagarajan, 2008; Qasim 

Chaudhry, et al., 2010; Zhang, et al., 2013).  

Nanohydrogels are described as hydrophilic three dimensional polymer networks that are able to 

take up large amounts of water, while maintaining their internal network structure (Hamidi, et al., 

2008; Kabanov, et al., 2009; Sharma, et al., 2014). Their large interior network, the ability to 

encapsulate a diverse class of bioactive compounds and their capacity to react to the alteration of 

certain environmental stimuli – e.g. temperature, pH, light, electric or magnetic fields, ionic 

strength, solvent composition, redox potential or enzymatic conditions, at a desired point and time, 

make them a useful food carrier (Morimoto, et al., 2006; Sharmin, 2013; Yallapu, et al., 2011). 

Due to these attractive physical characteristics and their variable composition, nanohydrogels are 

potentially beneficial materials in biotechnology and in particular in the food industry.  

Nanohydrogels can be developed by many different materials, e.g. synthetic polymers or 

biopolymers and by different methodologies (e.g. self-assembly, gelation, electrospray and 

emulsification) (Daniel-da-Silva, et al., 2011; Hamidi, et al., 2008; Morimoto, et al., 2006; Yallapu, 

et al., 2011; Yu, et al., 2006). The selection of these parameters during nanohydrogels production 

will influence different factors, such as: i) nanohydrogels size; ii) properties of active compounds 

to be incorporated (e.g. stability and solubility); iii) surface properties such as charge of material 

and permeability; iv) biodegradability, toxicity and biocompatibility and v) release profile of the 
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desired compound. In the case of food products, the selection of materials is an important step. 

The replacement of non-food-grade materials by bio-based, biodegradable and food-grade 

alternatives is a challenge in the development of these nanostructures. Polysaccharides and 

proteins are the logical options to respond that challenge, as they present distinct advantages of 

biodegradability and lack of toxicity while also opening the door to new functionalities and 

applications (Morimoto, et al., 2006; Oh, et al., 2009).  

The development of nanostructures from natural polymers (biodegradable, non-toxic, "food grade") 

is extremely important in the food industry, allowing a future development of innovative food 

products with improved properties and potential impact on human health. Furthermore, the 

behaviour of nanostructures produced by natural polymers against different environmental stimuli 

and the ability to incorporate active compounds is an interesting challenge with response still 

waiting. 

1.2 RESEARCH AIMS 

Presently, the most pertinent issues facing the application of nanotechnology in the food industry 

relate to four major challenges: 

1. Exclusive use of "food grade" ingredients for nanostructures production; 

2. Evaluation of nanostructures stability in storage conditions during the shelf life of foods 

where they are incorporated; 

3. Leverage of new applications of nanostructures through a systematic knowledge of their 

behaviour under different environmental conditions; 

4. Production of knowledge about the safety and operation of nanostructures that allow a 

correct communication technology with consumers. 

The main objective of this thesis is to contribute to the use of nanotechnology-based products in 

the food industry by addressing these challenges. Thus, the specific aims of this work were to: 

• Develop nanohydrogels resulting from the interactions between proteins addressing 

different manufacturing techniques, in response to challenge 1; 

• Assess the behaviour of nanostructures comparing the influence of different external 

stimuli, contributing to the production of knowledge on the challenges 2 and 3; 

• Model the release of compounds under conditions that simulate food digestion, 

contributing to challenge 4; 

6 



Chapter 1 General Review 
 

• Evaluate the behaviour of the selected nanohydrogels in vitro, in an artificial gastrointestinal 

system, adding value to knowledge about the safety of nanotechnology-based products in 

foods, thus responding to challenge 4. 

1.3 OUTLINE OF THESIS 

The thesis is dived in four sections: Introduction (Section I), Materials and Methods (Section II), 

Results and Discussion (Section III) and Final Conclusions (Section IV). Each section is divided in 

chapters, in a total of nine, with five of them reporting experimental results and their discussion. 

The chapters are organized in a way that shows the sequential progress obtained in the various 

works reported. 

Section I provides an overview on the state-of-art of protein nanohydrogels to be applied in food 

industry and enables to contextualize the work reported in the following sections. All the 

methodologies applied in this work were reported in Section II, Chapter 3. 

The new data presented in the thesis was organized in Section III, divided in five chapters (Chapters 

4-8). Chapter 4 corresponds to the development of protein nanohydrogels and evaluation of their 

toxicity in Caco-2 cells. In Chapter 5, protein nanohydrogels were dehydrated by freeze- and nano 

spray-drying. Chapter 6 presents the ability of the developed nanohydrogels to encapsulate different 

bioactive compounds (curcumin as a lipophilic model compound and caffeine as a hydrophilic 

model compound). Chapter 7 presents the data obtained with the application of chitosan coating 

on protein nanohydrogels aiming the nanohydrogels stability during gastric digestion. In the last 

chapter (Chapter 8) of Section III, a dynamic digestion system comprising stomach, duodenum, 

jejunum and ileum was used to evaluate the impact of chitosan coating on the digestion of protein 

nanohydrogels with curcumin and caffeine encapsulated, separately. 

In the last (fourth) section, Chapter 9 contains the most relevant conclusions and future 

perspectives in this topic. Figure 1.1 shows the outline of this thesis.  
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Figure 1.1 Flow chart of the outline of the thesis. 
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2.1  PROTEIN NANOHYDROGELS 

Hydrogels are described as three-dimensional hydrophilic polymer networks that can swell in water 

and hold a large amount of water while maintaining a network structure. Due to the presence of 

covalent bonds, hydrogen bonding, van der Waals interactions, or physical cross-links they are able 

to take up large amounts of water or physiological fluids, while maintaining their internal network 

structure (Belščak-Cvitanović, et al., 2015; Hong, et al., 2007; Vervoort, et al., 1998). The water 

holding capacity and permeability are two of the most important characteristic features of a 

hydrogel. Their ability to absorb water is attributed to the presence of hydrophilic moieties such as 

hydroxyl and carboxyl groups as well as ethers, amines and sulfates in the polymers forming the 

hydrogel structure; this type of structures is responsible for the soft and elastic characteristic of 

such systems (Morimoto, et al., 2006). The polar hydrophilic groups of hydrogels are the first to 

be hydrated upon contact with water which leads to the formation of primary bound water. As a 

result the network swells and exposes the hydrophobic groups which are also capable of interacting 

with the water molecules. The network will absorb additional water, due to the osmotic driving force 

of the network chains towards infinite dilution. This additional swelling is opposed by the covalent 

or physical cross-links, leading to an elastic network retraction force. Thus, the hydrogel will reach 

an equilibrium swelling level. 

In the last decade there has been an increasing interest in hydrogels at nanoscale (nanohydrogels) 

(Daniel-da-Silva, et al., 2011; Hamidi, et al., 2008; F. Lee, et al., 2009). Nanohydrogels can be 

designed to facilitate the encapsulation of diverse classes of bioactive compounds and the following 

characteristics and properties show their potential use as a carrier for use in foods: 

• Nanohydrogels can reach specific targets which are not easily accessed by hydrogels; 

• Nanohydrogels can result in new textures and functional properties, applicable in new food 

products; 

• Nanohydrogels are good candidates for intracellular delivery of bioactive compounds; 

• Nanohydrogel dispersions have a larger surface area-to-volume ratio which is important for 

in vivo applications; 

• Nanohydrogels have a sizable active compounds loading capacity, low density and high 

dispersion stability in aqueous media; 

• Nanohydrogels can be used as a carrier of bioactive compounds with different molecular 

weighs and prolong their biological activity in aqueous media; 
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Nanohydrogels nanoscale dimension makes them to respond rapidly to environmental changes 

such as pH and temperature; 

One of the challenges of food industry is to improve the effectiveness of bioactive compounds (e.g. 

vitamins, nutraceuticals and antiflamatory) in functional food products aimed at preventing 

diseases, by preserving the bioavailability of these ingredients. Due to insufficient gastric residence 

time, low permeability and/or solubility within the gut, as well as instability under conditions 

encountered in food processing (temperature, oxygen, light) or in the gastro-intestinal (GI) tract 

(pH, enzymes, presence of other nutrients), only a small proportion of bioactive molecules remain 

available by oral administration which limit the activity and potential health benefits of bioactive 

compounds (L. Chen, 2009). The elaboration of systems which are able to maintain the activity of 

these molecules until the time of consumption and deliver them under this form to the physiological 

target within the organism, is being extensively investigated by food technologists. Biopolymer-

based delivery systems hold promise in providing such protection to bioactive molecules and 

comply with the requirement of the use of compounds generally recognized as safe (GRAS) which 

is mandatory in the food industry (Oh, et al., 2009). 

Numerous excellent articles highlight the functional properties of food biopolymers in general and 

proteins in particular, including emulsification, gelation, foaming and water binding capacity, as 

well as their applications as ingredients in the food industry (Davidov-Pardo, et al., 2015; 

Gunasekaran, et al., 2007). Among these functional properties, the gel-forming property of proteins 

is especially interesting. Their ability to form gels with different mechanical and microstructural 

properties can be achieved by controlling the assembly of protein molecular chains, thus offering 

the possibility of developing GRAS biocompatible carriers for oral administration of sensitive 

bioactive compounds in a wide variety of food products.  

Protein-based nanohydrogels have recently attracted a great deal of interest in food engineering 

and delivery applications (Anema, et al., 2014; Hong, et al., 2007; Somchue, et al., 2009). Protein 

hydrogels are one of the most convenient and widely used matrices in food applications. However, 

in the case of non-solid and semi-solid foods, it is essential to decrease the matrix size to allow its 

incorporation without affecting food sensory qualities (Augustin, et al., 2014). Furthermore, it is 

possible to develop new protein vehicles with improved delivery properties by decreasing the 

structure size from micrometers to nanometers. 
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Based on the knowledge of protein physicochemical properties, this chapter describes the potential 

role of food proteins to produce nanosized gel structures in order to create new delivery systems 

and their potential applications within the food industry. 

2.2  PROTEINS AND THEIR FUNCTIONALITY 

Proteins are widely applied in the food industry due to their ability to add unique functional 

properties such as emulsifying, foaming, gelling and solubility attributes (Bryant, et al., 1998; L. 

Chen, 2009). The selection of suitable protein or a combination of proteins to produce protein-

based systems is based on their properties which depend on both intrinsic (e.g. molecular 

structure, composition) and extrinsic factors (e.g. temperature, chemical environment, pH) (Oliver, 

et al., 2006). The type, number, and particular sequence of amino acids in a protein determines 

the molecular weight, conformation, electrical charge, hydrophobicity, physical interactions, and 

other functionalities of proteins. Food proteins such as: soy proteins, milk proteins (caseins and 

whey proteins), egg proteins, are frequently used in food matrices (Table 2.1).  

 

Table 2.1 Functional roles of food proteins 

Source Proteins Functional properties 

Animal proteins 

 

β-lactoglobulin 
Emulsifying, foaming and gelling 

properties 

Bovine serum albumin 
Solubility, 

foaming, and emulsifying properties 

α-Lactalbumin 
Gelling properties and fat and flavor 

binding 

Casein 
Emulsifying, foaming and gelling 

properties, 

Lactoferrin 

Gelling properties, 

antimicrobial, anti-inflammatory, 

antitumor 

Whey proteins 
Gelling, foaming and thickening 

properties 

 Gelatine Emulsifying, gelling properties 

Plant proteins 

Soy protein 

Gelling properties and thermal stability Wheat proteins 

Corn zein 
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Food proteins may serve as an effective carrier of bioactive molecules because of their ligand 

binding properties. They are widely used in formulated foods due to their high nutritional value. 

However, an important handicap of the use of proteins is their allerginicity. There are some proteins 

such as milk, soy or egg proteins that may cause an allergic or intolerance reaction in some 

consumers (Rocha, et al., 2009). Some of the food proteins characteristics are discussed below. 

 

2.2.1 Soy protein 

Soy proteins are abundant, renewable, and biodegradable, thus being attractive to be applied in 

food products (Rhim, et al., 2007). They are mainly globular and have a molecular weight ranging 

from 8 to 600 kDa (Wolf, 1970). Numerous studies have shown that soy proteins are quite 

heterogeneous. The major components are classified according to their sedimentation properties 

in which a larger Svedberg number (S) indicates a larger protein. The storage proteins, 7 S 

(conglycinin) and 11 S (glycinin), are the principal components of soy protein (Kinsella, 1979). Soy 

protein functionality is partly dependent on the conglycinin-to-glycinin ratio, which can vary among 

genotypes. Glycinin represents around of 30 % of total protein in soybeans. It is a quaternary 

structure composed of three acidic and three basic subunits of ca. 35 and 20 kDa, respectively 

(Lakemond, et al., 2000). The isoelectric points of the basic subunits range between 8.0 and 8.5 

and those of the acidic subunits from 4.7 to 5.4. This may account for the limited solubility of 11 

S globulins at low ionic strength, around pH 6.0 (Kinsella, 1979). Soy proteins are also used in a 

great extent to produce food gels. Different soy preparations can be used to produce gels: purified 

rich fractions of glycinin and β-conglycinin (main proteins in soybeans) and soy protein isolate 

(mixture of soy proteins). Heat denaturation is a prerequisite for gel formation independently of pH 

and ionic strength conditions. Soy β-conglycinin gels can be formed at temperatures of about 55-

70 °C, while glycinin gels form at about 70-95 °C. For example tofu, probably the most famous 

soybean gel, is produced by the heating soybean milk followed by addition of salts (e.g. Ca2+ or 

Mg2+) or acidification (using glucono- δlactone), which promote protein aggregation by neutralizing 

the negatively charged groups of denatured proteins.  

 

2.2.2 Milk proteins 

Milk proteins are widely available, inexpensive, natural and GRAS raw materials with high nutritional 

value and good sensory properties. Their structural properties and functionalities make them highly 

suitable as delivery systems in food industry (Livney, 2010b). In milk, there are two major protein 
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types which, in the particular case of bovine milk, are defined by acid precipitation: the caseins, 

which precipitate as a group at pH 4.6, and the whey proteins, which can be subdivided into the 

major mammary-synthesized proteins and the minor, usually blood, proteins (Creamer, et al., 

1996). Whey protein-based matrices are being widely used in food products not only by their high 

nutritional and biological value (digestibility, amino acid pattern, high biological value and sensory 

characteristics) but also by their ability to form cold- and heat-set hydrogels (Bryant, et al., 1998; 

Madureira, et al., 2007)). 

Caseins are conjugated proteins, most of them with phosphate group(s) esterified to serine 

residues. These proteins are phosphoproteins precipitated from raw milk at pH 4.6 at 20 °C and 

comprise approximately 80 % of the total protein content in milk. The principal proteins of this 

group are classified according to the homology of their primary structures into αs1-, αs2-, β- and 

κ-caseins (Livney, 2010a). The conformation of caseins is similar to denatured globular proteins. 

Within the group of caseins, there are several distinguishing features, based on their charge 

distribution and sensitivity to calcium precipitation (Wong, et al., 1996). The casein micelle is 

indeed a remarkable example of natural nanovehicle for nutrient delivery (Livney, 2010a).  

The following proteins belong to whey proteins group: in higher quantities β-lactoglobulin, α-

lactalbumin, and in less amounts serum albumin, lactoferrin, immunoglobulins, and proteose 

peptones. Whey proteins account for 20 % of total protein content in bovine milk. They are globular 

and are present in milk as discrete molecules with varying numbers of disulfide crosslinks. These 

proteins are more heat sensitive, and less sensitive to calcium than caseins (Fox, 2001).   

β-lactoglobulin (β-Lg) is a globular protein with a molecular weight of 18 kDa and is very acid stable 

(Kontopidis, et al., 2004). It is generally in dimer form at the isoelectric pH of 5.2 and alkaline pH 

range. Temperature affects the three-dimensional structure of β-Lg. Although β-Lg is found mainly 

in the dimer form in milk, monomers appear when temperature is increased up to 65 °C. β-lg is 

one of those milk proteins that are responsible for milk protein intolerance or allergy in humans 

(Kavanagh, et al., 2000; Kontopidis, et al., 2004; Prabakaran, et al., 1997). Bovine α-Lactalbumin 

(α-La) is a small globular protein that is relatively stable with molecular weight around 14 kDa. The 

molecule has an ellipsoid shape with a deep cleft dividing the protein in two parts. Four disulfide 

bonds make this protein relatively heat stable. α-La was found to be a cofactor in lactose synthesis 

and the concentrations of this protein and of lactose in milk are correlated. It is a strong binder of 

calcium and other ions, including Zn(II), Mn(II), Cd(II), Cu(II), and Al(III), and changes conformation 

markedly on calcium binding (Wong, et al., 1996). One interesting feature of α-La is that it seems 
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to exist in three different structures: the calcium-bound, the calcium-free and the low pH or A form 

(Creamer, et al., 1996). Bovine serum albumin (BSA) is a globular protein having a molecular 

weight of 66 kDa, 580 amino acid residues and 17 intra-chain disulfide bonds. BSA contains three 

domains specified for metal-ion binding, lipid binding, and nucleotide binding (Li, et al., 2009). This 

protein is also involved in the transport of insoluble free fatty acids in the blood. Glycomacropeptide 

(GMP) is an acidic peptide with isoelectric point between 4 and 5, highly soluble and heat stable 

(Thomä-Worringer, et al., 2006). GMP is a C-terminal part of kappa-casein which is released in 

whey during cheese making by the action of chymosin. GMP is a biologically active component with 

unique chemical and functional properties such as antibacterial activity, modulates immune system 

responses and regulates blood circulation (Thomä-Worringer, et al., 2006). Many of the biological 

properties have been ascribed to the carbohydrate moieties attached to the peptide. The unique 

set of amino acids in GMP makes it a sought-after ingredient with nutraceutical properties. Besides 

its biological activity, GMP has several interesting techno-functional properties such as wide pH 

range solubility, emulsifying properties as well as foaming abilities which are shown to be promising 

for applications in food and nutrition industry (Neelima, et al., 2013). 

Lysozyme is a protein secreted in milk and its molecular weight is 15 kDa. This protein is of interest 

for use in food systems since it is a naturally occurring enzyme with antimicrobial activity. Lysozyme 

is active against a number of Gram-positive bacteria including Listeria monocytogenes (Park, et al., 

2004). 

Lactoferrin is a basic, positively charged iron-binding glycoprotein of the transferrin family with a 

molecular weight of 80 kDa and an isoelectric point around 8.0-8.5, present in various external 

secretions of mammals such as milk (Brisson, et al., 2007; van der Strate, et al., 2001). One of 

the main interests in lactoferrin resides in its various biological activities, such as antimicrobial, 

anti-inflammatory, antitumour, immuno-modulatory and enzymatic activities (Brisson, et al., 2007) 

 

2.2.3 Other proteins 

Ovalbumin (OVA) is the predominant protein fraction in egg white and is a highly functional food 

protein that is frequently used in food matrices’ design. It has a molecular weight of 47 kDa and 

isoelectric point of 4.8 (Hu, et al., 2007). OVA exhibits several interesting functionalities such as 

its ability to form gel networks and stabilization of emulsions and foams. Moreover, OVA was chosen 

as a carrier for drug delivery owing to its availability and low cost, compared with other proteins. 

Due to its pH- and temperature-sensitive properties, it has a high potential for use as a carrier for 
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controlled drug release (Hu, et al., 2007; Yu, Hu, et al., 2006). Denaturation of OVA determines 

the optimum temperature for gel formation and contributes to the increase of gel strength when 

temperature is raised above 80 °C (Rousseau, et al., 2000). 

Collagen is the structural building material of vertebrates and the most abundant mammalian 

protein that accounts for 20-30 % of total body proteins. Collagen has a unique structure, size and 

amino acid sequence which results in the formation of triple helix fiber. Collagen is an abundant, 

renewable, and biodegradable protein, making it attractive to be applied in food products (Sundar, 

et al., 2010).  

Gelatine is obtained by controlled hydrolysis of fibrous, insoluble collagen which is widely found as 

the major component of skin, bones and connective tissue (Coester, et al., 2006). Gelatine is 

considered an interesting biodegradable material, non-toxic, inexpensive and has therefore an 

immense potential to be used for the preparation of colloidal drug delivery systems (Jahanshahi, 

et al., 2008). This protein is widely used in food industry once has the ability to form reversible 

thermosetting gels (resembling many polysaccharides) with unique rheological properties that melt 

at 35–37 °C (typical melt-in-the-mouth-texture). Gelatin protein molecules swell in cold or hot water 

adsorbing up to ten times its weight, and when heated to temperatures above the melting point, 

gives rise to a viscous solution of random-coiled linear polypeptide chains. Upon subsequent 

cooling to temperatures of 20 °C, a gelatin gel is produced due to the formation of a network of 

polymeric strands stabilized by hydrogen bonding interactions (Troncoso, et al., 2012).  

2.3  METHODS TO FABRICATE PROTEIN HYDROGEL PARTICLES 

Nanohydrogels can be produced using different techniques, however the most commonly used is 

the gelation process. This process can occur by different mechanisms, as described below. 

 

2.3.1 Denaturation of globular proteins 

Gelation of proteins usually requires a driving force to unfold the native protein, followed by an 

aggregation process to give a three-dimensional network. Protein-protein interactions, aggregations 

mechanisms and types of protein aggregates, as well as, processing techniques, determine much 

of the produced gel features. Protein aggregates serve as “building blocks” to the development of 

food-grade nano and micro-network gel structures. Without a heating step protein networks 

structures formed barely remain stable in water (Bodnár, et al., 2007; Pérez-Gago, et al., 1999; 

Ramos, et al., 2012). At denaturation temperature globular proteins start to unfold and depending 
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on balance of attractive and repulsive interactions between them (Pérez-Gago, et al., 1999), they 

can remain as individual denatured molecules or form fibrillar or particulate aggregates. These 

outcomes are extremely dependent both on heating method (direct and indirect) and heating 

conditions, such as temperature, heating rate, treatment time and environmental conditions (e.g. 

pH, ionic strength and salt addition). However, aggregation mechanisms, as well types of protein 

aggregates, are defined by the chemical environment of the aqueous protein solution, namely: pH, 

ionic strength and protein concentration.  

In this sense, the driving force for gelation can be either assigned as physical process, such as 

heat and pressure, or chemical process, such as acid, ionic or enzymatic (Stokes, 2012). Many of 

these gelation methods are used in combination. A brief overview is given below on the specific 

gelation mechanisms. 

 

2.3.1.1 Acid 

Acid-induced gelation occurs by lowering the pH (normally to that corresponding to the pI) and thus 

changing the net charge of protein molecules as well as interactions between protein and solvent. 

When the protein has a zero net charge, repulsive forces are minimized and aggregation occurs. 

The mechanisms of acid-induced gel formation could be explained by the fractal aggregation theory. 

Fractal aggregation assumes that spherical particles of radius can move by Brownian motion and 

that they can aggregate when they encounter each other. These aggregates formed can then 

aggregate with each other giving rise to fractal aggregates or clusters, which are considered to be 

as the building block of the gel (Lucey, et al., 1997). However, acid gelation often requires an initial 

physical treatment (heating or high pressure) in order to unfold native structure of protein molecule, 

exposing it to further reactions. 

 

2.3.1.2 Ionic 

Increasing the ionic strength in protein solutions through addition of salt ions can screen or shield 

the electrostatic charges on the protein molecules or aggregates. As consequence, electrostatic 

repulsive forces between the molecules are minimized and gelation occurs. When pH of protein 

solutions is well above the pI of the proteins, divalent ions can act as an intermolecular crosslinking 

agent by promoting the bridging of proteins. Ionic induced gelation is often called cold gelation 

(Bryant & McClements, 1998). In contrast with heat induced gelation, cold gelation occurs below 
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denaturation protein temperatures. However it requires a pre-denaturation step (by heat, pressure 

or enzymatic treatment) in which proteins are unfolded, losing their native state and giving rise to 

the appearance of soluble aggregates. This denaturation pre-treatment is then followed by salt 

addition, which results in the formation of a network mediated via interactions between cationic 

agents and protein soluble aggregates at environment temperatures (Bryant & McClements, 1998; 

Doi, 1993; Remondetto, Paquin, & Subirade, 2002). Depending on the protein/cationic agent 

ratios different gel networks structures can be obtained. Cold-set protein hydrogels can be obtained 

by adding cationic agents such as ferrous, calcium or barium salts to solutions of denatured 

globular proteins. 

2.3.1.3 Enzymatic  

A way for controlling the aggregation/cluster state of proteins that is complementary to heat-

induced gelation is the use of certain enzymes that can induce artificial covalent cross-links into 

food proteins. The best known enzyme, available for use in the food industry, is microbial 

transglutaminase (TG: EC 2.3.2.13), that catalyzes the formation of cross-links between lysine and 

glutamine residues (Saricay, et al., 2012). Milk caseins are particularly good substrates for TG-

catalyzed cross-linking. As well, whey proteins, when partly unfolded, can be polymerized in great 

extent using TG (Otte, et al., 1998). Depending on the enzyme concentration, the incubation time, 

and the type and concentration of proteins available the functional benefits of TG-treatment are the 

gelation of proteins, the increase of gel strength and elasticity and the higher water-holding capacity 

(Aguilera, et al., 2004). Other class of protein cross-linking enzymes are oxidative ones such as 

Peroxidase (POD; EC 1.4.3.13) and polyphenol oxidase (PPO; EC 1.14.18.1). Horseradish 

peroxidase can induce cross-linking of ovalbumin, β-lg, and BSA, yielding various oligomers and 

polymers in the presence of hydrogen peroxide and a low molecular weight hydrogen donor 

(Stahmann, et al., 1977). PPO is enzyme that can be used to cross-link casein in the presence of 

a low molecular weight phenolic compound such as caffeic acid (Hurrell, et al., 1982). Overall, 

food functional effects of enzymatic protein cross-linking also include improvements of gelation 

properties and emulsion stability and enhanced heat-stability upon enzymatic cross-linking (Eric 

Dickinson, 1997; E. Dickinson, et al., 1996; Tang, et al., 2007). 

2.3.1.4 Temperature 

The most common method for the formation of food gels with globular proteins is the application 

of heat (Foegeding, 2006). Temperature affects thermodynamic stability of whey proteins by 
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reducing activation energy and increasing frequency of molecular collisions and enhancement of 

hydrophobic interaction, a crucial step for the occurrence physical protein aggregation. 

Consequently, high temperature, above protein denaturation level is a key parameter for 

accelerating whey protein aggregation (Bryant, et al., 1998). Generally, globular proteins, such as 

β-lg, aggregate spontaneously and irreversibly if they are denatured at heating temperature above 

60 °C (Nicolai, et al., 2013; Pereira, et al., 2011). Above denaturation temperatures 

thermal gelation and hydrogel production can be seen  as  a  four‐step  process, as follows : 1) 

unfolding of native protein and exposition of hydrophobic amino acid residues; 2) primary 

aggregation through covalent (e.g. disulfide bridges) and non-covalent bonds (e.g. hydrogen bonds 

and  hydrophobic, van der Waals interactions; 3) secondary aggregation with association between 

protein primary‐aggregates; and finally 4) formation of a three‐dimensional network able to entrap 

water which happens when amount of protein secondary aggregates exceeds a critical 

concentration. Above a critical gel protein concentration a system spanning network is formed 

which is tight and stable, but at lower concentrations collapses under gravity leading to precipitation 

or the formation of heterogeneous systems. These are some of the key concepts of general model 

for globular protein gelation proposed by Ferry (Ferry, 1948). This model describes gelation based 

on denaturation temperature, a critical protein concentration, a critical gelation time that is 

dependent on the rate of denaturation and aggregation. More recently, some complexity has been 

added to this model taking into account reverse pathway of protein folding and formation of 

intermediate states of protein aggregates that can form disordered aggregates or amyloid fibrils 

(Dobson, 2003; Foegeding, 2006). In this sense, it is important to clarify the molecular approach 

of protein aggregation, thus the precise details of association mechanisms that strongly impact the 

rheological performance of gels in food materials should be fully explained (Kavanagh, Clark, & 

Ross-Murphy, 2000b). 

 

2.3.2 Combination of proteins with other biopolymers 

The mixture of proteins from different sources has been used to fabricate biopolymer particles with 

tailor-made properties. In order to improve the stability, or change the hydrophobicity level or 

density, synergistic interactions between different proteins or between proteins and 

polysaccharides have been evaluated. Different delivery systems (e.g. nanoparticles) have been 

developed using different types of methodologies (Table 2.2). 
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Table 2.2 Micro and nanosystems produced by combination of biopolymers 

System Biopolymers 
Production 

Techniques 
References 

Complexes 
Whey protein isolate 

and pectin 
Thermal treatment (Gentès, et al., 2010) 

Nanogels 
Ovalbumin and 

lysozyme 
Self-assembly (Yu, Yao, et al., 2006) 

Nanogels 
Ovalbumin and 

ovotransferrin 
Self-assembly (Hu, et al., 2007) 

Nanogels 
Lysozyme and 

dextran 
Thermal treatment (Li, et al., 2008) 

Biopolymer particles 
ß-lactoglobulin and 

pectin 
Thermal treatment (Jones, et al., 2009) 

Hydrogel particles 
ß-lactoglobulin and 

chitosan 
Thermal treatment (Hong, et al., 2007) 

Co-acervates Lactoferrin and casein Self-assembly (Anema, et al., 2012) 

 

When two different biopolymers are mixed they may either form one-phase or two-phase system 

depending on the nature of the biopolymers involved, the solution composition and the 

environmental conditions. In one-phase system, the two biopolymers can exist either as individual 

molecules or as soluble complexes that are distributed throughout the entire system. However if 

the solution separates into two distinct phases composed by different biopolymer concentration, a 

two-phase system can be formed (Matalanis, et al., 2011). Phase separation can occur through 

two types of mechanisms: 

2.3.2.1 Associative separation 

If the attraction between the two biopolymers is relatively strong, a two-phase system is formed, 

with one phase being rich in both polyelectrolytes and the other phase being depleted in both 

polyelectrolytes. The polyelectrolyte-rich phase may be either a complex coacervate or a precipitate 

depending on the strength of the attraction and the charge characteristics of the polyelectrolytes 

involved. Complex coacervation has been widely used industrially as a means of encapsulating 

functional components. A variety of food-grade proteins and ionic polysaccharides are capable of 
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forming electrostatic molecular complexes under appropriate solution conditions (such as: pH and 

ionic strength). Typically, complex coacervates are formed under conditions where there is a 

moderately strong electrostatic attraction between the protein and polysaccharide molecules. 

Consequently, the formation and properties of coacervates are strongly influenced by 

environmental conditions as well as by the total polyelectrolyte concentration and the 

protein/polyelectrolyte ratio. Complex coacervation is considered a simple method of creating 

hydrogel particles that can be used as a carrier of active compounds. Nevertheless, there are 

several factors that currently limit their application in the food industry. Coacervate phase have low 

stability over a relatively narrow range of pH values, and the complex tend to disintegrate (when 

the pH is adjusted so that the molecules have strong similar charges) or form precipitates (when 

the pH is adjusted so that the molecules have strong opposite charges). These particles are 

considered unstable when the ionic strength increase, which limits their application in some food 

products and tend to coalesce over time, leading to a gradual increase in the mean particle size 

and eventually to macroscopic phase separation (Hong, et al., 2007). 

2.3.2.2 Segregative separation 

In segregative separation there is a repulsion between the two different biopolymers. This type of 

phase separation is usual when the biopolymers are uncharged or when the two biopolymers have 

similar charges. At low biopolymer concentration, the two biopolymers are mixed and can form 

one-phase system, however when the biopolymer concentration exceed the certain level, phase 

separation occurs and a two-phase solution is formed with each phase being rich in one type of 

biopolymer and depleted in other type of biopolymer. From this kind of mechanism can be 

produced microstructures such as “water-in-water” emulsions or “oil-in-water” emulsions. These 

systems are considered kinetically stable and can result in a novel microstructures with new 

functional and rheological properties for food industry (Matalanis, et al., 2011). 

 

2.3.3 Physical self-assembly of interactive polymers 

Nanohydrogels can be formulated by the self-assembly method with charged polymers where the 

interactions between the biopolymers occur for example by non-covalent interactions (e.g. Van der 

Waals interactions and hydrogen bonding). Different protein nanohydrogels can be prepared based 

on this methodology. For example Yu et al. (2006) prepared nanogels by self-assembly of two 

proteins with opposite charge (ovalbumin and lysozyme) and by temperature-induced gelation. The 
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utilization of this methodology using biopolymers of opposite charge, where the size is controlled 

by polymer concentrations and different environmental conditions (e.g. pH, temperature and ionic 

strength), is a strategy for developing nanohydrogels. 

 

2.3.4 Water-in-oil heterogeneous gelation 

Water-in-oil (W/O) heterogeneous gelation involves the emulsification step of aqueous droplets of 

the protein stably (gelling agent) dispersed in continuous organic phase with an aid of oil-soluble 

surfactants (Sharmin, 2013).This method is used to better control the size of hydrogel particles. 

The proteins within the water droplets of the W/O emulsion is then cross-linked using enzymes 

(Cho, et al., 2003) or thermal denaturation (Tokle, et al., 2011) or UV-light induced cross-linking 

(Zhang, et al., 2013)  or addition of cross-linking ions (Lohcharoenkal, et al., 2014). The general 

methods for W/O heterogeneous gelation include inverse (mini)emulsion, reverse micellar method, 

and membrane emulsification, and a brief explanation is presented below (Sharmin, 2013). 

• Inverse emulsion method yields kinetically stable W/O macroemulsions at, below, or 

around the critical micellar concentration of surfactants. The protein in aqueous droplets 

is then chemically and physically crosslinked with appropriate crosslinking agents, 

producing submicron-sized gels;  

• Reverse micellar method was examined to prepare protein-based microgels. The reverse 

microemulsion method requires the addition of a large amount of oil-soluble surfactants 

above the critical threshold, producing thermodynamically stable micellar solutions; 

• In membrane emulsification technique, the to-be-dispersed phase is passed through a 

membrane with a controlled pore size. Under controlled conditions, hydrogel particles with 

specific morphology are formed on the surface of the membrane, being these hydrogels 

subsequently recovered with a continuous phase that flows across the membrane. 

 

2.3.5 Micromolding, photolithography, and microfluidic preparation 

These methods allow the preparation of synthetic and bio-related hydrogels and microgels with 

various shapes for drug delivery engineering applications. The hydrogels are formed based on 

various crosslinking chemistries, including physical, covalent and photo-crosslinking. However, the 

methods require the development of micromolds, photolithographic molds, and microfluidic 

devices. Micromolding methods have been used for controlled release of gelling agent from the 
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mold, while the microfluidic method allows for the preparation of various biopolymer-based 

hydrogels and microgels upon the design of various microfluidic channels.  

 

2.3.6 Spray-drying 

Spray drying is a well-established method commonly used in pharmaceutical and food industry for 

producing a dry powder from a liquid phase. This technique allows manipulate various particle 

properties such as particle size, bulk density and flow properties by the manipulation of the process 

parameters or spray drying configuration. This method is composed by four fundamental steps: i) 

atomization of feed in a spray, ii) spray-air contact, iii) drying of spray and iv) separation of dried 

product from the drying air. A liquid feedstock is atomized into a spray of fine droplets and then 

brought into contact with the hot drying air at a sufficient temperature for the moisture evaporation 

to take place. As the moisture evaporates from the droplets, the solid product is formed and the 

powder is recovered from the drying air (Lee, et al., 2011).  

Recently a new generation of laboratory scale spray dryer that is able to produce particles at nano 

scale, was introduced. The Büchi Nano Spray Dryer B-90 lies in its vibration mesh spray technology, 

creating tiny droplets (before evaporation) in a size range of a smaller order of magnitude than in 

classical spray dryers. In this equipment the dried particles are separated by the use of an 

electrostatic particle collector with high particle recovery rates even for nanoparticles of milligram 

sample amounts. The Nano Spray Dryer has been assessed in previous studies for the preparation 

of submicron protein particles as well as the drying of bioactive compounds (Lee, et al., 2011). 

 

2.3.7 Electrospray 

Electrospray is a relatively new technique for the development of protein nanoparticles. In this 

method, high voltage is applied to the protein solution supplied through an emitter which emits a 

liquid jet stream through a nozzle forming aerosolized liquid droplets. The aerosolized droplets 

contain protein nanoparticles of colloidal size which are collected. Bioactive compounds can be 

easily incorporated into the nanoparticles with high efficacy using this method (Lohcharoenkal, et 

al., 2014). Electrospraying has emerged as a similar technique as the electrospinning which uses 

the analogous technology for the production of nanostructures. This technique has numerous 

advantages such as scalable synthesis, reproducibility and high encapsulation efficiency. 

Furthermore the nanoparticles produced by electrospraying are considered stable and without any 

loss of their bioactivity (Sridhar, et al., 2013). 
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2.4  CLASSIFICATION OF HYDROGELS 

Hydrogels can be classified in different ways. One of the classifications is based on the type of 

bonds present in the network chains of the gel structure. Polymeric nanohydrogels are subdived 

into two major categories, the physical and chemical cross-linked gels (Figure 2.1). 

 

                                              

 

 

 

 

 

Figure 2.1 Classification of hydrogels depending on the linkages present in network structure. 

 

2.4.1 Physical cross-linked gels 

Physical cross linked gels are organized in heterogeneous clusters of distinct domains formed by 

molecular entanglements, free chain ends and molecular ‘‘hairpin,’’ ‘‘kinks’’ or ‘‘loops’’ held 

together by weak hydrophobic associations, ionic interactions or hydrogen bonding. Also called 

‘‘reversible’’ or ‘‘pseudo’’ gels, physical nanohydrogels exhibit high water sensitivity (degrade and 

even disintegrate completely in water) and thermo-reversibility. Because of the strong electrostatic 

interactions involved, pH is by far the most important and most widely used factor for controlling 

the strength and direction of physical hydrogels (Ahmed, 2015; Hamidi, et al., 2008). 

 

2.4.2 Chemical cross-linked gels 

In chemically crosslinked gels, covalent bonds are present between different polymer chains. 

Therefore, they are stable and cannot be dissolved in any solvents unless the covalent crosslink 

points are cleaved. Chemical nanohydrogels (also called ‘‘irreversible’’ or ‘‘permanent’’ gels) are 

networks of polymer chains covalently linked at strategic connection sites. Most commonly, cross-

Nanohydrogels 

Physical cross-linked gels Chemical cross-linked gels 

• Self-assembly of polymeric chains 

• Aggregation of polymeric chains 

• Micellar nanohydrogels 

   

• Crosslinking by radical polymerization 

• Crosslinking by high energy irradiation 

• Crosslinking using enzymes 
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linking is not spontaneous but is deliberately induced by reaction with small molecules such as 

aldehydes radiation or UV light (Hamidi, et al., 2008). Uneven distribution of crosslinking within 

the gel leads to the development of some zones in which typical ‘‘reversible’’ features are still 

dominant and other zones with permanent properties arising from the cross-linked network. 

Chemical nanohydrogels neither disintegrate nor dissolve in aqueous solutions. Rather, they 

hydrate and swell until an equilibrium state is reached, which in turn strictly depends on the extent 

of the cross-linking (Ahmed, 2015; Barbucci, 2009).  

 

2.5 PROTEIN NANOHYDROGELS: A VEHICLE TO TRANSPORT BIOACTIVE 

COMPOUNDS 

Protein nanohydrogels are one of the central focuses of materials science due to their large surface 

area, available for, e.g., multivalent bioconjugation, and the availability of the interior network for 

the incorporation of bioactive compounds, thus possibly increasing their uptake, absorption and 

bioavailability (Lingyun Chen, et al., 2006). Their reduced size enables a controlled release of 

bioactive compounds, improved bioavailability of those compounds with poor absorption rates, 

specified delivery to the associated tissues, reducing the GI mucosa irritation caused by continuous 

contact with some compounds, and assured their stability in the GI tract (Oh, et al., 2009). In 

addition, nanohydrogels allow overcoming some drawbacks inherent to other nanostructures (e.g. 

preparation procedure and relatively low loading capacity). They can be produced isolated (i.e. 

without the interference of the bioactive compounds) and designed to spontaneously load bioactive 

molecules through electrostatic, van-der Waals and/or hydrophobic interactions between the 

bioactive compounds and the polymer matrix, during the gel folding process, leading to formation 

of stable nanostructures. Moreover, the ability of these nanostructures to produce a response (e.g. 

swelling) to environmental stimuli (e.g. temperature, pH, ionic strength or enzymatic conditions) 

makes them crucial systems to deliver bioactive compounds locally to specific sites and at a 

particular time in the GI tract, which allows overcoming the inherent instability of this complex route 

and the low permeability through the intestinal mucosa (Fang Liu, et al., 2010). On the other hand, 

these structures may present limitations, particularly if produced by physical gelation, once 

nanohydrogels contain labile bonds in polymer networks that are susceptible to be disrupted under 

physiological conditions in the GI tract (Hennink, et al., 2012). Bio-based nanohydrogels can be 

prepared from several proteins (whey proteins, zein, collagen) with different techniques; being the 

most commonly used method the gelation process (Totosaus, et al., 2002). It is possible to find in 
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literature different works reporting the ability of protein nanohydrogels to incorporate and release 

hydrophilic and lipophilic bioactive compounds such as drugs, unsaturated fatty acids, vitamins, 

as well as peptides (Subirade & Chen, 2008) – see Table 2.3. 

Table 2.3 Selected bioactive compound-loaded nanohydrogels for food/oral applications 

Biopolymer 
Bioactive 

compounds 

Nanoencapsulation 

techniques 
Purpose Limitations Reference 

β-lactoglobulin Curcumin Complex formation 
Food based 

nanocomplex 

Environmental 

conditions 

(temperature, 

pH, ionic 

strength) 

(Sneharani, et 

al., 2010) 

β-lactoglobulin 

and pectin 

ω-3 polyunsaturated 

fatty acids 
Electrostatic nanocomplexes 

Clear acid 

drinks 
Heat stability 

(Zimet, et al., 

2009) 

Lysozyme and 

Sodium 

Carboxymethyl 

Cellulose 

5-fluorouracil 
Polyelectrolyte complex 

coacervation 

Bioactive 

compound 

carrier 

Burst release 

of active 

compound 

(Zhu, et al., 

2013) 

β-lactoglobulin 

and hen egg 

white protein 

α-tocopherol 
Salt-induced gelation of the 

proteins 

Bioactive 

compound 

carrier 

 
(Somchue, et 

al., 2009) 

 

Depending on the nature of the bioactive compounds incorporated in nanohydrogels it is possible 

to obtain different release mechanisms during the digestion process. Hydrophilic compounds 

release from a protein matrix by diffusion, whereas lipophilic compounds are released mainly by 

enzymatic degradation of the protein matrix in the GI tract (R. Wang, et al., 2011). Examples of 

bioactive compounds efficiently incorporated into bio-based nanohydrogels, techniques used in 

their encapsulation and their main limitations are summarized in Table 2.3. One of the challenges 

of these nanostructures is to deliver encapsulated components at the desired point (e.g. mouth, 

stomach, small intestine and colon) without being destroyed. Therefore, it is important to design 

and manufacture biopolymer nanohydrogels with specific compositions, which can be able to resist 

to severe environments conditions (e.g. resistant to gastric fluids, when the nanohydrogel is 
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designed to deliver a bioactive compound in the colon). For instance, nanostructures composed by 

peptides or proteins have a high level of GI degradation by digestive enzymes (Donato-Capel, et al., 

2014). 

In order to preserve functionality and integrity, nanohydrogels must resist to the harsh gastric 

conditions (i.e. low pH and presence of digestive enzymes). A major drawback of these 

biopolymeric nanostructures is their tendency to decrease their interfacial surface area leading to 

the formation of aggregates (Tan, et al., 2008). One of the strategies for preventing aggregation or 

destruction include coating nanohydrogels with foreign coating agents and/or tailoring the particle 

surface charges to create separation through electrostatic repulsion. Layer-by-layer (LbL) technique 

involves the sequential adsorption of oppositely-charged species onto a support and involves as 

forces ionic interactions. LbL assembly of polyelectrolyte multilayers has been demonstrated on 

various templates, from hard and planar to rigid particles, and more recently to soft and porous 

templates, such as thermoresponsive nanohydrogels (Wong, et al., 2008). The possibility of 

assembling any charged polyelectrolytes on nanohydrogels shows their potential exploitation as 

bioactive compound storage, transport, target and controlled delivery system. Tan et al. (2008) 

demonstrated the successful preparation of coated nanohydrogels with encapsulated drugs using 

the LbL approach. These authors observed that the initial burst release behavior observed in 

nanohydrogels was minimized and eliminated by the introduction of several polyelectrolyte layers. 

Through this LbL approach, the permeability of nanohydrogels was altered with each additional 

layer. These authors also concluded that swelling behavior of coated nanohydrogels decreased with 

increasing polyelectrolytes layers resulting in a slower release of bioactive compounds. The 

application of polyelectrolyte layers also shows to be a successful technique to turn nanostructures 

more stable under physiological conditions (Troncoso, et al., 2012). Interaction between 

biopolymers, such as polysaccharide-protein, also allows producing nanohydrogels more resistant 

to gastric fluids. Chen and Subirade (2006) developed a biopolymeric nanohydrogel based on 

alginate-whey protein interactions to be used as a vehicle for riboflavin. These authors observed 

that alginate-whey protein isolate nanohydrogels have the ability to delay the compound’s release 

in the stomach and allow complete release in the small intestine. Nevertheless, scarce information 

has been found regarding characterization of biopolymeric nanohydrogels during the digestion 

process. Therefore, appropriate techniques to characterize these nanostructures during the 

passage through the GI tract in order to understand how they can resist to harsh conditions and 

their behavior during release of bioactive compounds to specific sites need to be developed.  
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2.6 TECHNIQUES TO CHARACTERIZE NANOHYDROGELS 

A variety of techniques for characterizing hydrogels have been reported in literature. Hydrogel 

characteristic have a high impact on the functionality and stability of protein hydrogels, as well on 

the final quality of food product. Hydrogels have a variety of properties, such as absorption capacity, 

swelling ability, permeability, surface properties, optical properties and mechanical properties 

which make them promising materials for different applications. The development of hydrogels at 

nanoscale make this characterization a higher challenge, due the low concentrations of materials, 

reduced size and high sensibility of protein nanohydrogels. In this section, techniques that are used 

to characterize nanohydrogels particles are described from a physical perspective (e.g. size, size 

distribution, zeta potential and crystallinity of the nano-systems). 

2.6.1  Physic-chemical characterization techniques 

2.6.1.1 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) is a technique that measures Brownian motion and relates this to 

the size of the particles trough Stokes-Einstein equation, allowing to determine the size of nano-

systems being used to evaluate the size distribution of nanohydrogels (Ayame, et al., 2006; Li, et 

al., 2008; Yu, Hu, et al., 2006; Yu, Yao, et al., 2006). 

2.6.1.2 ζ-potential 

ζ-potential is a scientific term for electrokinetic potential in colloidal systems it measures the 

electrophoretic mobility of the charged particles when submitted an electric field. Particle charge 

is an important parameter to evaluate the stability of nanoparticles: ζ-potentials from 0 to ± 30 mV 

indicate instability; in the other hand zeta potentials higher than ± 30 mV indicate stability (ASTM, 

1985). This parameter is also used to evaluate the effectiveness application of a coating on 

nanohydrogels and to study the location of bioactive compounds within particles, i.e., surface or 

interior (Li, et al., 2008; J. E. Wong, et al., 2009; Yu, Hu, et al., 2006; Yu, Yao, et al., 2006). 

2.6.1.3 Quartz Crystal Microbalance 

Quartz Crystal Microbalance (QCM) is based on the piezoelectric effect, where the mass is 

deposited onto the crystal surface, and the piezoelectric properties of the quartz crystal change its 

oscillation frequency (Marx, 2003). This technique can be used to evaluate the electrostatic 

interactions between biopolymers with opposite charges which can result in complexes. Some 
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authors reported the use of this technique to develop self-assembly nanogels (Hu, et al., 2007; Yu, 

Hu, et al., 2006). 

2.6.1.4 Fourier Transform Infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is an extremely accurate and reproducible 

technique, and the resulting spectrum represents the molecular absorption of the vibration 

frequencies between the bonds of a material creating a molecular fingerprint of the sample (Nicolet, 

2001). This technique is used to confirm the structure of the major functional groups in 

nanohydrogels’ formulation. Lin et al. (2015) used FTIR technique to confirm the blending of two 

proteins (lysozyme and pectin) in the forming process of a nanogel (Lin, et al., 2015). 

2.6.1.5 Differential Scanning Calorimetry (DSC) 

Calorimetry is a primary technique for measuring the thermal properties of materials to establish 

a connection between temperature and specific physical properties of substances. This technique 

measures heat changes that occurs in biomolecules during controlled increase or decrease in 

temperature and can be used to determine the change in heat capacity of denaturation and to 

identify phase transitions including the melting of crystalline regions (Salmah, et al., 2008; 

Thanasukarn, et al., 2004; Venturini, et al., 2011). This technique can be a useful tool to determine 

the effect of temperature during gelation process of nanohydrogels, allowing analyze the changes 

of phase transitions of biopolymers. Bengoechea et al. (2011) used DSC technique to evaluate the 

effect of temperature on formation of lactoferrin nanoparticles and evaluate the effect of 

temperature on biopolymer thermal properties (Bengoechea, et al., 2011).  Diniz et al. (2014) used 

DSC to evaluate the thermal behavior of the α-lactalbumin and glycomacropeptide with the 

objective of evaluating the formation of supramolecular structures at higher and lower denaturation 

temperatures (Diniz, et al., 2014). 

2.6.1.6 Isothermal Titration Calorimetry 

ITC can be used to directly measure the binding affinity constant, enthalpy changes, and binding 

stoichiometry between proteins in solution. On the basis of the measurement of small changes of 

temperature, Gibbs energy and entropy changes can be easily calculated. To quantify protein 

binding as a function of the nanoparticles characteristics, typically a protein is titrated into the other 

protein/biopolymer solution and the heat response is recorded. The heat changes are then fitted 

to the isothermal function, and thermodynamic parameters are obtained.  
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This technique is a useful tool to evaluate the effect of associating one type of biopolymer with 

other biopolymer, indicating the values of enthalpy energy absorbed or released when these two 

biopolymers interacts. The magnitude of enthalpy energy reflects the contributions of four other 

processes: 

(i) Association/dissociation of ions with charged groups on the biopolymers such as 

proteins;  

(ii) Association of biopolymer 1 with biopolymer 2; 

(iii) Changes in the solvation of the biopolymers; 

(iv) Rearrangement of the biopolymer molecular structure. 

 

Diniz et al. (2014) used this technique to evaluate the type of interactions that occurred between 

two proteins (glycomacropeptide and α-La) during the formation of nanohydrogels particles. These 

authors concluded by ITC that during the formation of nanohydrogels, hydrogen bonds and 

electrostatic attractions were established. Furthermore, in the interaction between proteins GMP-

α-la, the proteins change their conformation in such a way that the hydrophilic groups are exposed. 

It was observed that both proteins need to release the solvation molecules (H2O and ions) and this 

process releases the molecules into the solution, increasing the configurational entropy of the 

system. It was also possible determine the maximum number of molecules of GMP can interact 

with α-La (Diniz, et al., 2014).  

 

2.6.1.7 Swelling ratio 

The swelling of hydrogel system is an important parameter governin their application especially in 

food industry. The polymer chains in a hydrogel interact with the solvent and tend to expand to the 

fully solvated state, i.e. until equilibrium. The swelling ratio of the nanogels can be calculated by 

equation of Crowther and Vincent (Ananingsih, et al., 2013): 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 = � 𝑉𝑉 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉 𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠

� = �𝐷𝐷20
𝐷𝐷50
�
3

   Equation 2.1 

 

33 



Chapter 2 Literature Review 

where, Vswollen and Vshrunken are the volumes of nanogel particles in swollen states at 20 °C and in 

shrunken status ate 50 °C, respectively. D20 and D50 are the average diameters of the nanogels 

particles at 20 °C and 50 °C, respectively.  

2.6.1.8 Circular dichroism 

Circular dichroism is an excellent and sensitive method for rapidly evaluating the secondary 

structure, folding and binding properties of proteins, and has also been used to detect structural 

changes of proteins. Different protein secondary structures (R-helix, β-sheet, etc.) have their own 

characteristic CD spectra in the UV region. This method has been widely used for monitoring 

conformational changes induced by protein during or after the gelation process. 

 

2.6.2 Imaging techniques 

Imaging techniques can be applied to obtain information regarding the shape, aggregation state 

and size of nanohydrogels. The most used imaging methods to characterize nano-systems are 

presented below. 

 

2.6.2.1 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a technique capable of a resolution on the order of the 

0.2 nm (Luykx, et al., 2008). TEM is very used in the study of science/metallurgy and biological 

sciences; samples must be thin and able resist the high vaccum present in the instrument. 

Nonetheless, TEM has some drawbacks, requiring extensive sample preparation (very thin 

samples) for some materials, being a relatively time-consuming technique, revealing low 

“productivity” (Luykx, et al., 2008; Z. L. Wang, 2000). The structures of the samples may be 

changed in the preparation process, the field of view is small and the electron beam may damage 

the sample (Luykx, et al., 2008; Z. L. Wang, 2000).  

2.6.2.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) allows producing high-resolution images of a sample’s 

surface (Luykx et al., 2008; Reimer, 2000). SEM images have a characteristic three-dimensional 

appearance and are useful for the visualization of the surface structure. SEM allows a large amount 

of sample to be in focus at one time; at higher magnification it can produce high-resolution images, 

and this combined with the larger depth of focus, greater resolution and easy sample observation 
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makes of SEM one of the most used techniques in nano-systems characterization. Despite of this, 

SEM requires a high vacuum and sample conductivity (Luykx, Peters, van Ruth, & Bouwmeester, 

2008; Z. L. Wang, 2000), while also damaging the sample if the beam is hitting it for a too long 

time. 

2.6.2.3 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) allows biomolecules to be imaged not only under physiological 

conditions but also during biological processes. The high resolution (± 0.1 nm) afforded by AFM 

has been utilized to directly view single atoms or molecules that have dimensions of a few 

nanometers. Due to a nanometer-sized probe AFM can obtain high-resolution three-dimensional 

profile of the surface under study. AFM can image nearly any type of surface, including polymers, 

ceramics, composites, glass, and biological samples, Directly observation of biomolecular systems 

enables the possibility of analysing structural and functional properties at submolecular leve. AFM 

can be used for the structural characterization of e.g. proteins, polysaccharides, liposomes and 

multilayers. AFM is complementary to other image techniques.  

Regarding disadvantages of AFM, when the tip is in direct contact with the actual surface, and if 

the surface is soft, sticky, or have loose particles floating on it, it is difficult to analyse the surfaces 

(Luykx, et al., 2008; Moraru, et al., 2003).  

2.6.2.4 Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy (CLSM) is a technique for obtaining high-resolution optical 

images with depth selectivity. The key feature of confocal microscopy is the ability to acquire in-

focus images from selected depths, a process known as optical sectioning, allowing three-

dimensional reconstructions do topologically complex objects. Being this useful for surface profiling 

in opaque specimens. In non-opaque specimens, is possible to see interior structures with 

enhanced quality of image over simple microscopy. Confocal microscopy provides the capacity for 

direct, non-invasive, serial optical sectioning of intact, thick, living specimens with a minimum of 

sample preparation as well as a marginal improvement in lateral resolution. Biological samples are 

often treated with fluorescent dyes to make selected objects visible. However, the actual dye 

concentration can be low to minimize the disturbance of biological systems: some instruments can 

track single fluorescent molecules (Richert, et al., 2003).  
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2.6.3 Controlled Release 

The controlled release of functional compounds from biopolymer systems at macro scale has been 

extensively studied. Most of these studies were performed in drug delivery systems. In foods, the 

main applications of controlled release from biopolymer systems are related with the human 

gastrointestinal environment, where the development of particles to deliver nutrients in the intestine 

has been explored (Deka, et al., 2010). Release-tailored active compounds have numerous 

advantageous in food products such as: prolonging time of activity of bioactive compounds (e.g. 

vitamins and antioxidants) to protect the food product and or to be released in human tract during 

the digestion process, protecting sensitive bioactive compounds from enzymatic or acidic 

degradation in the gastrointestinal tract (Khare, et al., 2014; Pinheiro, et al., 2012; Pinheiro, et al., 

2013; Soppimath, et al., 2001). It is extremely important to understand the transport properties of 

compounds in a matrix and how are they influenced by the nanoscale of the system, as this 

provides valuable information regarding their behavior e.g. throughout food products’ shelf-life. 

Release of bioactive compounds from bio-polymeric matrices may occur due to different 

mechanisms, such as Fick’s diffusion, polymer matrix swelling, polymer erosion, and degradation 

(Faisant, Siepmann & Benoit, 2002; Jain, 2000) and a different mechanism may prevail, 

depending on the system and environmental conditions.  

These mechanisms may be generally classified as belonging to three different types: ideal Fickian 

diffusion (Brownian transport), Case II transport (polymer relaxation-driven) and anomalous 

behaviour (ranging from Fickian diffusion to Case II transport). 

In recent years, several works concerning the release of functional compounds from microparticles 

have been reported (Del Nobile, Conte, Incoronato & Panza, 2008; Flores, Conte, Campos, 

Gerschenson & Del Nobile, 2007). Comparatively, few works can be found on release mechanisms 

involved at the nanoscale. Literature suggests that in the case of biopolymer particles, the release 

behaviour depends mostly on the permeability and on the disassembly or erosion of the structure, 

together with other experimental variables which are much less reported (Jiang & Li, 2009a). 

Literature suggests that, depending on the matrix composition and on the released compound, 

release may follow a Fickian (Polakovic, Görner, Gref & Dellacherie, 1999) or an anomalous 

transport behaviour (Wang, Hu, Daley, Rabotyagova, Cebe & Kaplan, 2007b). Also, some authors 

attribute the observed behaviour to a Fickian transport through the particle, followed by release 

due to polymer dissolution (Antipov, Sukhorukov, Donath, & Möhwald, 2001). However, there are 
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still a lot of unknown variables on the release of compounds from nanohydrogels, especially 

regarding the effect of environmental conditions on the matrix of the biopolymer and its structure.  

 

2.6.4 The relevance of protein nanohydrogels in the food industry 

Gelation plays a major role in consumer acceptance of food products as it enables high-water 

materials to behave in a soft ‘solid-like’ (gel) fashion, thus providing not only a textural variety for a 

rich consumption experience but also stabilization against creaming or sedimentation of dispersed 

ingredients such as air, particles, and oil (Sharma, et al., 2014). Microgels have been targeted to 

tune texture, rheology and mouth feel of food and act as fat replacers (Fuguo Liu, et al., 2014). 

Strong or weak heat-induced gels, with high or low water-holding capacity may be prepared from 

globular protein solutions simply by adjusting several of the gelation variables: protein 

concentration, pH and ionic strength. Thus, it is possible to design heat-induced gels with good pH-

sensitivity, tailored permeability, and mechanical properties that can be used as bioactive carriers. 

The advantages of using globular protein-based gels as potential devices for controlled release of 

bioactives is that they are entirely biodegradable and there is no need for any chemical crosslinking 

agents in their preparation; these are two of the major requirements for the wide use of hydrogels 

not only in the pharmaceutical area but also in food and bioprocessing applications. The hydrogels 

formed by gelation of globular proteins have the ability to carry and deliver both water- and fat-

soluble nutrients in foods (Lingyun Chen, et al., 2006). Recently, microgels have been engineered 

for microencapsulation of functional food ingredients or nutraceutical compounds with potential 

health benefits (flavour compounds, vitamins, phenolic compounds, Ω-3 fatty acids, phytosterols, 

iron and microbial cultures, among others). Furthermore, whey proteins may also be formed into 

nanoparticles. Nanoparticles are matrix systems of a dense polymeric network in which an active 

molecule may be dispersed throughout the matrix (Gunasekaran, et al., 2007). Nanohydrogels are 

an ideal candidate for use in encapsulation and delivery of bioactive compounds. They present a 

reduced size (sub-cellular) coupled with their large surface area and environment similar to a 

biological tissue (due to their high water content), rendering them relatively biocompatible. They 

also have other properties which make them a viable choice to be used for delivery of proteins and 

peptides, such as: a) improved solubility and bioavailability (especially for those compounds with 

poor solubility in aqueous matrices or with poor absorption rates) (Morimoto, et al., 2006); b) 

minimal mechanical irritation upon in-vivo implantation due to their soft, elastic properties (Yallapu, 

et al., 2011); c) prevention of protein absorption and cell adhesion arising from the low interfacial 
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tension between water and hydrogels (Martins, et al., 2015); d) broad acceptability for individual 

compounds with different hydrophilicities and molecular sizes (Oh, et al., 2009); e) ability to reduce 

the gastrointestinal (GI) mucosa irritation caused by continuous contact with some bioactives (Tan, 

et al., 2008); e) possibility of manipulating crosslinking density and swelling for release of 

incorporated drugs (Tan, et al., 2008).  

Depending on the heating technique, gels can exhibit different molecular structure and thus micro-

structural properties. However, the heat needed to produce these gels limits their application to 

formulations that do not contain heat-sensitive compounds (Lingyun Chen, et al., 2006). In recent 

years the ability of proteins to form gel networks under cold conditions is attracting attention due 

to the possibility of application of these systems in novel food and non-food areas. At lower iron 

concentrations, filamentous gels can be created by linear aggregation of structural units maintained 

by hydrophobic interactions, whereas at high iron concentration a particulate gel is produced by 

random aggregation of large and spherical aggregates essentially controlled by van der Waals 

forces (Davidov-Pardo, et al., 2015). The formation of cold-set gels opens interesting opportunities 

for food proteins as carriers of heat-sensitive nutraceutical compounds. Recently, cold-set gels 

obtained through addition of ferrous salt to solutions of denatured β-lg (the major whey protein) 

allowed addressing a mineral deficiency that concerns a large number of people all over the world 

(Lingyun Chen, et al., 2006). β-lg suspensions of 9.5 % protein (w/v), adjusted to pH 7, heated at 

80 °C for 30 min were used to produce cold set filamentous gels through iron addition. Results 

show that this filamentous gel (compact in size) released most of its associated iron during the 

intestinal phase of a simulated digestion, hence protecting iron during its transit in the GI tract. 

Further, by using Caco-2 cells it was possible to observe that filamentous gels favored intracellular 

iron absorption (Davidov-Pardo, et al., 2015). Filamentous nano-hydrogels may constitute an 

excellent matrix for transporting iron and promoting its absorption allowing the development of 

innovative functional foods.  

This overview shows that different materials and methodologies are being used to obtain tailor-

made structures to encapsulate bioactive compounds with different properties (physic-chemical, 

functional and release), enabling them to be delivered at specific targets and within a specific 

timeframe. Clearly there is a significant research effort aiming at finding/building new structures 

produced from natural polymers through “green” methodologies. The stability of these systems is 

an important factor that can condition their applications in food and pharmaceutical products. If 

on one hand we can find in literature different works with tailor-made systems that reveal 
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nanostructures which are more efficient and resistant to different environmental conditions, on the 

other hand the use of cross linkers or synthetic polymers continues to be the main answer to 

produce stable particles. Few works try to use the biopolymers as such, without chemical 

modifications (e.g. using cross-linkers) or addition of synthetic polymers. Also, there is still a lack 

of knowledge regarding the biological fate of ingested bio-nanostructures and further research is 

needed to both assess their safety and to produce tailored delivery systems (i.e. with optimized 

bioactivity). 
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Chapter 3 Materials and Methods 

3.1 DEVELOPMENT OF LACTOFERRIN-GLYCOMACROPEPTIDE NANOHYDROGELS  

3.1.1 Materials 

Purified lactoferrin (Lf) powder was obtained from DMV International (USA). The reported 

composition expressed as a dry weigh percentage was: 96 % protein, 0.5 % ash, 3.5 % moisture 

and an iron content around 120 ppm. Commercial glycomacropeptide (GMP) was kindly offered 

by Davisco Food International, INC. (Le Sueur, USA) and its reported composition was: 82.5 % 

protein, 1 % fat, 7 % ash and 7 % moisture. The solutions were prepared with deionized water 

purified to a resistance of 15 MΩ (Millipore, France). 

Hydrochloric acid was purchased from Panreac (Spain) and sodium hydroxide was purchased from 

Riedel-de-Haen (Germany). For electrophoretic measurements standard marker proteins from Bio-

Rad (Richmond, USA) and standard marker proteins PageRuler Unstained Broad Range Protein 

Ladder from Thermo Scientific (USA) were used to identify molecular weight of samples. Coomassie 

Brilliant Blue (CBB) R-250 was purchased from Sigma (USA) and the Mini-Protean II dual slab cell 

system equipped with a PAC 300 power supply was purchased from Bio-Rad Laboratories 

(Hercules, CA, USA).  

 

3.1.2 Optimization of Lf-GMP nanohydrogels  

Lf and GMP aqueous solutions were prepared separately with concentrations in the range of 0.02-

2.0 % (w/w) using deionized water. Protein solutions were prepared by adding deionized water to 

a weighted amount of Lf or GMP powder followed by stirring (60 rpm) at room temperature (25 

°C) for 1 h. The pH values of biopolymer solutions were separately adjusted to 5.0, with 0.1 mol.L-

1 hydrochloric acid. Lf aqueous solution was added dropwise into GMP aqueous solution with gentle 

stirring until final molar ratios (MR) of Lf to GMP of 1:7, 1:4 and 1:2. 

After gentle stirring for 30 min, the pH of the mixture was adjusted to different values (ranging 

between 2.5 and 10.5) with 0.1 mol.L-1 hydrochloric acid or sodium hydroxide. The mixture was 

subsequently heated at 60, 70 or 80 °C for 10, 30 or 60 min in a water bath (closed system) to 

obtain a homogeneously dispersed nanohydrogel solution. The solutions were stored at 4 °C until 

further utilization. All the experiments in which the stability of nanohydrogels to environmental 

conditions was tested were performed with an incubation time of 48 h, in order to ensure the 

stability of particles (i.e. after this time the nanohydrogels did not show any change in hydrodynamic 

diameter and charge). 
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3.1.3 Preparation of Lf-GMP nanohydrogels 

Nanohydrogels were prepared by dissolving 0.02 % (w/w) of Lf and 0.02 % (w/w) of GMP 

separately, in deionized water at 25 °C. The pH values of biopolymer solutions were separately 

adjusted to 5.0, with 0.1 mol.L-1 hydrochloric acid. Lf aqueous solution was added dropwise into 

GMP aqueous solution with gentle stirring until a final molar ratio (MR) 1:7 (Lf: GMP). The mixture 

of Lf and GMP was heated at 80 °C during 20 min (Figure 3.1). 

 

Figure 3.1 Scheme of production of Lf-GMP nanohydrogel by electrostatic interaction between the two 

proteins followed by thermal gelation (Lf – lactoferrin; GMP – glycomacropeptide). 

3.2 PERMEABILITY AND TOXICITY OF NANOHYDROGEL USING CACO-2 CELLS 

3.2.1 Materials 

Human colon carcinoma Caco-2 cells were purchased from Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). All cell culture media and 

supplements, namely fetal bovine serum (FBS), glutamine, RPMI 1640, Trypsin-EDTA, penicillin-

streptomycin (PenStrep) and Hank`s balanced salt solution (HBSS) were obtained from Invitrogen 

(Gibco, Invitrogen Corporation, Paisley, UK). 

 

 
Lactoferrin 0.02 % (w/w) 

pH 5.0 
 

Glycomacropeptide 0.02 % 

(w/w) 

  

Temperature= 20 °C 

 
   

  

 

Temperature= 80 °C 

Heating time = 20 min 
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3.2.2 Caco-2 cell model 

Human colon carcinoma Caco-2 cells were routinely grown in RPMI 1640 supplemented with  

10 % of FBS, 2mM of glutamine and 5000U of PenStrep. Stock cells were maintained as 

monolayers in 175 cm2 culture flasks and incubated at 37 °C in a 5 % CO2 humidified atmosphere. 

All solutions and equipment coming into contact with cells must be sterile, and proper aseptic 

techniques should be used accordingly. All cell culture work should be performed in a laminar flow 

hood. 

 

3.2.2.1 Cytotoxicity Assay 

Toxicity assays were performed using Caco-2 cells. Briefly, cells were seeded at a density of 2x104 

cells/well in a 96-well plate and the medium was changed every 48 hr (Figure 3.2). The 

experiments were performed using completely differentiated cells (after reaching confluence ± 96 

hr).  

 

Figure 3.2 Toxicity assay using Caco-cells seeded at a density of 2x104 cells/well in a 96 well-plate. 

 

Caco-2 cells were incubated at different nanohydrogel concentrations in the range of  

0.313- 45 mg.mL-1, diluted in culture medium (RPMI 1640 medium with 0.5 % FBS and 2 mM 

glutamine) during 48 h. Additionally, a control was performed where cells were incubated with cell 

culture medium. After 48 h of incubation, the medium was removed and 100 µL of the colorimetric 

reagent MTS (CellTiter 96 ® Aqueous One Solution Cell Proliferation Assay) was added to each well 

for 4 h. MTS is reduced by viable cells (number of living cells in culture) to a soluble formazan 

product that was quantified by measurement of the absorbance at 570 nm in a BioTekTM Power 
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Wave XS microplate reader. The percent of viability for all treated cells was determined as  

( Equation 3.1): 

% 𝑣𝑣𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣 =  �𝐴𝐴𝐴𝐴𝑠𝑠𝑡𝑡
𝐴𝐴𝐴𝐴𝑠𝑠𝑐𝑐

�× 100   Equation 3.1 

where, Abst is the Absorbance of treated samples and Absc represents the Absorbance of control. 

The experiments were performed in triplicate and the results are expressed in percentage to the 

control with culture medium only. 

 

3.2.2.2 Permeability Assay  

Caco-2 cells were seeded in 12 mm i.d. Transwell® inserts (polycarbonate membrane, 0.4 μm 

pore size, Corning Costar Corp.) in 12-well plates at a density of 1.0 x 105 cells/well. The basolateral 

(serosal) and apical (mucosal) compartments contained 1.5 and 0.5 mL of culture medium, 

respectively. Cells were allowed to grow and differentiate to confluent monolayers for 21 days post 

seeding by changing the medium (RPMI 1640 supplemented with 10 % of FBS), 2 mmol.L-1 of 

glutamine and 1 % of penstrep (streptomycin+penycilin) three times a week during 21 days. Before 

beginning the assay, the cell medium was replaced by HBSS (pH 7.4, 37 °C). Therefore, the 

basolateral (serosal) and apical (mucosal) compartments contained 1.5 and 0.5 mL of HBSS, 

respectively. 

Nanohydrogel solution (30 mg.mL-1) was previously prepared by adding HBSS to a weighted 

amount of lyophilized nanohydrogel. Then, cells were incubated for 4 h with 0.5 mL solution of the 

nanohydrogel that was added to the apical compartment. Accordingly, transport of nanohydrogel 

on the Caco-2 cell monolayer was assessed in absorptive direction (apical →   basolateral). At 

different time points, 500 µL of the samples were taken from the basolateral and apical 

compartment and the respective wells (A and B) were taken off after the sampling.  

As can be seen in Figure 3.3, each time point has two different wells associated to it, A and B.  

The results are expressed as the proportion (%) of the initial amount of nanohydrogel added to 

donor (apical) compartment. 
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Figure 3.3 Schematic representation of the experimental setup used in permeability measurements using 

fully differentiated Caco-2 cells. 

3.2.2.2.1 Determination of apparent permeability coefficient (Papp) 

The apparent permeability coefficient (Papp) of the nanohydrogel can be determined using data 

generated from the transport experiment with the following equation (Equation 3.2): 

 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� � 𝑉𝑉

𝐴𝐴𝑑𝑑0
�  Equation 3.2 

where dC/dt is the change in concentration in the basolateral solution over time, V is the volume 

of the solution in the receiving compartment, A is the membrane surface area and C0 is the initial 

Lf or GMP concentration in the nanohydrogel presented in the donor compartment. Lf and GMP 

calibration curves were used to determine the total quantity of nanohydrogel that passes from the 

apical to the basolateral compartment.  

 

3.2.2.3 Transepithelial electrical resistance measurements  

Transepithelial electrical resistance (TEER) measurements were used to ensure the integrity of 

Caco-2 cell monolayers on the filter inserts. TEER was measured at 14 d and 21 d after seeding 

cells on the filter inserts, and during the permeability experiment at predetermined time intervals 

(0, 15, 30, 60, 120 and 240 min) to assess the effects of the nanohydrogel on the opening of tight 

junction barriers during the transport experiment. Briefly, TEER of cells grown in Transwell was 

measured using EVOMTM voltmeter (WPI, Berlin, Germany) (Figure 3.4).  
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Figure 3.4 EVOΜ ™ voltmeter (A) and respective electrodes (B) used to measure transepithelial resistance 

of Caco-2 cells monolayer. 

Changes in TEER were expressed as TEER (% of initial value) (Equation 3.3): 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (% 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑟𝑟𝑆𝑆 𝑣𝑣𝑟𝑟𝑆𝑆𝑣𝑣𝑆𝑆) = 𝑎𝑎𝑠𝑠𝑠𝑠𝑑𝑑−𝑖𝑖𝑠𝑠𝑖𝑖𝑟𝑟𝐴𝐴𝑎𝑎𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑎𝑎𝑟𝑟𝑠𝑠−𝑖𝑖𝑠𝑠𝑖𝑖𝑟𝑟𝐴𝐴𝑎𝑎𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

× 100 %  Equation 3.3 

 

Where pre-incubation TEER is the value measured immediately before the nanohydrogel incubation 

onto Caco-2 cell monolayer, and post-incubation TEER is the value measured after the incubation 

of the nanohydrogel within Caco-2 cell monolayer (during the assay). As previously reported (Song 

et al., 2013), only monolayers with a TEER value higher than 350 Ω.cm2 were used for permeability 

experiments.  

3.3 DEHYDRATION OF PROTEIN LACTOFERRIN-GLYCOMACROPEPTIDE 

NANOHYDROGELS 

3.3.1 Freeze-Drying 

Nanohydrogels solution, prepared as described in section 3.1.3, was first frozen for 24 hr at -20 

°C, after this period the samples are frozen until -80 ºC. Freeze drying was carried out in a pilot 

scale freeze dryer (CHRIST - Alpha 1-4 LD plus, Germany). The freeze drying operation temperature 

was maintained at -40 ºC for a drying period about 24 hr. Nanohydrogels powders obtained were 

stored at 20 ºC (controlled by laboratory air conditioning system) and 0 % RH (obtained by 

equilibration in a desiccator with a saturated salt, under vacuum), until further use. 

 

3.3.2 Nano Spray-Drying 

Nanohydrogels were dried using a Nano Spray Dryer B-90 (BÜCHI Labortechnik AG, Flawil, 

Switzerland) illustrated in Figure 3.5. This spray dryer has a vibrating membrane in the spray cap 

A

B
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to atomize the feed and the particles are collected by an electrostatic particle collector. The 

controllable parameters are the inlet temperature Tin, the holes size of the vibrating membrane in 

the spray cap, the flow rate of the drying gas as well as the relative spray rate. The Tin applied to 

samples was: 80, 100 and 120 ºC for the holes size of the membrane of 4 and 7 µm and a feed 

rate of 25 mL.min-1. Compressed air was used as the drying gas and the drying gas flow rate was 

set to about 100–110 L.min-1. The relative spray rate was set to 100 % for most of the runs but 

had to be reduced for certain experiments, in order to obtain a reasonably dry product in the 

collector. 

 

Figure 3.5 Schematic diagram of the laboratory-scale Nano Spray Dryer B-90 adapted from (Lee, et al., 

2011). 

3.4 ENCAPSULATION OF BIOACTIVE COMPOUNDS IN NANOHYDROGELS 

3.4.1 Materials 

Caffeine was purchased from VWR (USA) and curcumin was obtained by Sigma-Aldrich, St. Louis. 

The Amicon® Ultra-0.5 centrifugal filter devices were purchased from Millipore Corp., Ireland). 

Absolute ethanol was acquired from Panreac, Barcelona, Spain. All the samples were dissolved in 

deionized water purified to a resistance of 15 MΩ (Millipore, France). 

 

Nanohydrogels were prepared as described in section 3.1.3. Briefly, 0.02 % (w/w) of Lf and 0.02 

% (w/w) of GMP were dissolved separately, in deionized water at 25 ºC. The pH values of 
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biopolymer solutions were separately adjusted to 5.0, with 0.1 mol.L-1 of hydrochloric acid. Lf 

aqueous solution was added dropwise into GMP aqueous solution with gentle stirring until a final 

molar ratio (MR) of 1:7 (Lf: GMP) was reached. Bioactive compounds were added to this Lf-GMP 

mixture, as explained below.  

 

3.4.2 Curcumin - lipophilic compound  

Curcumin was used as lipophilic compound and a range of concentrations between of  

0.005 - 0.18 mg.mL-1 previously dissolved in absolute ethanol was added to the Lf-GMP mixture. 

After gentle stirring for 30 min, the mixture of Lf-GMP with curcumin was subsequently heated at 

80 ºC for 20 min in a water bath (closed system) to obtain a homogeneously dispersed 

nanohydrogel.  

The unbound curcumin was removed by centrifuging the sample at 12 000 g for 20 min, which 

pulls down only the undissolved curcumin. The pellet of curcumin was carefully dissolved in ethanol 

and curcumin was quantified, spectrophotometrically, at 425 nm (Li, et al., 2013). The amount of 

curcumin loaded in nanohydrogels was calculated by deducting the amount recovered in the 

ethanol fraction from the total amount of curcumin used. These results were used to calculate the 

EE (Equation 1). 

 

3.4.3 Caffeine - hydrophilic model compound   

As in the case of curcumin, an amount of caffeine (hydrophilic model compound) ranging from 

0.02-3 mg.mL-1 previously dissolved in deionized water was gentle added to the Lf-GMP mixture. 

After gentle stirring for 30 min, the mixture of Lf-GMP with caffeine was subsequently heated at  

80 ºC for 20 min in a water bath (closed system) to obtain a homogeneously dispersed 

nanohydrogel.  

The unbound caffeine was determined after separating the nanohydrogels with encapsulated 

caffeine from the solution with free caffeine. The separation was performed using an Amicon® 

Ultra-0.5 centrifugal filter 3 kDa device. Briefly, 0.5 mL of sample was added to the Amicon® and 

centrifuged at 14 000 g during 10 minutes. After centrifugation a filtrate with free caffeine and a 

concentrate with nanohydrogels with encapsulated caffeine were obtained. The free caffeine was 

measured spectrophotometrically at 272 nm, which corresponds to the maximum absorbance 

peak of caffeine (Bagheri, et al., 2014), and the amount of free caffeine was calculated using an 
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appropriate calibration curve: y = 6.37x + 0.09 (R 2= 0.98) being y the Absorbance and x the 

concentration of free caffeine (mg.mL-1). The obtained values were used to calculate the 

encapsulation efficiency (EE)  

 

(Encapsulation Efficiency % = total amount of compound‐free compound
total amount of compound

    Equation 3.4). 

 

Encapsulation Efficiency % = 𝑑𝑑𝑠𝑠𝑑𝑑𝑎𝑎𝑠𝑠 𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠𝑑𝑑  𝑠𝑠𝑜𝑜 𝑖𝑖𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠𝑑𝑑−𝑜𝑜𝑟𝑟𝑠𝑠𝑠𝑠 𝑖𝑖𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠𝑑𝑑
𝑑𝑑𝑠𝑠𝑑𝑑𝑎𝑎𝑠𝑠 𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠𝑑𝑑  𝑠𝑠𝑜𝑜 𝑖𝑖𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠𝑑𝑑

    Equation 3.4 

 

where the total amount of compound is the initial concentration of bioactive compound added to 

the mixture Lf-GMP and the free compound is the concentration of compound that was not loaded 

to nanohydrogels. The measurements were made in a spectrophotometer (Lamda 35, Perkin-

Elmer, Germany). All measurements were performed in triplicate. 

3.5 PREPARATION OF CHITOSAN COATING ON LF-GMP NANOHYDROGELS 

3.5.1 Materials 

Chitosan, low molecular weight (deacetylation degree ≥ 95 %) was purchased from Golden-Shell 

Biochemical CO., TD (Zhejiang, China). Lactic acid (90 %) was obtained from Acros Organics (Geel, 

Belgium). All the samples were dissolved in deionized water purified to a resistance of 15 MΩ 

(Millipore, France).  

 

3.5.2 Preparation of chitosan coating on Lf-GMP nanohydrogels 

The chitosan was assembled on the Lf-GMP nanohydrogels by the LbL deposition technique. After 

Lf-GMP nanohydrogels production process (as described in section 3.1.3), nanohydrogels were 

immersed in a chitosan solution (1 mg.mL-1, pH 3) in 1 % of lactic acid, at different volume ratios 

(VR) of Lf-GMP nanohydrogels to chitosan, with constant stirring of 200 rpm during 15 min, creating 

the nanohydrogels with a coating.   

3.6 CHARACTERIZATION OF NANOHYDROGELS 

3.6.1 ζ-potential 

ζ-potential measurement was carried out at room temperature (25 °C) on a Zetasizer Nano ZS 

(Malvern Instruments, UK) in a folded capillary cell using a He-Ne laser-wavelength of 633 nm and 
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a detector angle of 173°. The measurements were made in triplicate, with three readings for each 

sample. The results are given as the average ± standard deviation of nine measurements. 

 

3.6.2 Size measurements 

3.6.2.1 Dynamic Light Scattering (DLS) 

The mean hydrodynamic diameter of nanohydrogels was determined by dynamic light scattering 

(DLS) in a Zetasizer Nano ZS (Malvern Instruments Limited, UK). Cycles of temperature were also 

performed using DLS; at each temperature the sample was equilibrated at least 2 min before 

measurement. Each sample was analysed in cuvettes with a path length of 12 mm. The values 

reported correspond to polydispersity index (PdI) and Z-average diameter, that is, the mean 

hydrodynamic diameter, and represent the average ± standard deviation of nine measurements. 

3.6.2.2 Nanoparticle tracking analysis (NTA) 

NanoSight NS500 (NanoSight Ltd., UK) was also used to measure the size of nanoparticles and to 

analyze the nanoparticles concentration by size. For measurements the samples were diluted to a 

concentration suitable for the analysis (according to the equipment instructions) (NanoSight, 

2010). The dilutions were made with distilled water. The diluted samples were injected into the 

sample chamber fitted with a 640 nm diode laser. The software Nanoparticle Tracking Analysis 

(NTA) 2.0 Build 127 was used for capturing and analyzing the data. 

 

3.6.3 Quartz Crystal Microbalance (QCM) 

QCM measurements were carried out in a multi-frequency quartz crystal microbalance (QCM 200, 

Stanford Research Systems, SRS, USA), equipped with AT-cut quartz crystals (5 MHz) with optically 

flat polished titanium/gold electrodes in contact and liquid sides. Adsorption measurements were 

carried out by alternate immersion of the crystal into 0.02 %(w/w) Lf (pH 5.0) and 0.02 % (w/w) 

GMP (pH 5.5) solutions, for 15 minutes. The variations of resonance frequency (ΔF ) and of the 

motional resistance (ΔR) were simultaneously measured as a function of time; analyses were made 

in triplicate at 25 °C (Pinheiro, et al., 2012). 
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3.6.4  Transparency measurements 

Changes of transparency of Lf-GMP solutions with a MR of 1:7 were recorded at 600 nm in a 

spectrophotometer (Lamda 35, Perkin-Elmer, Germany) at 60, 70 and 80 °C with deionized water 

as blank. 

 

3.6.5 Sodium dodecyl sulphate polyacrylamide electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was conducted using 12 

% (w/v) polyacrylamide gel (Laemmli, 1970). Protein and nanogels samples (0.2 mg.mL-1) were 

submitted to reducing conditions in the presence of 2-mercaptoethanol reducing agent. Standard 

marker proteins: Myosin, 200 kDa; ß-galactosidase, 116 kDa; Phosphorylase b, 97.4 kDa; Serum 

albumin, 66.2 kDa; Ovalbumin, 45 kDa; Carbonic anhydrase, 31 kDa; Trypsin inhibitor, 21.5 kDa; 

Lysozyme 14.4 kDa; Aprotinin 6.5 kDa were used. Polypeptide bands were stained with Coomassie 

Brilliant Blue. 

 

3.6.6 Native Electrophoresis 

In order to evaluate the heat treatment effects on nanohydrogel kinetic formation, patterns of Lf, 

GMP and Lf-GMP mixtures samples were analysed using Native-PAGE or “nondenaturing” gel 

electrophoresis. Native-PAGE analyses were carried out using the Mini-Protean II dual slab cell 

system equipped with a PAC 300 power supply. The resolving and stacking gel contained 10 and 

4 % of polyacrylamide, respectively. The gels were stained with silver nitrate methodology 

(Chevallet, et al., 2006). Standard marker proteins PageRuler Unstained Broad Range Protein 

Ladder from Thermo Scientific, was used to identify molecular weight of samples.  

 

3.6.7 Differential Scanning Calorimetry and Thermogravimetric Analyses 

Differential scanning calorimetry (DSC) measurements were performed in a Shimadzu DSC-50 

(Shimadzu Corporation, Kyoto, Japan) calibrated with indium as standard. Approximately 10 mg 

of the dried nanohydrogel (dried as described in section 3.3) was placed in aluminium DSC pans 

(Al crimp Pan C.201-52943). The measurements were performed between 25 and 150 °C at a 

heating rate of 10 °C.min−1 under a nitrogen atmosphere.  

Thermogravimetric analyses (TGA) were completed with a Shimadzu TGA-50 (Shimadzu 

Corporation, Kyoto, Japan). Samples were placed in the balance system and heated from 25 to 
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600 °C at a heating rate of 10 °C.min−1 under a nitrogen atmosphere. For each measurement, at 

least two repetitions were made for each type of sample. 

 

3.6.8 X-ray diffraction analysis  

Wide angle X-ray diffraction (WAXD) spectra of nanohydrogels dried as explained in section 3.3 

were recorded with a Bruker D8 Discover diffractometer (lambda source of 0.154 nm). The 

scanning range was from 2θ= 10 to 60°.  

 

3.6.9 Fluorescence measurements 

3.6.9.1 To evaluate effect of thermal gelation on nanohydrogel formation 

Fluorescence measurements were performed at 25 °C using a spectrofluorimeter (Horiba 

Scientific) equipped with a standard thermostated cell holder. The excitation wavelength was 290 

nm. Emission spectra were recorded between 300 and 400 nm with 1% attenuation, and 

fluorescence intensities were recorded every 0.5 nm. Excitation and emission slits were 15 nm.  

3.6.9.2 To evaluate hydrophobic interactions during encapsulation of bioactive compounds 

To evaluate protein hydrophobicity, 1-anilinonaphthalene-8-sulfonic acid (ANS) a fluorescent probe 

was used. Stock solution of 3.6 x 10-3 M ANS was previously dissolved in 0.1 M phosphate buffer 

solution.  

ANS solution was added to nanohydrogel solution until reach a saturation, which indicated that all 

hydrophobic parts of nanohydrogel were ligand to ANS probe. This saturation point was reached 

with a ANS final concentration of 0.08 x 10-3 M. ANS was added to nanohydrogels solutions after 

encapsulation with bioactive compounds and absorbance was measured.  

Fluorescence measurements were performed at 25 °C using a spectrofluorimeter (Horiba 

Scientific) equipped with a standard thermostated cell holder. The excitation wavelength was 350 

nm. Emission spectra were recorded between 300 and 360 nm with 1 % attenuation, and 

fluorescence intensities were recorded every 0.5 nm. Excitation and emission slits were 15 nm. 

Data analysis of fluorescence peak was performed with Peak Fit 4.12 (SYSTAT Software Inc., 

Richmond, CA, USA) program.  
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3.6.10 High performance liquid chromatography (HPLC) 

A standard curve for both Lf and GMP was previously prepared and their concentration in the 

samples was calculated by comparing their peak areas with those obtained from the standard 

curves. The samples from Caco-2 cells transport experiment were stored at −20 °C until HPLC 

analysis. Briefly, Lf and GMP were assayed by reversed-phase HPLC on an ACE 5 C18 column 

(250 x 4.6 mm, 5 µm, 300 Å, Advanced Chromatography Technologies, Scotland) with an ACE 5 

C18 guard cartridge (Advanced Chromatography Technologies, Scotland). RP-HPLC analysis was 

performed using an Agilent 1220 HPLC system (Agilent Technologies, Germany). Data acquisition 

was provided through the Agilent ChemStation software (revision A.10.02) (Agilent Technologies, 

Palo Alto, CA, USA) and absorbance was measured at the wavelength of 220 nm. A constant flow 

rate of 0.7 mL.min-1 was used and the injection volume was 20 μL. Regarding solvents, solvent A 

was 0.1 % (v/v) tri-fluoroacetic (TFA) in Milli-Q water, and solvent B was 0.1 % (v/v) TFA in 100 % 

(v/v) acetonitrile. Elution was performed as follows: 100 % A for 5 min, linear gradient of 0-50 % B 

for 50 min, from 50-100 % B over the next 2.5 min and then maintained at 100 % B for 2.5 min. 

Finally, solvent A was increased to 100 % in 5 min and the column was re-equilibrated for 5 min 

more. 

 

3.6.11  Fourier transform infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectroscopy analyses were carried out with a Perkin Elmer 16 

PC spectrometer (Perkin Elmer, Boston, MA, USA) equipped with an ATR probe in the wavenumber 

region of 600–4000 cm−1 using 16 scans for each sample. The samples were dried and then 

embedded in KBr pellets.  

 

3.6.12  Circular dichroism (CD) 

The secondary structures of the supramolecular structures were evaluated by circular dichroism 

(CD). CD spectra were obtained with a Jasco J-810 spectopolarimeter (Jasco Corporation, Japan) 

equipped to a thermostatic bath (AWC 100, Julabo, Germany). The spectra were obtained using a 

10 mm quartz cuvette (Helmma Analytics, Germany) at a wavelength range of 190 nm to 260 nm. 

Deionized water was used as a blank. Each spectrum was obtained by averaging ten consecutive 

readings.  

 

61 



Chapter 3 Materials and Methods 

3.6.13 Atomic Force Microscopy (AFM) 

AFM samples were prepared by drying the solution naturally on a freshly cleaved mica surface at 

room temperature (25 °C). Images were acquired in tapping mode on a Digital Instruments 

NanoscopeIIIa (Veeco Instruments, USA). The samples were prepared by drying nanogel solutions 

on a cleaved mica surface. 

 

3.6.14  Transmission Electron Microscopy (TEM) 

TEM micrographs were conducted on a Zeiss EM 902A (Thornwood, N. Y.) microscope at an 

accelerating voltage of 50 kV and 80 kV. The samples were prepared by dropping nanogel solutions 

onto copper grids coated with carbon film and followed by natural drying. 

 

3.6.15  Scanning electron microscope (SEM) 

Nanohydrogels morphology was examined using scanning electron microscopy (Nova NanoSEM 

200, Netherlands) with an accelerating voltage from 10 kV to 211 kV. Before analyses, all samples 

were mounted on aluminium stubs using carbon adhesive tape and sputter-coated with gold 

(thickness of about 10 nm). 

 

3.6.16 Confocal laser scanning microscopy 

3.6.16.1 Distribution of Lf and GMP in nanohydrogels 

Confocal laser scanning microscopy (Olympus Fluoview, FV 1000, USA) was used to visualize the 

Lf and GMP distribution in nanohydrogels. Lf and GMP were stained with Fluorescein Isothiocyanate 

(FITC) and Rhodamine B Isothiocyanate (RBITC), respectively. Covalent bonds between FITC and 

RBITC groups and the amino groups of proteins molecules are established (Rocha, et al., 2009; 

Shu, et al., 2010). The methodology to stain proteins was followed according to other authors (Shu, 

et al., 2010). Nanohydrogels were prepared as described before (please see section 3.1.3). The 

laser was adjusted to green (FITC-labeled lactoferrin) or red (RBITC-labeled GMP) mode which 

yielded two excitation wavelengths at 488 nm (green laser) and 561 nm (red laser), respectively. 

The superposition of the images obtained in these two channels allowed visualizing the biopolymers 

distribution in nanohydrogels, in the same image. 
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3.6.16.2 Bioactive compounds identification  

The distribution of curcumin and caffeine within the Lf-GMP nanohydrogels was examined by using 

a confocal laser scanning microscope (LSM 410, Carl Zeiss, USA). This technique allows 

visualization and characterization of structures not only on the surface, but also inside the particles, 

provided the material is sufficiently transparent and can be fluorescently labelled (Beirão da Costa, 

et al., 2012).  

Since curcumin is naturally fluorescent in the visible green spectrum, no further labelling of 

curcumin was needed (Gandapu, et al., 2011). Nanohydrogels with encapsulated curcumin were 

mounted on a slide and visualized in the fluorescein isothiocyanate (FITC) wavelength at 488 nm. 

In order to visualize caffeine distribution in protein nanohydrogels, caffeine was stained with 

fluorescein isothiocyanate (FITC) by the methodology described by Shu et al. (2010). Briefly, 

0.0015 g of FITC solution (3 mg of colorant in 1 mL of 100 mmol.L-1 sodium carbonate solution, 

pH 9.3) was added to the caffeine solution and incubated at 20 °C for 1 h. Unattached colorant 

was removed by dialysis membrane with a cut-off of 100 Da (Shu, et al., 2010). 

In order to identify the bioactive compounds, the laser was adjusted to green (FITC-labeled 

lactoferrin) mode which yielded an excitation wavelength of 488 nm (green laser) and without 

fluorescence (bright–field). The superposition of the images obtained in these two channels allowed 

visualizing the protein nanohydrogels and the distribution of bioactive compounds, in the same 

image. All confocal fluorescence pictures were taken using a 40X objective. 

 

3.6.17 Swelling ratio measurements 

The swelling ratio of the nanohydrogels was calculated based on the ratio of the wet volume to the 

dry volume. Wet volume was estimated based on the hydrodynamic diameter obtained by DLS 

measurements and dry volume was estimated based on diameter obtained by TEM and AFM 

measurements. The diameter of dried nanohydrogels was determined by measuring diameters of 

100-150 particles in a TEM and AFM images, using ImageJ 1.48v program.  

3.7 RELEASE KINETICS OF BIOACTIVE COMPOUNDS FROM NANOHYDROGELS 

3.7.1 Materials 

Dialysis membrane with a molecular weight cut-off 8 kDa was purchased from Cellu-Sep H1, 

Membrane filtration products, USA. 
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3.7.2 Release kinetics 

The in vitro release kinetics of model compounds (caffeine and curcumin) was performed by a 

dialysis method (Azevedo, et al., 2014; Rivera, et al., 2015). Nanohydrogels with encapsulated 

bioactive model compounds (5 mL) were placed inside a dialysis membrane with a molecular 

weight cut-off 8 kDa that was subsequently placed into 40 mL of buffer solution (phosphate buffer 

for pH 7 and KCl-HCl buffer for pH 2) under magnetic stirring. At appropriate time intervals, 0.25 

mL of supernatant were taken and 0.25 mL of fresh buffer were added to keep the volume of the 

release medium constant. The amount of caffeine and curcumin released from nanohydrogels was 

evaluated by measuring the absorbance at 272 and 425 nm, respectively (absorbance peak) (Elisa 

Biotech Synergy HT, Biotek, USA). All release tests were run at least in triplicate. 

3.7.2.1 Mathematical modelling 

The release profile of bioactive compounds from Lf-GMP nanohydrogel was evaluated using a 

kinetic model that accounts for both Fickian and Case II transport (linear superimposition model - 

LSM) effects in hydrophilic matrices (Azevedo, et al., 2014; Berens, et al., 1978; Rivera, et al., 

2015): 

𝑴𝑴𝒕𝒕 = 𝑴𝑴𝒕𝒕,𝑭𝑭 + 𝑴𝑴𝒕𝒕,𝑹𝑹   Equation 3.5 

where 𝑀𝑀𝑑𝑑 is the total mass released from the polymeric structure, 𝑀𝑀𝑑𝑑,𝐹𝐹  and 𝑀𝑀𝑑𝑑,𝑇𝑇  are the 

contributions of the Fickian and relaxation processes, respectively, at time t.  

 

The Fickian process is described by:  

𝑴𝑴𝒕𝒕,𝑭𝑭 = 𝑴𝑴∞,𝑭𝑭 �𝟏𝟏 −
𝟔𝟔
𝝅𝝅𝟐𝟐

 ∑ 𝟏𝟏
𝒏𝒏𝟐𝟐
𝒆𝒆𝒆𝒆𝒆𝒆 (−𝒏𝒏𝟐𝟐∞

𝒏𝒏=𝟏𝟏 𝒌𝒌𝑭𝑭𝒕𝒕)�  Equation 3.6 

where M∞,F is the compound release at equilibrium and kF is the Fickian diffusion rate constant.  

  Equation 3.5 can be simplified using the first term of the Taylor series (Jeong, et al., 1999).  

Polymer relaxation (protein matrix) is initially driven by the swelling ability of the polymer and then 

related to the dissipation of stress induced by the entry of the penetrant and can be described as 

a distribution of relaxation times, assuming a first order-type kinetic equation (Berens, et al., 1978). 

𝑴𝑴𝒕𝒕,𝑹𝑹 = ∑ 𝑴𝑴∞,𝑹𝑹𝒊𝒊𝒊𝒊 �𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆�−𝒌𝒌𝑹𝑹𝒊𝒊𝒕𝒕�� Equation 3.7 

where, 𝑀𝑀∞,𝑇𝑇𝑖𝑖 are the contributions of the relaxation processes for compound release and 𝑘𝑘𝑇𝑇𝑖𝑖 are 

the relaxation ith rate constants. For most cases, there is only one main polymer relaxation that 

influences transport and thus the above equation can be simplified using 𝑆𝑆 = 1. 
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Therefore, the linear superimposition model for compound release from Lf-GMP nanohydrogels can 

be described by:  
𝑴𝑴𝒕𝒕
𝑴𝑴∞

= 𝑿𝑿 �𝟏𝟏 − 𝟔𝟔
𝝅𝝅𝟐𝟐
𝒆𝒆𝒆𝒆𝒆𝒆(−𝒌𝒌𝑭𝑭𝒕𝒕) � + (𝟏𝟏 − 𝑿𝑿)[𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆(−𝒌𝒌𝑹𝑹𝒕𝒕)] Equation 3.8 

where X is the fraction of compound released by Fickian transport. 

The experimental results were analyzed by Equation 3.8 (linear superimposition model) in order to 

assess the transport mechanism involved for curcumin and caffeine release from nanohydrogels 

at pH 7.4 and 2.  

 

3.7.2.2 Statistical Procedures 

The Equation 3.8 was fitted to data by non-linear regression, using a package of STATISTICA v7.0 

(Statsoft. Inc, USA). The Levenberg-Marquadt algorithm for the least squares function minimization 

was used. The quality of the regressions was evaluated on the basis of the determination 

coefficient, R2, the squared root mean square error, RMSE (i.e., the square root of the sum of the 

squared residues (SSE) divided by the regression degrees of freedom) and residuals visual 

inspection for randomness and normality. R2 and SSE were obtained directly from the software. 

The precision of the estimated parameters was evaluated by the Standardised Halved Width  

(SHW %), which was defined as the ratio between the 95 % Standard Error (obtained from the 

software) and the value of the estimate. 

 

3.8 ANTIMICROBIAL ACTIVITY DETERMINATION 

The antibacterial activity of nanohydrogels, bioactive compounds (curcumin and caffeine) and 

nanohydrogels with  bioactive compounds (curcumin and caffeine, respectively) was tested against 

two bacterial strains: Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative) 

by the disc agar diffusion test according to (Wilkins, et al., 1972). Briefly, the nanohydrogel (empty) 

and the nanohydrogel containing encapsulated bioactive compounds were absorbed in sterilized 

filter paper discs (of 0.6 cm in diameter) and placed on the lawn cultures of S. aureus and E. coli. 

The agar plates were incubated for 24 h at 37 °C and diameters of the inhibitory zone of clearance 

(cm) surrounding the discs were measured to estimate the antimicrobial activity. Sterile distilled 

water was used as control. In order to evaluate the antimicrobial activity of encapsulated caffeine 

and curcumin in Lf-GMP nanohydrogels, control solutions of free curcumin, free caffeine and Lf-
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GMP nanohydrogels without encapsulated compounds submitted at the same conditions 

(temperature and pH) used during the encapsulation procedure were tested. 

 

3.9 EVALUATION OF IN VITRO DIGESTIBILITY 

3.9.1 Gastrointestinal model 

A dynamic gastrointestinal model system was used in the in vitro digestion experiments. This model 

simulates the main events that occur during digestion and consists of four compartments 

simulating the stomach, duodenum, jejunum and ileum. Each compartment consists in two 

connected glass rectors with a flexible wall inside and water is pumped around the flexible walls to 

maintain the temperature at 37 °C and to enable the simulation of the peristaltic movements (by 

the alternate compression and relaxation of the flexible walls). The changes in water pressure are 

achieved by peristaltic pumps which alter the flow direction according to the time-controlling 

devices connected to them. The compartments are connected by silicone tubes and, at a 

predefined time, a constant volume of chyme is transferred. All compartments are equipped with 

pH electrodes and pH values are controlled by the secretion of HCl (1 mol.L-1) into the stomach 

and NaHCO3 (1 mol.L-1) into the intestinal compartments. The gastric and intestinal secretions are 

added via syringe pumps at pre-set flow rates. The jejunum and ileum compartments are connected 

with hollow-fibre devices (SpectrumLabs Minikros®, M20S-100-01P, USA) to absorb digestion 

products and water from the chyme and to modify electrolyte and bile salts concentration of the 

chyme (Reis, et al., 2008). 

 

3.9.2 Experimental Conditions 

In vitro digestion was performed as described by other authors (Reis, et al., 2008) with some 

modifications. A volume of 60 mL of nanohydrogels with chitosan coating (with and without 

bioactive compounds encapsulated) was introduced into the dynamic gastrointestinal system 

(gastric compartment) and the experiment was run for a total of 5 h, simulating average 

physiological conditions of GI tract by the continuous addition of gastric, duodenum, jejunal and 

ileal secretions. The gastric secretion consisted of pepsin and lipase in a gastric electrolyte solution 

(NaCl 4.8 g.L-1, KCl 2.2 g.L-1, CaCl2 0.22 g.L-1 and NaHCO3 1.5 g.L-1), secreted at a flow rate of 

0.33 mL.min-1. The pH was controlled to follow a predetermined curve (from 4.8 at t=0 to 1.7 at 

t=120 min) by secreting HCl (1 mol.L-1).  
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The duodenal secretion consisted of a mixture of 4 % (w/v) porcine bile extract, 7 % (w/v) 

pancreatin solution and small intestinal electrolyte solution (SIES) (NaCl 5 g.L-1, KCl 0.6 g.L-1, CaCl2 

0.25 g.L-1) secreted at a flow rate of 0.66 mL.min-1. The jejunal secretion fluid consisted of SIES 

containing 10 % (v/v) porcine bile extract solution at a flow rate of 2.13 mL.min-1. The ileal secretion 

fluid consisted of SIES at a flow rate of 2.0 mL.min-1. The pH in the different parts of small intestine 

was controlled by the addition of 1 mol.L-1 NaHCO3 solution to set-points of 6.5, 6.8 and 7.2 for 

simulated duodenum, jejunum and ileum, respectively. During in vitro digestion, samples were 

collected directly from the lumen of the different compartments, from the jejunal and ileal filtrates 

and from the ileal delivery. The jejunal and ileal filtrates were used to determine the bioavailable 

fraction of bioactive compounds. The samples were tested in the dynamic gastrointestinal model 

at least in triplicate.  

 

3.10 ANTIOXIDANT ACTIVITY OF CURCUMIN  

 

The free-radical scavenging capacity of curcumin and curcumin encapsulated in nanohydrogel 

were analysed using the DPPH test according to the methodology described by Pinheiro et al 

(2015), with some modifications. Briefly, 0.2 mL of ethanol and 0.3 mL of the curcumin dissolved 

in ethanol (concentrations ranging from 0.05 to 5.0 mg mL−1) was mixed in a 10 mL test tube 

with 2.5 mL of DPPH (60 µmol.L-1 in ethanol), achieving a final volume of 3.0 mL. The solution was 

kept at room temperature for 30 min and the absorbance was measured at 517 nm (Pinheiro, et 

al., 2015; Rufino, et al., 2007; Souza, et al., 2012). Butylated hydroxytoluene (BHT) and butylated 

hydroxyanisole (BHA) were used as positive controls. The DPPH scavenging effect was calculated 

as follows: 

 

𝑆𝑆𝑆𝑆𝑟𝑟𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑒𝑒𝑒𝑒𝑆𝑆𝑆𝑆𝑟𝑟 (%) = 𝐴𝐴0−(𝐴𝐴𝑠𝑠−𝐴𝐴𝑏𝑏)
𝐴𝐴0

×  100   Equation 3.9 

where A0 is the absorbance at 517 nm of DPPH without sample, As is the absorbance at 517 nm 

of sample and DPPH and Ab is the absorbance at 517 nm of sample without DPPH. The absorbance 

measurements were performed in Elisa Biotech Synergy HT (Biotek, USA) (Pinheiro, et al., 2015). 
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Chapter 4 Results and Discussion 

4.1 INTRODUCTION 

Protein-based nanohydrogels have attracted considerable attention due to their non-toxicity, 

biodegradability and small dimension with a large interior network for multivalent bioconjugation, 

which offers several possibilities for the encapsulation of functional components by covalent bonds 

(Bengoechea, et al., 2011; Daniel-da-Silva, et al., 2011). Food protein nanohydrogels are a network 

stabilized by hydrophobic interactions, disulfide bonds, and hydrogen bonds resulting from gelation 

process. During thermal denaturation, the native protein conformation becomes unfolded (exposing 

functional groups such as sulfhydryl or hydrophobic groups) and the aggregation process occurs 

through disulfide bonds and hydrophobic interactions, in order to minimize the energy of the 

system. Then a large increase in elasticity occurs, resulting from the formation of multiple hydrogen 

bonds upon cooling (Batista, et al., 2005). 

Lactoferrin (Lf) is a basic, positively charged iron-binding glycoprotein with various biological 

activities such as: antimicrobial, anti-inflammatory, antitumour, immuno-modulatory and enzymatic 

activities, increasing the interest in its use as a natural bioactive ingredient in food and health 

products (Brisson, et al., 2007; González-Chávez, et al., 2009). 

Glycomacropeptide (GMP) is an acidic peptide with isoelectric point between 4 and 5, highly soluble 

in water and heat stable (Thomä-Worringer, et al., 2006). GMP has been reported to have a wide 

range of bioactive properties such as: antibacterial activity, modulation of immune system 

responses and control of blood circulation (Thomä-Worringer, et al., 2006). Due to its biological 

activities and high potential as an ingredient for functional food and pharmaceuticals, great 

attention has been given to GMP application in recent years (Nakano, et al., 2000; Thomä-

Worringer, et al., 2006; Xu, et al., 2000)  

Interactions between natural biopolymers, such as peptides or proteins, under specific conditions 

(e.g. pH, temperature, ionic strength and concentration) originate nanohydrogels that can exhibit 

improved functional properties in comparison with those of proteins alone. These biopolymer 

nanohydrogels must be carefully designed and manufactured so that they exhibit the required 

functional attributes within the final product (e.g. optical properties, rheological properties, release 

characteristics, encapsulation properties and physicochemical stability) (Jones, et al., 2010). In 

this process, the biopolymer selection to form nanohydrogels will depend on a number of factors, 

such as biopolymers characteristics (molecular weight, types of structure (globular or linear 

proteins), solubility, charge, isoelectric point) and preparation technique (electrostatic interaction, 

heat induced gelation, use of cross-linkers, effect of pH and ionic strength). These factors are 
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extremely important to control the ability of biopolymers to assemble into particles, influencing their 

functional attributes (e.g. size, structure, charge, permeability, and stability to environmental and 

solution conditions) (Morimoto, et al., 2006; Schmitt, et al., 2009; Yu, et al., 2006). However, this 

manipulation of materials at nanoscale can lead to the creation of novel structures with potential 

toxic characteristics not easily predicted from current knowledge (Martins, et al., 2015). One of the 

great advantages of structures at nanoscale is their ability to penetrate in biological structures. It 

is thus extremely relevant to evaluate the toxicity of these nanohydrogels in the context of this thesis 

once the purpose of nanohydrogels application is the food industry. 

4.2 RESULTS AND DISCUSSION 

 

4.2.1 Electrostatic properties of the biopolymers 

In order to evaluate the pH conditions that promote the development of electrostatic interactions 

between Lf and GMP, ζ-potential of individual solutions of each biopolymer and the product of ζ-

potential values from the two solutions were determined (Figure 4.1A).  

Lf solution showed a change in its charge from positive ζ-potential (13.5 ± 1.4 mV) at pH 1.5 to 

negative ζ-potential (-19.3 ± 1.5 mV) at pH 10.0, with a point of zero charge around the pH 7.7, 

as reported in previous publications (Bengoechea, et al., 2011; McCarthy, et al., 2014; Tokle, et 

al., 2011). On the other hand, GMP charges ranged between 20.81 ± 1.47 and -41.12 ± 4.98 for 

pH ranging between 1.5 and 10.0. The isoelectric point was found to be at pH 3.7, which is in 

agreement with other reported values (Thomä-Worringer, et al., 2006). The product of ζ-potentials 

reaches a minimum at pH 5.0, indicating that the strongest electrostatic attraction between these 

two biopolymers should happen at this pH value. 

Electrostatic interactions between Lf and GMP were clearly seen by QCM measurements 

(Figure 4.1B) in which the response signal (of resonant frequency – ∆F) changes are assumed to 

be proportional to the mass of substance deposited to the electrode surface (Pinheiro, et al., 2012). 

Figure 4.1B shows the consecutive decrease of frequency after the alternate immersion of the 

crystal in Lf and GMP solutions, which means that mass is being subsequently deposited 

confirming the electrostatic interaction between these biopolymers. 
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Figure 4.1 Electrostatic properties of biopolymers: A) ζ-Potential of Lf (●) and GMP (●) solutions as a 

function of pH. Inset figure shows the product of these ζ-potentials (molar ratio of 1:4) from pH 1.5 to 10.0. 

Each data point is the average and the error bars show the standard deviation, B) QCM response signal 

(resonant frequency, Delta F) for the sequential adsorption of Lf and GMP onto a gold electrode surface at 

pH 5.0.  

The effect of interaction between Lf and GMP by self-assembly on secondary structure of mixture 

solution was evaluated by circular dichroism (CD).  

Figure 4.2 shows the CD spectra of native forms of Lf and GMP, and the mixture between these 

proteins. The CD spectrum of native Lf showed a minimum peaks at 222 nm and 210 nm, 

indicative of a secondary structure that have α-helical and β-sheet contributions (Greenfield, 1996). 

These results are in agreement with the CD spectrum of bovine Lf analysed in other works 

(Bokkhim, et al., 2013). The CD spectrum of native GMP demonstrated that this peptide has a 

secondary structure of a typical random coil protein, with a minimum peak at 198 nm, which is in 

accordance with results observed by (Diniz, et al., 2014). 
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After the self-assembly of these two proteins, the CD spectrum of the mixture Lf-GMP revealed a 

new structural conformation (Figure 4.2). The β-sheet structure formerly present in Lf is 

substantially lower and the α-helix contribution of and random coil conformation is higher for the 

mixture between Lf and GMP. This behaviour suggests that overall characteristics of Lf-GMP mixture 

are mostly resulting from GMP contribution. However, it is visible that the minimum peak of GMP 

(198 nm) was shifted (203 nm) in Lf-GMP mixture and the negative signal intensity decreased, 

suggesting that new regular secondary structures may have formed during self-assembly (Diniz, et 

al., 2014; Greenfield, 1996; Uversky, et al., 1997). 

 

 

Figure 4.2 CD spectra of: (----) native Lf solution (0.02 %, w/w), (----) native GMP solution (0.02 %, w/w) and 

(- - -) Lf and GMP mixture (molar ratio of 1:4 at pH 5.0) at 25 ºC.  

4.2.2 Effect of heating temperature and time on nanohydrogel formation 

In order to evaluate the influence of thermal processes on nanohydrogels formation, heat 

treatments at different temperatures and time were carried out to induce intermolecular 

hydrophobic association and promote the association between Lf and GMP.  

Heating individual solutions of Lf or GMP did not show a significant change (p>0.05) in 

transparency values, indicating that no significant aggregation happened when protein solutions 

were treated alone (Figure 4.3). However, when the mixture of the two proteins is submitted to the 

heating treatment, a gradual decrease of transparency is observed from 60 to 80 °C (Figure 4.3). 
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Figure 4.3 Transparency of Lf (♦), GMP (■) and Lf-GMP mixtures (molar ratio of 1:4 at pH 5.0) (▲), at 

temperatures of 25 ºC (A); 60 ºC (B), 70 ºC (C) and 80 ºC (D) as a function of time. Dashed lines are shown 

for visual guidance only. 

Table 4.1 and Table 4.2 show the effect of temperature on size and PdI values of Lf and GMP 

individual solutions, respectively. Increasing temperature did not induce a significant change in size 

of protein solutions. Furthermore, Lf and GMP solutions present a high value of PdI, suggesting 

that the corresponding samples are not monodisperse.  

 

Table 4.1 Effect of temperature on size and polydispersity (Pdl) average of Lf solution (0.02 % at pH 5.0) 

and respective standard deviation (SD) 

Temperature (ºC) Size average (nm) SD PdI average SD 

20 153 73 0.6 0.1 

30 152 6 0.5 0.0 

40 174 10 0.5 0.0 

50 160 20 0.5 0.1 

60 153 23 0.5 0.1 

70 147 13 0.5 0.1 

80 148 33 0.5 0.1 

90 154 37 0.4 0.1 

A) B) 

C) D) 
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Table 4.2 Effect of temperature on size and polydispersity (Pdl) average of GMP solution (0.02 % at pH 5.0) 

and respective standard deviation (SD) 

Temperature (ºC) Size average (nm) SD PdI average SD 

20 423 26 0.4 0.6 

30 357 14 0.5 0.1 

40 370 19 0.5 0.3 

50 331 10 0.5 0.1 

60 314 20 0.5 0.1 

70 327 11 0.5 0.1 

80 327 11 0.4 0.1 

90 330 12 0.4 0.1 

 

During the gelation process, it is possible to observe that the decrease of transparency is 

proportional to the decrease of particles size and of the PdI values obtained for Lf-GMP mixtures 

(Table 4.3). 

 

Table 4.3 Effect of temperature on size and polydispersity (Pdl) average of Lf-GMP mixture (at pH 5.0) and 

respective standard deviation (SD) 

Temperature (º C) Size average (nm) SD PdI average SD 

20 1000 121 0.7 0.3 

30 800 127 0.4 0.1 

40 796 207 0.6 0.3 

50 700 142 0.6 0.2 

60 397 35 0.6 0.2 

70 521 41 0.4 0.1 

80 320 10 0.1 0.0 

90 486 39 0.3 0.0 

 

It was also observed that the increase of temperature led to a faster and more extensive aggregation 

of the mixture. The transparency decrease is presumably an indication of changes in the 

conformation and aggregation state of proteins during heating: when proteins unfold, they expose 

nonpolar groups normally buried in their non-polar interior, which leads to aggregation through 

hydrophobic attraction (Hoffmann et al., 1997). This behaviour is can be explained by the presence 
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of a globular protein (Lf), once GMP’s structure did not change with temperature, as expected for 

a peptide. Bengoechea et al. (2011) showed by DSC that native Lf has two thermal transitions: the 

first transition around 65.1 °C corresponding to the apo-lactoferrin form and the second transition 

around 89-92 °C, which corresponds to the holo-lactoferrin form (Bengoechea et al., 2011b). In 

this work, the authors pre-heated Lf at 75 °C for 20 min (a temperature which is between the two 

thermal denaturation peaks) in order to avoid the complete denaturation of the protein and when 

analysing the turbidity measurements they observed that turbidity remained relatively constant and 

close to zero when the samples were heated from 25 to 60 °C. However, a pronounced increase 

in turbidity occurred from 60 to 80 °C, suggesting that protein aggregation induced by thermal 

denaturation of the globular proteins occurred. As reported by these authors, the effect of the 

temperature in this range is responsible for the conformational changes on Lf structure. 

Also, Brisson et al. (2007) reported that heating holo-Lf at 80 °C led to the formation of soluble 

parts whereas apo and native Lf associated into large insoluble aggregates. The thermal 

aggregation of holo-Lf was mainly driven by non-covalent interactions, with intermolecular 

thiol/disulphide reactions being also observed above 80 °C (Brisson, et al., 2007). 

The effect of heating time and temperature in the Lf-GMP mixture properties was also evaluated by 

DLS and presented in Figure 4.4.  

Figure 4.4A shows that after 10 min of heating nanohydrogels are formed and the increase of 

heating time for each temperature results in a PdI decrease, resulting in homogeneous 

nanohydrogels solutions (PdI<0.2). Results also show that for a temperature of 80 °C during 

20 min and a molar ratio of 1:4 (Lf:GMP), the nanohydrogels were formed with the lowest 

hydrodynamic diameter and PdI values (320 ± 10 nm and 0.12 ± 0.03, respectively), with a single 

peak in the size distribution (results not shown). These experiments are useful for determining 

optimum processing conditions required to form Lf-GMP nanohydrogels by thermal processing. If 

the time is too short, then protein aggregation will not have fully occurred. On the other hand, if 

the time is too long, there will be unnecessary energy and time costs (Benichou, et al., 2007). 
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Figure 4.4 Effect of temperature and heating time on the size (A) and polydispersity index (PdI) (B) of Lf-

GMP nanogels (0.02 %, w/w; molar ratio of 1:4) and at pH 5.0. 

 

In order to analyse the effect of heating time on the conformational and structural changes of Lf 

and Lf-GMP mixtures, the intrinsic fluorescence of tryptophan (Trp) residues were measured. Trp 

fluorescence wavelength is known to be sensitive to the polarity of its local environment, being a 

useful tool to monitor changes in proteins and to make inferences regarding local structure network 

and dynamics (Uversky, et al., 1997; Vivian, et al., 2001). It was observed that the averaged 

emission fluorescence spectra for Trp presents a typical maximum near to 336 nm, representing 

the emission band of Trp which is present in different parts of the Lf molecule, in agreement with 

data reported in the literature (Fang, et al., 2014). 

 

A) 

B) 
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Figure 4.5 Structural changes of Lf and Lf-GMP mixture monitored by: A) peak area of intrinsic fluorescence 

emission during heating time at 80 ºC for Lf (●) and Lf-GMP mixture (●); B) Intrinsic fluorescence emission 

spectra of Lf solution (●) and LF-GMP mixture (●) heated at 80 ºC during 5 min. 

The changes in the fluorescence intensity and wavelength of the maximum intrinsic fluorescence 

spectrum (λmax) was used to follow the structural changes of the protein induced by heating time at 

80 °C (Figure 4.5). 

An increase of fluorescence intensity at λmax was observed increasing the heating time of protein 

solutions at 80 °C during 20 min (Figure 4.5). This difference in fluorescence intensity as a function 

of heating time reflects changes in the compactness of the protein molecule due to molecules 

unfolding, and increasing accessibility of Trp residues. As shown in Figure 4.4 A) it was also 

observed that Lf used as control has a higher fluorescence intensity than Lf-GMP mixtures, 

suggesting that the interactions between these two molecules are influencing the accessibility of 

Trp residues present in Lf. For instance, LF used as control had a λmax of approx. 336.2 nm while 

the λmax of Lf-GMP mixtures was significantly blue-shifted to 331.6 nm (see Figure 4.5 B). The blue-
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shift of λmax suggests that Trp residues are less exposed to the solvent, thus presumably being 

placed in the nonpolar core of the system Lf-GMP (Uversky, et al., 1997) . 

The effect of heating time was also evaluated by CD in order to evaluate the effect of temperature 

on secondary structure of the proteins (Figure 4.6).  

 

 

Figure 4.6 CD spectra of Lf and GMP mixture (molar ratio of 1:7 at pH 5.0) at 80 ºC during: 0 min (----), 10 

min (- - -); and 20 min (-----). 

Increasing heating time induced a decrease of the intensity of the signal around 222 nm, 

suggesting a disruption of β-sheet structure, and also a shift of the minimum peak at 203 nm to 

198 nm, indicating a higher presence of α-helix and random coil conformation. These results 

suggest that a new regular structure may have been formed during the heating of Lf-GMP mixture. 

Native electrophoresis was performed in order to evaluate the kinetics of formation of Lf-GMP 

nanohydrogels during 20 min at 80 °C (Figure 4.7).  

Electrophoresis profile of Lf (lane 1) revealed the presence of other protein bands, reflecting the 

partial purity of the Lf used. Lf was identified as the band at 79 kDa. This profile and molecular 

weight were also observed by other authors (Bourbon, et al., 2011; Lindmark-Månsson, et al., 

2005). The analysis of GMP (lane 2) gave a unique band with a mass of 25 kDa, corresponding to 

GMP. Lane 3 corresponds to the electrophoresis profile of Lf-GMP mixture without heating 

treatment and it is possible to observe the presence of two bands: the lower band indicates the 

presence of GMP presence and the upper band reflects the presence of Lf. Lanes 4, 5, 6 and 7 

correspond to different heating times (5, 10, 15 and 20 min, respectively) during the formation of 
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nanohydrogels at 80 °C. It is possible to observe that after 10 min, the aggregation of Lf and GMP 

occurs. This is evidenced by the appearance of a new smear band with much higher molecular 

weight, suggesting the formation of a nanohydrogel network. 

 

 

Figure 4.7 Native-PAGE analysis of Lf (1), GMP (2), unheated mixture of Lf and GMP (3) and heated mixture 

of LF-GMP mixture during 5, 10, 15 and 20 min for lanes 4, 5, 6 and 7, respectively. 

 

4.2.3 Effect of biopolymer concentration and molar ratio (MR) on the formation of 

Lf-GMP nanohydrogels 

4.2.3.1 Effect of protein concentration and molar ratio on the hydrodynamic diameter and PdI 

 

The influence of Lf and GMP concentrations and MR on the hydrodynamic diameter and PdI of the 

nanohydrogels was analysed. Initially, the effect of increasing protein concentrations for a MR of 

1:4 (Lf:GMP) was evaluated. Results showed that higher protein concentrations lead to increasing 

size values, from 320 ± 10 nm to 5.0 ± 0.2 µm for 0.02 to 2.0 % (w/w) protein concentration, 

respectively. The effect of protein concentration on size was already reported by other authors (Hu, 

et al., 2007).  

The interactions between Lf and GMP depend not only upon the protein concentration of the 

solution but also upon their ratio of mixture. Therefore, different MR were evaluated for 0.02 % of 

Lf and 0.02 % of GMP (concentrations that allow the lowest values of size and PdI to be obtained). 

Size values decrease when the ratio of Lf to GMP (MR) is 1:7, together with a PdI around 0.1 and 

a single peak in the size distribution.  
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Anema & de Kruift (2012) evaluated the interaction between Lf and k -casein in order to obtain 

stable complex coacervates, and observed that one molecule of Lf interacted with four molecules 

of k-casein, and at these conditions the positive charges are equal to negative charges and 

consequently larger particles were formed. Based on this, and due to the fact that in this work we 

are using a glyco-peptide obtained from k-casein, we presume that the smaller hydrodynamic 

diameter and PdI obtained for a MR 1:7 of Lf to GMP can be justified by the fact that at these 

conditions the electrostatic interactions are stronger, on the one hand, and due to the hydrophilic 

properties and to the presence of the glycosylated part of the peptide, the hydrophobic interactions 

between Lf and GMP are also more evident, on the other hand, thus leading to the formation of a 

smaller and more stable particle (Anema, et al., 2012). Therefore, the MR of 1:7 was chosen to 

proceed with the study of Lf and GMP nanohydrogels (Table 4.4). 

 

Table 4.4 Effect of different molar ratio of Lf:GMP solutions in nanohydrogels formation (0.02 %, w/w at pH 

5.0) 

Molar ratio (Lf:GMP) Size average (nm) PdI 

1:7 170 ± 3 0.08 ± 0.01 

1:4 320 ± 10 0.12 ± 0.03 

1:2 487 ± 9 0.32 ± 0.01 

 

4.2.4 Mophological characterization of Lf-GMP nanohydrogels 

The morphology of nanohydrogels was observed by TEM (Figure 4.8). Individual Lf and GMP 

solutions with the same thermal treatment used to develop nanohydrogels were analysed and it 

was observed that no nanosized spherical particles were formed (Figure 4.8A and Figure 4.8B). 

However, when the mixture of Lf and GMP is thermally treated, nanohydrogels are observed by 

TEM (Figure 4.8C and Figure 4.8D), with the presence of particles with a spherical shape and with 

a mean diameter of 100 nm. These images confirm the formation of the Lf-GMP nanohydrogels, 

corroborating the previous results; however the size is lower than observed by DLS which can be 

due to the drying process of particles needed to prepare samples for TEM visualization. 
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Figure 4.8 TEM micrographs of Lf (A), GMP (B), Lf-GMP nanohyrogels (C) and detail (higher magnification) 

of Lf-GMP nanohydrogels (D). The scale bar is (A) 0.5 μm, (B) 0.5 μm, (C) 1 μm and (D) 50 nm.  

Additionally, AFM images were analysed to determine the average surface roughness of each 

system (Figure 4.9). Solutions were fixed to mica slides by desiccation of dilute sample solutions 

based on preliminary experiments that indicated particle structure maintenance during 

lyophilization. The AFM images of Lf-GMP nanohydrogels showed uniform spherical particles, with 

the dimensions of the structures observed being less than 60 nm and with a smooth surface. 

 

 

Figure 4.9 AFM image of the Lf-GMP nanohydrogels. 

B) 

D) 
C) 

A) 
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The swelling ratio of the nanohydrogels is around 28, calculated by the ratio of the wet volume to 

the dry volume (170 nm)3/(56 nm)3. This calculation was performed based on DLS measurements 

for the diameter of particles in solution (170 nm) and in TEM and AFM micrographs for dry samples 

(56 nm) (Huang et al., 1999). 

 

4.2.5 Effect of environmental conditions on the stability of Lf-GMP nanohydrogels 

Nanohydrogels may be exposed to a great variety of conditions when they are incorporated into 

products, such as foods, cosmetics, personal care products and pharmaceuticals (Bengoechea, et 

al., 2011). It is therefore important to establish the effect of various environmental conditions on 

their stability and functional properties. In this section, the nanohydrogels produced at 80 °C during 

20 min with MR 1:7 at pH 5.0 were selected based in their low hydrodynamic diameter and PDI 

values, and the influence of environmental conditions (pH, ionic strength and temperature) on their 

stability was evaluated (Figure 4.10). 

 

 

 

Figure 4.10 Effect of environmental conditions on the stability of nanohydrogels: A) ζ-potential curves of Lf-

GMP nanohydrogels (●) (curves of individual Lf (♦) and GMP (♦) are shown for comparative purposes); B) 

Effect of pH adjustment after heat treatment on mean particle diameter (●) and PdI (■) for Lf-GMP 

nanohydrogels; C) Effect of NaCl concentration on mean particle diameter (●) and PdI (■) for Lf-GMP 

nanohydrogels and D) Mean particle diameter of Lf-GMP nanohydrogels during alternate increasing (♦) and 

decreasing (■) temperature cycles, as measured by DLS. Dashed lines are shown for visual guidance only. 
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The pH and ionic strength of the solutions were adjusted after nanohydrogels’ formation. Figure 

4.10A) shows the values of ζ-potential of Lf-GMP nanohydrogels and of Lf and GMP individually, 

(already shown in Figure 4.1 and reported here again for comparison purposes). The electrical 

charge values of nanohydrogels changed from positive, at low pH, to negative, at high pH, with a 

neutral charge around pH 6.0 which is close to the zero ζ-potential of Lf (Figure 4.10 A). This result 

suggests that the surface of the nanohydrogels is enriched with Lf molecules and GMP molecules 

are mostly in the core of the structure. These results are in agreement with the results suggested 

by micrographs obtained by CLSM (Figure 4.11).  

 

   

 

Figure 4.11 Micrographs obtained by confocal laser scanning microscopy of the nanohydrogels: A) FITC-

labeled Lf and B) RBITC-labeled GMP and C) superposition of the images A and B. 

Two fluorescence channels, green and red lasers, were used to excite Lf and GMP, respectively 

(Figure 4.11 A and Figure 4.11 B). Images obtained by CLSM allow identifying the 

localization/distribution of Lf and GMP in the nanohydrogel structure. When the images were 

superposed (Figure 4.11C), it was observed that the intensity of FITC-labeled Lf fluorescence was 
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higher than the fluorescence emitted by RBITC-labeled GMP, suggesting that Lf can be more 

distributed in the surface of nanohydrogels, while GMP molecules are located mainly in the core of 

the nanohydrogel particles. Similar behaviour was reported by other authors that developed 

nanogels by self-assembly and thermal gelification of other proteins (Jones et al., 2009; Li et al., 

2008; Yu et al., 2006a). 

 

After nanohydrogels preparation, the pH of the solution in which these hydrogel particles were 

dispersed was adjusted to different values to evaluate its influence on their size distribution. 

Hydrodynamic diameter and PdI of nanohydrogels increased for pH values below 6.0 and higher 

than 8.0 and decreased when pH values were in the range of 6.0-7.0. When pH is between 2.0-

3.8, Lf is practically fully protonated, while the net negative charges of GMP decrease. For pH 

values of 8.0-10.0 there are electrostatic repulsions between Lf and GMP because both have net 

negative charges. As a consequence, the electrostatic attraction decreases causing an expansion 

of nanohydrogels. In the pH range of 6.0-7.0, the electrostatic attraction between Lf and GMP is 

higher, resulting in the shrinkage of the nanohydrogel particles.  

The addition of salt to nanohydrogels leads to the aggregation of particles for lower salt 

concentrations, as shown by the increase of size and PdI values (Figure 4.10C). Ionic strength may 

influence Lf–GMP interactions by two mechanisms: (1) NaCl may screen the electrostatic 

interaction, and (2) a high concentration of NaCl may alter the structural organization of water 

molecules, which alters the strength of hydrophobic interactions between nonpolar groups. For low 

concentrations of salt (< 100 mmol.L-1) it was observed that the charge of nanohydrogels is near 

zero, resulting in more unstable particles which can promote the formation of aggregates (Figure 

4.12). 

 

Figure 4.12 ζ-Potential of nanogels as a function of NaCl concentration in nanohydrogels solution. 
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In terms of structural conformation, it was observed an increase of fluorescence intensity for 

nanohydrogels with salt concentrations until 100 mmol.L-1, expressed by higher areas obtained for 

the fluorescence peak. This behaviour suggests that the Trp residues in Lf moved from an apolar 

environment to a more polar region and interacted with water molecules (Figure 4.13). Increasing 

the salt concentration (> 100 mmol.L-1) lead to a decrease of nanohydrogels hydrodynamic 

diameter and PdI values, which can presumably be attributed to a new conformational 

rearrangement of proteins. Figure 4.13 shows a decrease of the peak area obtained by emission 

fluorescence registered for that range of NaCl concentrations, reflecting the decrease of exposition 

of Trp residues to polar (aqueous) environment. This behaviour can be due to reshuffling of protein 

molecular structure or to the establishment of new intermolecular associations (e.g. hydrophobic 

interactions) between molecules. 

 

  

Figure 4.13 Peak area of emission fluorescence of nanohydrogel solutions at different concentrations of 

NaCl. 

The effect of temperature was also assessed by heating and cooling nanohydrogel solutions at 

temperatures ranging from 20 to 90 °C at a rate of 10 °C.min-1. The particle sizes after heating 

and cooling cycles were analysed by DLS (Figure 4.10D). When nanohydrogels solutions were 

heated from 20 to 90 °C, the hydrodynamic diameter remained constant until 70 °C and increased 

slightly from 70 to 90 °C. This behaviour may be indicative of changes in the conformation state 

of nanohydrogels, corresponding to the “aggregation temperatures”, as referred above. 

Figure 4.10D also shows that, after cooling to room temperature, the size of nanohydrogels 

decreased. This behaviour could be due to the re-organization of the molecular structure, once in 

the cooling stage we are promoting an increase in elasticity, resulting from the re-establishment of 

multiple hydrogen bonds and this can be the reason for the decrease of nanohydrogel particles’ 
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size. This phenomena is usually reported in the development of protein gels at macro-scale, in 

which during the cooling stage there is a strengthening of the interparticle attractive non-covalent 

bonds such as hydrogen bonds. This is also reported as the stabilization of the gel structure due 

the contribution of this kind of bonds (Ould Eleya, et al., 2004).  

It is therefore important to establish the influence of heating on the stability and physicochemical 

properties of Lf-GMP nanohydrogels. The PdI values obtained ranged between 0.05 and 0.10 thus 

showing that particles’ size distribution is quite narrow (results not shown). A single peak was 

observed in the particle size distribution curves, thus leading to the conclusion that the aggregation 

of particles in solution was minimal. 

Finally, the stability of Lf-GMP nanohydrogels was evaluated after 5 months of storage at 4 °C 

(Figure 4.14B) and after dehydration (by lyophilisation) and rehydration (Figure 4.14C).  

 

 

     

    

Figure 4.14 Size distributions of Lf-GMP nanohydrogels: A) as prepared; B) after 5 months of storage and 

C) after freeze drying and then rehydration (the three curves correspond to the three true replicates of nine 

measurements performed for each one). 

A) 

B) 

C) 
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It was observed that nanohydrogels suspension does not change its size distribution significantly 

during storage time. Also, it was possible to verify that the size distributions of the rehydrated and 

original nanohydrogels solutions did not show significant differences (p>0.05), suggesting that the 

dissociation or aggregation during the process of freeze drying and rehydration did not occur (Figure 

4.14C). This result confirms that the cross-linking structure of the nanohydrogels can suppress 

dissociation upon dilution. In another work in which proteins (ovalbumin and lysozyme) were used 

to develop nanogels, it was observed that the intensities of the lyophilized and original particle 

solutions are somewhat different, thus suggesting a limited aggregation after the lyophilisation 

process (Yu et al., 2006b). All these valuable characteristics can offer significant benefits for the 

industrial application of the nanogels. 

 

4.2.6 Assessment of nanohydrogel cell permeability and toxicity using Caco-2 cells 

Toxicity measurements were performed to understand the ability of these protein nanohydrogels 

be used e.g. in food products. Furthermore, although the information that individual proteins are 

used as food materials and are reported as non-toxic and safe, the interaction between Lf and GMP 

needs to be evaluated. 

Before toxicity measurements, Lf-GMP nanohydrogels (prepared as described in section 3.1.3) 

were characterized in terms of size. Lf-GMP nanohydrogels were observed by nanoparticle tracking 

analysis (NTA) (section 4.2.6) which revealed that nanohydrogel particles used in toxicity 

measurements are spherical and have an average size of 150 ± 31 nm (Figure 4.15A). 

 

 

Figure 4.15 Size distribution from NTA measurements of Lf-GMP nanohydrogels, with the corresponding (A) 

2D graph (size vs intensity) and (B) NTA video frame. 

Figure 4.15B shows a frame captured from the NTA instrument where the individual spherical 

nanohydrogels particles are highlighted. Taking into account the obtained results, the “nano” 

A) B) 
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dimensions of Lf-GMP hydrogels were confirmed. Hence, Lf-GMP nanohydrogels being a 

nanostructured system it is possible to presume that they can improve the intestinal transport via 

enterocytes and systemic biodistribution, once He et al. (2012) reported that small nanoparticles 

(300 nm) can be easily uptaken by Caco-2 cells.  

4.2.6.1 Cytoxicity assay 

The toxicity of nanoparticles represents one of the major concerns for nanotechnology (Hu, et al., 

2012). 

Therefore, as a first approach, the toxicity of the nanohydrogel particles was assessed using a 

Caco-2 model, as described section 3.2.2.  

Results are expressed in percentage of the control-cells incubated without nanohydrogel (Figure 

4.16). 

 

Figure 4.16 Cell viability after incubation with nanohydrogel, during 48 h (average values ± SD; n = 3). 

Figure 4.16 shows that the viability of cells was approximately 100 % in all the tested concentrations 

(0.313-45 mg.mL-1) during the 48 h of incubation. This means that the nanohydrogel did not 

present apparent toxicity on Caco-2 cell monolayer, suggesting that the nanohydrogel has negligible 

toxicity against Caco-2 cells, even at the higher concentrations tested (45 mg.mL-1). To the best of 

our knowledge no other cytotoxicity assay of Lf-GMP nanohydrogels was performed; as mentioned 

before, previous studies reported only on the non-toxicity of the nanohydrogel components: Lf had 

no effect on cell viability (Håkansson et al., 1995) and GMP can be regarded as a non-toxic agent 

in clinical practice (López-Posadas et al., 2010). Moreover, toxicological studies indicated 
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(Korhonen and Marnila, 2013) that Lf can be considered as a safe ingredient for use in food 

products and supplements. Also, a human clinical study in chronic hepatitis C patients showed 

that high oral doses of Lf (7.2 g.body-1.day-1) were well tolerated, hence reinforcing the safety of Lf 

as human dietary component (Wakabayashi, et al., 2006). 

The absence of toxicity can also be related to the stability of this nanohydrogel in the culture 

medium; it has been reported (Gref, et al., 2003) that toxicity could outcome from nanoparticle 

internalization or cell interaction with the products resulting from nanoparticles degradation. 

Therefore, the stability of Lf-GMP nanohydrogel in the culture medium is of extreme importance, 

being an advantage for studying in vitro cell interaction over a prolonged time period. 

The aforementioned reasons indicate that Lf-GMP nanohydrogel may not be toxic to the small 

intestine epithelium. 

4.2.6.2 Permeability Assay 

4.2.6.2.1 Cell barrier integrity  

Before beginning the permeability assay, the first priority was to ascertain the integrity of the 

established model (Caco-2 cells) by measuring transepithelial electrical resistance (TEER) which 

allowed determining the reliability of the cell-cell contact within the epithelium culture (Coco, et al., 

2013; Sadighi, et al., 2012). TEER values of the monolayers were thus routinely (14 and 21 days) 

checked before beginning the permeability experiment (Figure 4.17).  

The measured TEER values for Caco-2 cells (after 21 days) were above 350 Ω.cm2, which indicates 

the formation of tight junctions and good cell integrity (Sadighi, et al., 2012).  

 

 
Figure 4.17 Transepithelial electrical resistance (TEER) values of Caco-2 monolayer after 14 and 21 days. 
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Results show that a valid in vitro model was obtained, able to test the permeability of Lf-GMP 

nanohydrogel in the Caco-2 epithelium. Additionally, TEER measurements were performed during 

the permeation experiment at predetermined time intervals (0, 15, 30, 60 and 120 min), in order 

to assess the effects of Lf-GMP nanohydrogel on the epithelial barrier during the transport 

experiment (Figure 4.18). TEER values were always above 350 Ω.cm2 ensuring the integrity of the 

monolayer during the permeability assay.  

 

 

Figure 4.18 Transepithelial electrical resistance (TEER) as a function of time in the absence (control) and 

presence of Lf-GMP nanohydrogel. Data are given as percentage of the control, and t=0 was measured 

immediately after nanohydrogel addition.  

Also, during the treatment with Lf-GMP nanohydrogel an increase in TEER up to 130 % of the 

control group (Figure 4.18) was observed. Typically, the increase in TEER values can be ascribed 

to an increase in the expression of ZO-1, a protein present in thigh junctions, which is associated 

with the good performance of the barrier function (Gardner, et al., 1997; Klingberg, et al., 2005). 

Furthermore, the obtained results (Figure 4.18) have confirmed that Lf-GMP nanohydrogel is non-

toxic to the cells (Beck, et al., 2007) as mentioned previously (please see section 4.2.6.1).  

4.2.6.2.2 Permeability of Lf and GMP  

Due to the unknown stability and permeability characteristics of the Lf-GMP nanohydrogel, a first 

approach was recommended and the donor concentration was monitored (Gao et al., 2001). 
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Figure 4.19 shows the concentration profile of the nanohydrogel in the donor (apical) compartment. 

Since Lf and GMP are the components of the nanohydrogel tested, their individual concentration 

profiles were assessed in the donor and receiver compartments.  

As the nanohydrogel tested presented an initial concentration of 8.8 and 4.4 mg.mL-1 of GMP and 

Lf, respectively, these values are considered as the control or initial value (100 %) of each 

compound that was added to the donor/apical side. During the permeability assay, the 

concentration of GMP in the donor compartment (Figure 4.16 A) oscillated between 6.6 mg/mL 

(74.2 % of the initial amount) and 8.8 mg.mL-1 (93.9 % of the initial amount). As can be seen in 

Figure 4.19A), the maximum loss of GMP from the apical side was observed after 30 minutes, 

when approximately 25 % of the initial amount had disappeared from the apical/donor side.  

 

 

 

Figure 4.19 Concentration of GMP (A) and Lf (B) versus time for the samples obtained from the donor side 

(apical). Results are expressed in % relative to the control (initial concentration of Lf or GMP added to apical 

side). 
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presented in the apical side was observed. This concentration decrease could mean that Lf and 

GMP were rapidly metabolized or significantly transported (Gao, et al., 2001). 

However, the rate of the disappearance of the compounds from the donor side should not be used 

to assess the permeability of the nanohydrogel (Gao, et al., 2001). Instead, it should be based on 

the appearance of Lf and GMP on the receiver/basolateral side, and Figure 4.20 shows that both 

milk peptides were transported to the receiver compartment, although only a small amount (2-4 %) 

of the initial Lf and GMP reached the basolateral side. 

In the case of Lf, other studies using human intestinal cells in culture (Vorland, 1999) confirm the 

uptake by the enterocytes. Indeed, the transport of a very small proportion of Lf to the basolateral 

side was also reported by Mikogami et al. (1994), who used an intestinal cell line (HT-29) model 

to follow the apical-basolateral transport of Lf.  

 

 

Figure 4.20 Concentration of GMP (A) and Lf (B) versus time for the samples obtained from the receiver 

side (basolateral). Results are expressed in % to the control (initial concentration of Lf or GMP added to 

apical side), where at t=0 the concentration of Lf and GMP was 0 %. 

Moreover, the present study showed (Figure 4.19 B) that only a part of the initial Lf stayed in the 

apical side plus a minor part was transported to the basolateral side (Figure 4.20 B). Although not 

quantified, the results suggest that the amount of Lf missing could have been internalized within 

the epithelial cells. We have no direct evidence to point out specific molecular interactions to explain 
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this hypothesis. However, this behaviour was already reported in other studies (Ashida, et al., 2004; 

Jiang, et al., 2011) and could explain the localization of the missing amount of Lf.  

In fact, previous studies (Jiang, et al., 2011; Lönnerdal, et al., 2003) confirmed the existence of a 

Lf receptor (LfR) located at the plasma/brush border membrane of Caco-2 cells, which is 

responsible for the internalization of Lf. Recently, Akiyama et al. (2013) studied the intracellular 

dynamics of Lf taken up by Caco-2 cells, where they reported the intracellular retention of Lf 

(partially co-localized with the Lf) in the cytoplasm and nuclei of Caco-2 cells (Akiyama, et al., 

2013). 

The aforementioned reasons suggest that the internalized Lf would be capable of modulating the 

function of intestinal epithelium through a gene regulation mechanism, consequently being 

effective against intestinal mucosal damage and impairment of barrier function in intestinal 

epithelial cells (Hirotani, et al., 2008). However, further studies have to be done in order to confirm 

the mechanisms beyond Lf action. 

Regarding GMP it was already expected that only a small amount would be transported to the 

basolateral side (Figure 4.20 A), since after ≈2 h the majority of the peptide (≈94 %) stayed in the 

apical side (Figure 4.19 A). Literature is scarce concerning the transport of GMP across the 

intestinal epithelial barrier. Thus, the present results from transport experiments (Figure 4.19A and 

Figure 4.20A) are a valid contribution to this issue showing that, in fact, most of the GMP placed 

on the apical side (intestinal lumen) remained there and only a small percentage was transported 

to the basolateral side (blood capillary). This suggests that the transport of GMP could have been 

restricted by the tight junction (Konishi, et al., 2002).  

Overall, the individual assessment of Lf and GMP transport in the absorptive direction (apical to 

basolateral side) models their absorption in the GI tract (Kerns and Di, 2008). Thus, the results 

obtained indicate that only a small amount (2-4 %) of Lf and GMP will be absorbed by the epithelial 

intestinal cells, and consequently reach the blood capillaries. 

4.2.6.2.3 Determination of apparent permeability coefficient (Papp) 

After determining the amount of Lf and GMP in the basolateral (receiver) compartment (Figure 

4.20), their apparent permeability coefficients (Papp) were calculated (Table 4.5). As mentioned 

before, the apparent permeability coefficient was calculated using Papp = �dC
dt
� � V

AC0
�  Equation 

3.2 (see section 3.2.2.2.1).  
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A recommended permeability classification for permeability values obtained from this assay was 

given within Kerns and Di (2008). Accordingly, both GMP and Lf are classified as compounds with 

low permeability (Papp < 1.0x10-6 cm.s-1). Therefore, since the absorption of the administered Lf-GMP 

nanohydrogel requires the movement of their components (GMP and Lf) across the intestinal 

epithelial barrier (high permeability), the results obtained indicate that the nanostructure may 

exhibit a limited in vivo absorption. 

Table 4.5 Apparent permeability coefficients (Papp) of GMP and Lf across Caco-2 monolayer, in absorptive 

directions (apical to basolateral side), during 4 h. 

Nanohydrogel component Papp (10-6 cm.s-1) 

Lactoferrin 0.6 

Glycomacropeptide 1.0 

 

It is important to note that these results are from an in vitro model and need to be studied in human 

clinical trials in order to confirm the mechanism of Lf-GMP nanohydrogel absorption. 

 

4.3 CONCLUSIONS 

This work has shown that at specific conditions Lf and GMP can form stable nanohydrogels. The 

size of the particles formed during the corresponding thermal treatment depended on protein 

concentration, weight ratio and temperature/time of the heating process. Results also showed that 

the nanohydrogels formed are stable at pH values ranging from 5.0-8.0 and under high 

temperatures and salt concentrations.  

Cytotoxicity and permeability of Lf-GMP nanohydrogels were evaluated using a human epithelial 

colorectal adenocarcinoma cell line (Caco-2). The fraction of Lf and GMP that permeated through 

the intestinal epithelium was quantified and it was demonstrated that Lf-GMP nanohydrogels can 

be considered as a non-toxic and low permeability compound. Therefore, it is envisaged that the 

nanohydrogels could be a new alternative to obtain a novel multi-functional formulation, where the 

beneficial effects of GMP and LF may act directly/locally on human intestinal epithelium. 
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Chapter 5 Results and Discussion 

5.1 INTRODUCTION 

Proteins are one of the most used materials to create delivery systems. Their unique functional 

properties, non-toxicity, nutritional value and ability to form gels and emulsions make these 

biopolymers so important in the food industry. Protein-based nanohydrogels have recently gained 

interest due to their highly hydrated networks, high capacity to incorporate biomolecules (active 

compounds, drugs, carbohydrates) and small size (Elzoghby, et al., 2012; Kabanov, et al., 2009; 

Yu, et al., 2006). 

In the previous chapter (Chapter 4), protein nanohydrogels composed by lactoferrin (Lf) and 

glycomacropeptide (GMP) were developed through thermal gelation. However, one of the 

limitations of using protein-based systems is their high sensitivity to physicochemical stresses 

during processing and storage. Protein-based formulations are commonly prepared as solid dosage 

forms because more stability can be achieved in the solid rather than in the liquid state (Ameri, et 

al., 2006). One of the methods to improve the stability of protein based systems is drying; freeze 

and spray drying are the most popular methods.  

Freeze-drying is the process of removing water from a product by freezing it and subsequently 

subliming the ice to vapor (Garcia-Amezquita, et al., 2016). This process consists of three steps: 

the first is freezing, which involves freezing the system and creating a solid matrix suitable for 

drying. The second stage is drying to remove the ice through sublimation, which is done by reducing 

the pressure of the system while maintaining the system at very low temperature. The final step is 

called secondary drying, in which bound water is removed until only the residual moisture is left 

(Garcia-Amezquita, et al., 2016). Several works indicate that protein denaturation during the 

formation of ice crystals can be a significant factor of modification of protein-s properties (Garcia-

Amezquita, et al., 2016). Optimization of the freezing process should therefore take the effect of 

the ice surface area into account since it can contribute to freeze-induced protein denaturation. 

Furthermore this method is considered expensive to use in commercial products.  

Compared to freeze-drying, spray-drying is a faster and more economical, single step, drying 

method which can be designed as a continuous drying process (Lee, et al., 2011). 

Spray-drying has been identified as a suitable method for the preparation of proteins. It offers the 

advantage of drying and particle formation in a single-step continuous and scalable process with 

particle engineering possibilities (Lee, et al., 2011). Furthermore, various particle properties such 

as: particle size, bulk density and flow properties can easily be tuned via simple manipulation of 

the process parameters or spray dryer configuration. During spray-drying process a liquid feedstock 
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is atomized into a spray of fine droplets and then brought into contact with the hot drying gas at 

sufficient temperature for the moisture evaporation to take place. As the moisture evaporates from 

the droplets, the solid product is formed, and the powder is readily recovered from the drying gas 

(Dyvelkov, et al., 2014). Recently, a new spray drying equipment was developed by BÜCHI 

Labortechnik AG, which resulted in high particle recovery rates up to milligram sample amounts of 

powder particles with particle sizes between 300 nm and 5 μm. The optimum choice of drying 

technique will depend mainly on the economics of drying and on the intended route of drug 

administration. 

This main goal of this chapter is thus to dehydrate of nanohydrogels, composed by Lf and GMP, 

using two different drying methods freeze- and spray- drying, and to evaluate and compare their 

physic-chemical properties after the this process.  

5.2 RESULTS AND DISCUSSION 

Evaluating the denaturation level of proteins´ structure is extremely relevant to determine and 

measure their functionality. Differential scanning calorimetry can be used to evaluate the thermal 

transitions in proteins and access the effect of different drying methods on protein denaturation. 

Water content affects both denaturation temperature and heat of transition of proteins (Ghribi, et 

al., 2015). Being so, the magnitude of changes in the thermal properties caused by the drying 

process on protein properties was studied by DSC (Figure 5.1). The peak denaturation (Td) and 

heat of transition or enthalpy change (ΔH) values are presented in Table 5.1. 

 

Table 5.1 Peak denaturation (Td) and heat of transition or enthalpy (ΔH) obtained by differential scanning 

calorimetry (DSC) for nanohydrogels dried by freeze and spray drying 

Sample   

Drying method Spray cap size(µm) Tin (°C) Td (ºC) ΔH (J.g-1) 

Spray-drying 

4 

80 86.3± 1.2ª 30.8 ±3.5a 

100 84.4 ± 0.6ª 29.9 ± 4.3a 

120 85.80± 0.4ª 34.8 ±3.9a 

7 

80 82.1 ±2.6a 30.8 ±3.8a 

100 86.7 ±1.5a 33.5 ±3.5a 

120 85.1 ±1.6a 32.7 ±4.2a 

Freeze-drying - - 84.4 ±1.3a 220.9 ±3.7b 

All the data are expressed as mean ± SD and are the mean of three replicates. 

Means with different superscript letters within the same column are significantly different (p<0.05) 
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During the thermal scans from 25 to 150 ºC, an endothermic peak was observed for the dried 

samples with a peak denaturation temperature ranging from 82 to 90 ºC. Different authors reported 

the presence of two denaturation temperatures for Lf by DSC measurements, the first denaturation 

temperature, around 60 ºC, corresponds to apo-lactoferrin and second denaturation temperature, 

around 90 ºC, corresponds to holo-lactoferrin (Bengoechea, et al., 2011; Bokkhim, et al., 2013; 

Brisson, et al., 2007; González-Chávez, et al., 2009). The results showed that one of the 

denaturation temperature is maintained (i.e. holo-lactoferrin form reported for bovine Lf) indicating 

that the methodology to produce nanohydrogels did not affect the total denaturation of globular 

protein, and as expected the denaturation of the apo-lactoferrin happens during the thermal 

treatment needed for the nanohydrogel preparation. Due to the random coil structure of GMP and 

to the absence of disulfide bonds, no denaturation peaks were reported for GMP (Farías, et al., 

2010). However, further research would be needed to evaluate the effect of interaction between 

GMP and Lf on thermal transitions of nanohydrogels.  

Also, during the drying methodologies the second denaturation peak is maintained and no 

significant differences (p<0.05) for denaturation peaks were observed when different inlet 

temperatures or spray cap size were applied during the spray-drying conditions. When compared 

with freeze-drying it is possible to observe that a denaturation peak around the same range of 

temperatures was detected, also indicating that this drying process did not affect the denaturation 

of the protein. 

The value of ΔH is used to evaluate the proportion of the protein that was denatures during the 

thermal process, reflecting the status of ordered conformation of food proteins (Ghribi, et al., 

2015). The transition heat was higher in freeze-dried nanohydrogels. The lower value observed for 

spray-dried nanohydrogels is attributed to the less ordered structure of the protein obtained in that 

case. During drying with convective air, many of the intermolecular bonds were disrupted and the 

protein structure was (partially) lost, which lead to a decrease of the energy required for complete 

denaturation (Ghribi, et al., 2015).  
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Figure 5.1. DSC scans of: A) spray-dried nanohydrogels with a Tin of 80 ºC with a spray cap size of 4 µm 

(-  -  -)) and 7 µm (---) and B) freeze-dried nanohydrogels. 

Thermogravimetric analysis (described in section 3.6.7) provided information about the weight loss 

profile for nanohydrogels dried at different conditions. Figure 5.2 shows the thermal stability of 

nanohydrogels dried by spray-drying (only two measurements were shown, once the behavior was 

the same) and by freeze-drying.  

 

Figure 5.2 Thermogravimetric analysis of nanohydrogels; dried by spray-drying at 120 ºC with a spray cap 

size of 4 µm (-- • --) and 7 µm (-- --) and dried by freeze-drying (---). 

 

TGA of dried nanohydrogels showed two major thermal degradation events occurring between 20 

and 125 ºC and between 150 and 300 ºC. At around 120 ºC, there was some mass loss which 

can be attributed to the loss of moisture. The second major weight loss happens between 150 and 

300 ºC and is possibly due to the protein degradation. Similar results were also observed for milk 

proteins (Hundre, et al., 2015). A lower loss of mass (Table 5.2) was observed for freeze-dried 

nanohydrogels when compared with spray-dried samples indicating a better stability of the 

nanohydrogels to higher temperatures. 
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Table 5.2 Weight loss obtained by thermogravimetric analysis for nanohydrogels dried by freeze and spray 

drying  

Sample  

Drying method Spray Cap size (µm) Tin (°C) Td (°C) Weight loss (%) 

Spray-drying 

4 

80 
125 4.27 

280 40.25 

100 
125 6.27 

250 42.21 

120 
125 4.09 

280 43.33 

7 

80 
125 4.91 

260 44.55 

100 
125 4.77 

280 49.94 

120 
125 4.08 

280 51.93 

Freeze-drying - - 
110 5.06 

320 28.03 

 

 

 

Food materials in solid state may be crystalline, semi-crystalline or amorphous. XRD was performed 

to confirm the state of the structure of nanohydrogels samples. Figure 5.3 shows XRD patterns of 

nanohydrogels dried by spray- and freeze- drying. 

Figure 5.3 shows that XRD patterns of nanohydrogel samples exhibited a dominant amorphous 

phase. Nanohydrogels dried at different conditions by spray-drying revealed similar XRD patterns 

(results not shown) indicating that Tin and the size of cap used did not affect the solid state of 

samples. In order to better compare the differences between the two drying methods (used, an 

example of XRD results for nanohydrogels dried by spray drying is also reported in Figure 5.3. 

 

Tin – inlet temperature used in nano spray drying 

Td – denaturation temperature 
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Figure 5.3. XRD patterns of nanohydrogels dried by spray-drying at 120 ºC with a spray cap size of 4 µm 

(■) and by freeze-drying (■). 

Nanohydrogels dried by freeze-drying revealed the presence of a broad band with a maximum at 

2θ=20, as also reported for soy protein isolate, where as an amorphous halo was detected at the 

same 2θ value (Zhang et al., 2012). Moreover, freeze-dried samples also revealed the presence of 

small peaks around 2θ = 30, indicating that there is a combination of crystalline and amorphous 

regions, but where the r amorphous region is predominant. Different works revealed that crystalline 

powders are more stable against denaturation treatments and during storage than the amorphous 

proteins (Ghribi, et al., 2015). This result can explain the lower thermal degradation observed by 

TGA measurements for freeze-dried nanohydrogels, the crystallinity of which is significantly higher 

when compared with that of spray-dried nanohydrogels. FTIR was used to evaluate the influence of 

drying process in chemical properties of proteins structure. Figure 5.4 shows the different FTIR 

patterns observed for nanohydrogels dried by spray and freeze drying. 

When comparing the effect of the different inlet temperatures and cap size used to dry 

nanohydrogels by spray-drying it is possible to observe that the variation of these parameters did 

not affect protein structure. Evaluating the nanohydrogels samples dried by spray and freeze drying 

is possible observe significant differences. The spectrum of nanohydrogels dried by freeze drying 

revealed a modification of bands at 1700–1500 cm-1, which are due to the β-sheet structure. This 

results suggest that during the freeze-drying process a substantial perturbation of the proteins´ 

secondary structure occurred (Lu, et al., 2007), which was less evident in spray-dried samples. 

The spectra of spray-dried samples reveals that the protein structure is similar with Lf native 

evaluated by other authors (Luo, et al., 2015) 
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Figure 5.4 Fourier infrared transform spectrometry spectra of nanohydrogels dried by spray-drying with: a 

cap size of 4 µm with an inlet temperature (Tin) of 80 ºC (a), 100 ºC (b) and 120 ºC (c) and a cap size of 7 

µm with an inlet temperature (Tin) of 80 ºC (d), 100 ºC (e) and 120 ºC (f) and by freeze-drying (g). 

 

SEM micrographs of the nanohydrogels dried by spray-drying and freeze-drying were collected in 

order to evaluate their morphology after the drying process. The particle size distribution next to 

photographs represents has been obtained upon suspension of each sample in water.  

SEM micrographs show that after spray-drying different sizes of nanohydrogels were obtained. This 

can be related with the magnitude of active electrostatic forces across the cylinder-shape electrode 

where the sample was collected The magnitude of the electrostatic force can result in the 

segregation of particles along the cylinder length and therefore in particles with different sizes (Li, 

et al., 2010). It is also important to mention that spray-dried samples are a fragile powder that 

during the recovering process can be easily deformed. Nanohydrogels dried by freeze-drying (Figure 

5.5 G) had a sponge-like appearance (when visually observed) and SEM image allowed identify the 

presence of particles with not uniform shape. 

 

 

a) 
b) 

c) 

d) 

e) 

f) 

g) 
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Figure 5.5 SEM micrographs for nanohydrogels dried by: spray-drying with A) Tin of 80 ºC and cap size of 

4 µm; B) Tin of 100 ºC and cap size of 4 µm; C) Tin of 120 ºC and cap size of 4 µm; D) Tin of 80 ºC and 

cap size of 7 µm; E) Tin of 100 ºC and cap size of 7 µm; F) Tin of 120 ºC and cap size of 7 µm and G) 

freeze-drying. The respective size distribution is reported for each one of the samples and determined by 

DLS.  

A 

B 

C 

D 
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Figure 5.5 Continued. 

The rehydration process of nanohydrogels revealed that all spray-dried samples needed more time to 

hydrate and a second peak was observed in the size distribution, indicating the presence of agglomerates. 

Poor solubility can be also attributed to the outer skin formed during the drying process, possibly due to  

the unfolding of one to few molecules of proteins at the particle-air interface (Ghribi, et al., 2015). Other 

authors also observed the presence of an outer skin in spray-dried lentil protein isolates (Joshi, et al., 2011). 

Freeze-dried nanohydrogels were rehydrated in a few minutes and no agglomerates were observed, as 

reported in Chapter 4. The higher solubility of freeze-dried samples can be accredited to less denaturation 

(Ghribi, et al., 2015) of the nanohydrogels, as observed by the DSC analyses. 
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5.3 CONCLUSIONS 

In this study, Lf-GMP nanohydrogels were dried by two different methods: nano spray-drying and 

freeze drying. In spray-drying process the inlet temperature (80, 100 and 120 ºC) and two different 

cap sizes (4 and 7 µm) were tested. The different conditions applied in the nano spray-dryer did 

not significantly affect the nanohydrogels ´properties. When compared with freeze-drying it was 

observed that nanohydrogels spray-dried were less resistant to thermal denaturation. However, 

freeze-dried nanohydrogels revealed a structural change of proteins by FTIR. During the 

rehydration, freeze-dried nanohydrogels were fully rehydrated and no agglomerates were observed, 

contrarily to what happened to spray-dried nanohydrogels. This research was extremely relevant to 

understand the influence of the drying process of protein-based nanohydrogels in their physical-

chemical properties, thus pointing at which will be the preferred technology to be used in a future 

scale-up of the process. 
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Chapter 6 Results and Discussion 

6.1 INTRODUCTION 

The demand for encapsulation systems continues to grow as the food industry needs to preserve 

the benefits of active compounds and deliver them at specific conditions. Encapsulation of bioactive 

compounds in food industry can be used to: i) preserve functional properties, ii) improve the 

stability of compounds with low solubility in relevant (mostly aqueous) media, iii) mask undesirable 

flavours, iv) enhance health benefits of food products (i.e. development of functional foods), v) 

control the release of bioactive compounds at desired time and specific target, and vi) increase the 

bioavailability of bioactive compounds (Davidov-Pardo, et al., 2015; Gunasekaran, et al., 2007; 

Huang, et al., 2010; Kayitmazer, et al., 2013; Livney, 2010). Despite the interesting and unique 

properties that encapsulation can bring to food industry, its use is still a challenge mainly due to 

the need of using GRAS (generally recognized as safe) materials for the development of 

encapsulation systems.  

Milk proteins are considered a vital macronutrient in food, offering the possibility of developing 

delivery systems for both hydrophilic and lipophilic bioactive compounds (Augustin, et al., 2014; 

Lingyun Chen, et al., 2006). Their biocompatibility, biodegradability, non-toxicity and ability to form 

hydrogels make them a relevant class of biopolymers to be used as vehicle of bioactive compounds 

(Fox, 2001), being one of the most promising systems used in food industry. Protein hydrogels are 

hydrophilic networks of swollen cross-linked polymers (Vermonden, et al., 2012). The development 

of protein hydrogels at nano-scale is increasingly being studied for their attractive properties (e.g. 

ability to encapsulate different bioactive compounds, large surface area, response to environmental 

changes) in delivery systems (Oh, et al., 2009; Yallapu, et al., 2011). 

Curcumin (diferuloyl methane), a yellow lipid-soluble polyphenol is present in the rhizome of 

turmeric (Curcuma longa L.) and is widely used as a coloring agent in food. A wide range of 

biological attributes of curcumin such as antioxidative, anti-inflamatory, antiangiogenic, antiamyloid 

anticancer, antimicrobial, wound-healing and hepatoprotective properties have been well reported 

(Bhawana, et al., 2011). However curcumin’s poor solubility, stability, and bioavailability in 

aqueous media limits its efficient use as a bioactive compound. Efforts are being done to increase 

the bioavailability of this bioactive compound in aqueous solution, e.g. through its encapsulation in 

various delivery systems such as nanoemulsions (Sari, et al., 2015), nanocapsules (Kittitheeranun, 

et al.) and nanoparticles (Li, et al., 2013). 

Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione), a white and  water-soluble compound 

found in many plant species such as coffee and green tea (Parwar Pruthvira, 2011), has received 
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increasing attention in food and pharmaceutical industries due to its pharmacological properties, 

which comprise stimulation of the central nervous system, peripheral vasoconstriction, relaxation 

of the smooth muscle and myocardial stimulation (McLellan, 2006). Caffeine has frequently been 

used as a model compound (Liédana, et al., 2012; McLellan, 2006), thus many formulations 

containing caffeine have been studied. 

Protein nanohydrogels, produced by interaction between lactoferrin and glycomacropeptide, were 

developed as described in section 3.1.3 and characterized (please see section 4.1). Due their small 

size (170 nm) and high stability at various values of temperature and pH, these systems promised 

to be an excellent vehicle for encapsulation of bioactive compounds. Thus the present work aims 

at evaluating the ability of a protein-based nanohydrogel to encapsulate bioactive compounds with 

different water solubilities (curcumin as lipophilic compound and caffeine as hydrophilic 

compound) and evaluate their release mechanism through this matrix at different pH conditions, 

in an effort to reproduce at least partially the environment to be found during digestion, in view of 

future food applications. 

 

6.2 RESULTS AND DISCUSSION 

6.2.1 Bioactive compounds encapsulation 

The properties of bioactive compounds (e.g. molecular weight, water solubility, chemical structure 

and size) are factors which will influence the selection of an efficient vehicle to protect, transport 

and release them. In order to evaluate the effect of the hydrophilic and lipophilic nature of the 

bioactive compounds on the efficiency of encapsulation into Lf-GMP nanohydrogels, caffeine and 

curcumin were used as hydrophilic and lipophilic model compounds, respectively. 

Different concentrations of curcumin and caffeine were evaluated to determine the concentration 

that allows the highest encapsulation efficiency of each bioactive compounds into nanohydrogels 

(Figure 6.1). 

 

122 



Chapter 6 Results and Discussion 

 

 

Figure 6.1Effect of curcumin concentration (A) and caffeine concentration (B) on encapsulation efficiency 

of Lf-GMP nanohydrogels. 

Results showed that the highest encapsulation efficiencies (EE) were obtained for concentrations 

of 0.082 mg.mL-1 and 0.03 mg.mL-1 for curcumin (95.12 ± 1.40 %) and caffeine (90.02 ± 2.10 %), 

respectively. 

The low solubility of curcumin in aqueous environments and its numerous health benefits make 

this lipophilic bioactive compound a target of numerous encapsulation studies. Different 

encapsulation methods and matrices have been tested (Ahmed, et al., 2012; Bhawana, et al., 

2011; Das, et al., 2010; Gandapu, et al., 2011; Li, et al., 2013; Sari, et al., 2015). The ability of 

curcumin to establish interactions with proteins was also tested. The EE of this compound in protein 

matrices is around 90 %, and vey according to %the system used. As example, for zein 

nanoparticles prepared by electrohydrodynamic atomization it has been showed an EE around 90 

% , while Sneharami et al. (2010) using β-lactoglobulin particles to encapsulate curcumin 
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(Sneharani, et al., 2010) obtained an EE around 96 %. EE results obtained in the present work for 

Lf-GMP nanohydrogels are thus well within the range of values reported in the literature for other 

encapsulation systems.  

EE values reported in literature for caffeine encapsulated in biopolymer matrices are around 83.6 % 

for alginate-psyllium hydrogels, and 89.6 % for particles composed by peptides obtained through 

hydrolysis of whey proteins and then cross-linked by transglutaminase (Bagheri, et al., 2014). The 

values obtained in the present work for caffeine in Lf-GMP nanohydrogels thus compare favorably 

with those reported in the literature.  

 

6.2.2 Characterization of nanohydrogels with encapsulated bioactive compounds 

6.2.2.1 FTIR measurements 

In order to evaluate the type of interaction between bioactive compounds and Lf-GMP 

nanohydrogels after the encapsulation, the FTIR spectra of bioactive compounds (curcumin and 

caffeine), Lf-GMP nanohydrogels, curcumin encapsulated in Lf-GMP nanohydrogels and caffeine 

encapsulated in Lf-GMP nanohydrogels were further evaluated and are shown in Figure 6.2 and 

Figure 6.3, respectively. 

 

 

Figure 6.2 FTIR spectra of a) curcumin encapsulated in Lf-GMP nanohydrogels, b) curcumin and c) Lf-GMP 

nanohydrogels without curcumin. 

 

b) 

c) 

a) 

124 



Chapter 6 Results and Discussion 

As expected, the IR spectrum of the mixture between curcumin and Lf-GMP nanohydrogels (Figure 

6.2) contained peaks corresponding to both the components present. It is possible to observe a 

characteristic stretching band of curcumin (O-H) at 3508 cm-1 which differs from the peak observed 

for Lf-GMP nanohydrogels after the encapsulation, it was observed a shifted of peak to 3268 cm-1, 

suggesting an interaction with protein matrix. The peak at 1502 cm-1, which corresponds to the υ 

(C=O), δ (CCC) and δ (CC=O) of curcumin undergoes a shift to 1512 cm-1 in the case of mixture 

with other components and this can be taken as an evidence of interaction between curcumin and 

Lf-GMP nanohydrogels. Also, the characteristic peak at 713 cm-1 of aromatic in plane bending of 

curcumin has shifted to 791 cm-1 after encapsulation. 

The region ranging between 3000 and 2800 cm-1 for curcumin encapsulated in Lf-GMP 

nanohydrogel spectrum corresponds to the CH2 asymmetric and symmetric stretching vibrations. 

New bands are found in the range between 2500 and 3000 cm-1. These results can suggest that 

the interaction of curcumin with Lf-GMP nanohydrogels is carried out through hydrophobic 

interactions of polyphenolic rings. Similar results have been reported in the reactions of resveratrol, 

genistein and curcumin with bovine serum albumin (Bourassa, et al., 2010). 

 

 

Figure 6.3 FTIR spectra of a) caffeine encapsulated in Lf-GMP nanohydrogels, b) caffeine and c) Lf-GMP nanohydrogels 

without caffeine. 

 

The presence of caffeine in Lf-GMP nanohydrogels was confirmed by the existence of characteristic 

bands of caffeine in Lf-GMP nanohydrogels (Figure 6.3). The peaks at 1707 cm-1, 974 cm-1 and 

a) 

b) 

c) 
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1359 cm-1 that correspond to C=O, C-C and C-H stretchings, respectively, indicate the presence of 

caffeine in Lf-GMP nanohydrogels (Kumar, 2010). It was also observed a presence of a new peak 

around 2990 cm-1 after the encapsulation of caffeine in Lf-GMP nanohydrogels, that can be due to 

C-H bonds of methyl (-CH3) groups that are present in caffeine molecule. At 3500 cm-1 a higher 

peak is observed in spectra of caffeine encapsulated in Lf-GMP nanohydrogels, however this peaks 

are reported as bond vibrations of caffeine molecule (Paradkar, et al., 2002). Moreover, it is 

possible to confirm the encapsulation of caffeine in Lf-GMP nanohydrogels due to notorious 

changes in amide I (1700–1600 cm-1), mainly C=O stretch, and amide II bands (1600–1500 cm-

1), C–N stretch coupled with N–H bending mode, suggesting a hydrophilic interaction between the 

caffeine and Lf-GMP nanohydrogel, since the main groups involved in these interactions are C=O, 

C-N and N-H (Bagheri, et al., 2014; Li, et al., 2013).  

 

6.2.3 Fluoresecence measurements 

 

Measuring the surface hydrophobicity of proteins is a useful technique to evaluate the protein 

binding sites. 8-anilino-1-napphalenesulfonic acid (ANS) is a fluorescent probe that binds to 

hydrophobic sites of proteins (Alizadeh-Pasdar, et al., 2000). In order to evaluate the type of 

interaction between bioactive compounds and Lf-GMP nanohydrogels, surface hydrophobicity of 

nanohydrogels was measured after and before the interaction of nanohydrogel with bioactive 

compounds (Figure 6.4). 

ANS was applied to evaluate the hydrophobic surface of Lf-GMP nanohydrogels and monitor 

possible changes during the interactions with active compounds. Individual scans Lf-GMP 

nanohydrogels were performed to obtain the maximum peak of emission. It was observed that the 

wavelength of the maximum fluorescence (δmax) was at 336 nm, corresponding to ANS 

fluorescence (i.e. hydrophobic parts of nanohydrogels). As can be seen in Figure 6.4, the 

interaction of caffeine and curcumin with Lf-GMP nanohydrogels decrease the peak area, indicating 

that the accessibility of hydrophobic residues in Lf-GMP nanohydrogels decrease. The peak area 

obtained for curcumin is much lower than caffeine, indicating that a higher number of hydrophobic 

interactions were established between curcumin and Lf-GMP nanohydrogels that in case of caffeine 

with Lf-GMP nanohydrogels. 
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Figure 6.4 Fluorescence spectra of: of nanohydrogels (----), curcumin encapsulated in nanohydrogels (- -) 

and caffeine encapsulated in nanohydrogels (-----) with ANS. 

6.2.4 Morphology evaluation 

6.2.4.1 Size and ζ-potential measurements 

The values of size, PdI and charge of Lf-GMP nanohydrogels after encapsulation of bioactive 

compounds are present in Table 6.1. 

 

Table 6.1 Effect of bioactive compounds encapsulation on nanohydrogel´s properties  

System Size average (nm) PdI ζ-Potential (mV) 

Lf-GMP nanohydrogels 170.02 ± 3.21a 0.08 ± 0.01a -17.11± 1.45a 

Lf-GMP nanohydrogels + curcumin 112.03 ± 1.21b 0.21 ± 0.04b -15.00 ± 0.75a 

Lf-GMP nanohydrogels+ caffeine 126.03 ± 7.46b 0.16 ± 0.02b -16.07 ± 1.84a 

All the data are expressed as mean ± SD and are the mean of three replicates. 

Means with different superscript letters within the same column are significantly different (p<0.05) 

 

It is possible to observe that the encapsulation of bioactive compounds resulted in a decrease 

(p<0.05) of the size of nanohydrogels. This can be explained by the structural rearrangement of 

LF-GMP nanohydrogel after the encapsulation of the bioactive compounds. Moreover, it is 

important to mention that no statistically significant difference was observed between the size 

values obtained for Lf-GMP nanohydrogel with caffeine and Lf-GMP nanohydrogel with curcumin. 

This suggests that despite the different nature and molecular weight of each bioactive compound 

the size of the nanohydrogel particles was not affected. PdI values are higher for Lf-GMP 

nanohydrogels solutions with incorporated bioactive compounds, suggesting a decrease of 
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homogeneity of the samples. No significant differences were observed for the ζ-potential after the 

incorporation of bioactive compounds, showing that the charge of the nanohydrogels is not 

affected, thus suggesting that electrostatic interactions are not involved in the encapsulation of the 

bioactive compounds and that their presence does not affect the superficial charge of nanohydrogel 

particles (i.e. possibly most of the bioactives are actually inside the gel matrix and not on its 

surface). 

 

The morphology of Lf-GMP nanohydrogels was evaluated by TEM (Figure 6.5). 

 

  

Figure 6.5 TEM images of Lf-GMP nanohydrogels with encapsulated A) caffeine and B) curcumin (scale bar - 0.2 µm). 

TEM images show that Lf-GMP nanohydrogels with bioactive compounds encapsulated maintained 

the spherical shape with a solid dense structure and with a size around 120 nm and 125 nm for 

caffeine and curcumin, respectively. These results are in agreement with the size values obtained 

by DLS (Table 6.1). 

 

2.3.4 Confocal laser scanning microscope measurements 

In the present work, images obtained by CLSM allow identifying the distribution of each bioactive 

compound in Lf-GMP nanohydrogels. The green fluorescence channel was used to excite the 

bioactive compounds (Figure 6.6). 

 

B) A) 
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Figure 6.6  Confocal laser scanning microscope images of Lf-GMP nanohydrogels with encapsulated A) curcumin and 

B) FITC-labelled caffeine; (scale bar – 200 nm). 

Lf-GMP nanohydrogels without bioactive compounds were submitted to green laser light and no 

fluorescence signal was obtained (results not shown). When bioactive compounds were 

encapsulated in Lf-GMP nanohydrogels, fluorescence was detected demonstrating the presence of 

those compounds inside the nanohydrogel structures. Round shaped and apparently compact 

structures could be observed, together with the green fluorescence of the bioactive compounds 

distributed into Lf-GMP nanohydrogel. 

 

6.2.5 Antimicrobial activity determination 

 

The disk diffusion assay was used to determine the antimicrobial activity of free and encapsulated 

compounds against S. aureus and E. coli (Figure 6.7). 

Results showed that curcumin has a significant antimicrobial activity, as reported elsewhere 

(Bhawana, et al., 2011; Zorofchian Moghadamtousi, et al., 2014). Curcumin was found to be 

effective in inhibiting the growth of various Gram-positive and Gram-negative bacteria (Gutiérrez-

Larraínzar, et al., 2012). Results clearly showed that a significant (p<0.05) further increase of 

antimicrobial activity is achieved when curcumin is encapsulated in Lf-GMP nanohydrogels.  

In fact, Lf-GMP nanohydrogels demonstrated to have antimicrobial activity against S. aureus and 

E. coli. One of the numerous properties of lactoferrin is its ability to exert a broad-spectrum primary 

defence activity against bacteria. This antibacterial activity is promoted by the destabilisation of the 

microorganism’s cell membrane, which has different mechanisms for Gram-negative (E. coli) and 

A) B) 
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Gram-positive (S. aureus) organisms. For Gram-negatives, lactoferrin binds to porins present on 

the surface causing lipopolysaccharide release, and increasing bacterial fragility. In the case of 

Gram-positive bacteria, the membranes are disrupted by cationic residues and by hydrophobic 

residues in the N-terminus (Embleton, et al., 2013).  

 

  

Figure 6.7Diameter of the inhibition zones (cm) for S. aureus and E. coli using: 0.08 mg.mL-1 of curcumin 

solution ( ); 0.03 mg.mL-1 of caffeine solution ( ); Lf-GMP nanohydrogel solution ( ); 0.08 mg.mL-1 

curcumin encapsulated in Lf-GMP nanohydrogel solution ( ) and 0.03 mg.mL-1 caffeine encapsulated in 

Lf-GMP nanohydrogel solution ( ). Error bars represent the standard deviation obtained in triplicate 

experiments (statistically significant differences in the values of the same column are identified by different 

superscript letters). 

 

The interaction of curcumin with Lf-GMP nanohydrogels demonstrated to result in a good synergy, 

fostering the antimicrobial properties of this new structure.  

Caffeine showed a strong antimicrobial activity against S. aureus. This behaviour is due to the 

higher sensibility of Gram-positive bacteria to caffeic acid when compared to that of Gram-negative 

bacteria (Martínez-Tomé, et al., 2011). This property makes of caffeine a natural food ingredient 

able to extend the shelf life of foods (e.g. cake, cookies, yoghurt) (Bagheri, et al., 2014; Liédana, 

et al., 2012; Parwar Pruthvira, 2011). In line with results obtained for curcumin, also caffeine 

encapsulated in Lf-GMP nanohydrogels demonstrated to have a significantly (p<0.05) higher 

antimicrobial activity when compared to caffeine alone.  
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The increase of antimicrobial activity of bioactive compounds after the encapsulation in Lf-GMP 

nanohydrogels can also be due to the fact that the small size of nanohydrogels increase their 

surface area-to-volume ratio in contact with microorganisms leading to enhanced particle surface 

reactivity(Romainor, et al., 2014) Moreover, these results indicate that the synergy between 

bioactive compounds and the Lf-GMP nanohydrogels can result in a system with new functional 

properties.  

 

6.2.6 Bioactive compounds release 

 

A good understanding of the mechanisms involved in the release of bioactive compounds is 

extremely important when we want to design new carriers, since it may allow predicting the carriers’ 

behaviour during the production and/or consumption of a food product.  

The experiments of bioactive compounds release from Lf-GMP nanohydrogels were conducted at 

37 ºC and at two different pH values: pH 2 and pH 7. These conditions were used to simulate the 

release mechanisms of these bioactive compounds when subjected to digestion in the human 

gastrointestinal system.  

Figure 6.8 shows the release profile of caffeine from Lf-GMP nanohydrogels in contact with aqueous 

media at different values of pH. Release profile of caffeine from Lf-GMP nanohydrogels revealed 

that at pH 2 a higher amount of caffeine was released from Lf-GMP nanohydrogels. In section 4.2.5 

evaluated the effect of pH on Lf-GMP nanohydrogels structure and observed that depending on the 

pH, the size of nanohydrogel particles will change. The authors reported that the size and PdI of 

Lf-GMP nanohydrogels increased for pH values below 6 and above 8 and decreased when pH 

values ranged between 6 and 7. Based in these observations it is likely that at pH 2 the 

nanohydrogels have a more relaxed, looser structure which possibly accounts for the easier and 

faster release of encapsulated compounds observed in Figure 6.8 until an equilibrium state is 

reached. This behaviour can be due to various possibilities: i) bioactive molecules are on the 

surface of the carrier and are released faster than if they were entrapped, ii) Conformational 

changes of protein nanohydrogels in contact with medium or iii) a stochastic phenomenon (related 

to Brownian motion), in which the penetrant flow is exclusively driven by a concentration gradient 

(Vesely, 2008).  
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Figure 6.8 Release kinetics of caffeine from Lf-GMP nanohydrogels at pH 2 (●) and pH 7 (●) at 37 ºC. 

Figure 6.9 shows the fitting of the linear superimposition model to experimental data of caffeine 

released from Lf-GMP nanohydrogels. 

 

 

 

Figure 6.9 Linear superimposition model (LSM) description of caffeine release at: (a) pH 2 and (b) pH 7 

from Lf-GMP nanohydrogels, at 37 ºC (experimental results (•); model-generated values (-)). 

Figure 6.10 shows the release profile of curcumin from Lf-GMP nanohydrogels for the same 

conditions evaluated for caffeine (pH 2 and pH 7 at 37 ºC). 
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Figure 6.10 Release kinetics of curcumin from Lf-GMP nanohydrogels at pH 2 (●) and pH 7 (●) at 37 ºC. 

Unlike caffeine, curcumin release from Lf-GMP nanohydrogels is clearly pH-dependent: while at pH 

2 there is a clear release profile of curcumin from Lf-GMP nanohydrogels, at pH 7 curcumin was 

not released at all. The low solubility of curcumin in water at physiological pH (0.0004 mg/mL at 

pH 7.3) could be the reason of this behaviour (Patra, et al., 2013). Patra and Sleem (2013) 

concluded that the release of curcumin was more triggered in acidic environment than under basic 

conditions. Also these authors observed that in acidic conditions curcumin is not stable and this 

may cause a weakening of interactions between curcumin and a protein matrix (in their case poly-

L-lysine) thus facilitating curcumin release at acidic pH (Patra, et al., 2013). In this work, the 

description of experimental data obtained was made using the Linear Superimposition model 

(Equation 3.8). This model has been chosen because it has been successfully used to describe the 

release mechanisms of different bioactive compounds from biopolymeric matrices (Azevedo, et al., 

2014; Pinheiro, et al., 2013; Rivera, et al., 2015).  

The linear superimposition model was also used to fit experimental data of curcumin released from 

Lf-GMP nanohydrogels at pH 2 at 37 ºC Figure 6.11. 
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Figure 6.11 Linear superimposition model (LSM) fitting of curcumin release data from Lf-GMP nanohydrogels at pH 

2, 37 ºC (experimental results (•); model-generated values (-)). 

 

Figure 6.11 presents the regression analysis results of the LSM fitting for both compounds’ release, 

showing that this model adequately describes the experimental data with a relatively good 

regression quality (R2 > 0.90) and that almost all parameters were estimated with good precision. 

This indicates that the release mechanism of the bioactive compounds through Lf-GMP 

nanohydrogels cannot only be described by Fick´s diffusion but by both Fickian and Case II 

transport, with only one main relaxation of the Lf-GMP nanohydrogels. 

 

Table 6.2 Results of fitting the Linear Superimposition Model (LSM) (i=1) to experimental data of caffeine and 

curcumin release. Evaluation of the quality of the regression on the basis of RMSE and R2. Estimates’ precision is 

evaluated using the SHW% (in parenthesis) 

Bioactive 

compound 
pH RMSE R2 X KF  (min-1) KR (min-1) 

Caffeine 

2 0.160 0.903 
0.410 

(48.20%) 

0.001 

(54.76%) 

0. 090 

(26.56%) 

7 0.113 0.915 
0.662 

(45.23%) 

0.087 

(98.76%) 

0.031 

(87.33%) 

Curcumin 2 0.105 0.965 
0.341 

(34.92%) 

0.003 

(67.34%) 

0.182 

(12.45%) 
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X is defined as the Fick’s diffusion contribution to the total release from the Lf-GMP nanohydrogels 

(
M∞,F
Mt

 ) and it can be observed from Table 6.2 that for both bioactive compounds, at pH 2 X is 

lower than 0.5, indicating that relaxation is the governing phenomena. One of the characteristics 

of protein matrices is the swellability (volume change) in response to external conditions such as 

pH or ionic strength (L. Chen, 2009). The behaviour of Lf-GMP nanohydrogels was investigated at 

different pH conditions and it was observed that pH of the medium has a significant effect on the 

size of these nanohydrogels, please see in the section 4.2.5. Size of Lf-GMP nanohydrogels 

increase at pH 2, suggesting that swelling behaviour increase at this condition. At pH 7, X is higher 

than 0.5 suggesting a higher contribution of Fick´s diffusion for the release of the compound. In 

fact at this pH it was observed small sizes of Lf-GMP nanohydrogels, suggesting a decrease of 

matrix swelling .. Relaxation rate constant (kR) is higher for pH 2, supporting this hypothesis. As for 

the Fickian rate constant (kF), as expected this parameter is higher for pH 7, reflecting the 

predominance of Fick’s behaviour at that pH. At pH 2 the X value is lower for curcumin than it is 

for caffeine, suggesting that the relaxation mechanism is more predominant for the release of the 

lipophilic compound. This behaviour can be due to hydrophobic interactions established with 

curcumin (observed by FTIR and fluorescence measurements)  

 

6.2.7 Electrophoresis 

To ensure that Lf-GMP nanohydrogels are intact after the release measurements, a native 

electrophoresis was performed Figure 6.12.. 

Native electrophoresis clearly shows that Lf-GMP nanohydrogels are intact after the release 

experiments. This is shown by the presence of a high molecular weight band in all samples taken 

after release experiments (lanes 3 to 6). Moreover, it is also clear that no free proteins are present 

in these samples (Lf or GMP), suggesting that nanohydrogels are intact. 
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Figure 6.12 Native-PAGE analysis of Lf (1), GMP (2), LF-GMP nanohydrogels with caffeine encapsulated after the 

release experiments at pH 2 (3), LF-GMP nanohydrogels with caffeine encapsulated after the release experiments at 

pH 7 (4), LF-GMP nanohydrogels with curcumin encapsulated after the release experiments at pH 2 (5) and LF-GMP 

nanohydrogels with caffeine encapsulated after the release experiments at pH 7 (6). 

 

6.3 CONCLUSIONS 

Lf-GMP nanohydrogels are able to incorporate bioactive compounds with different solubilities and 

with great potential to act as a controlled delivery system. Encapsulation of lipophilic and 

hydrophilic compounds showed high encapsulation efficiency values, independent of the nature of 

the bioactive compound used. The encapsulation of bioactive compounds promoted an increase 

of antimicrobial activity when compared with active compounds in free solution. 

The fitting of the linear superimposition model to the experimental release data of bioactive 

compounds suggested an anomalous behaviour, with one main polymer relaxation event. The 

release of the bioactive compounds was found to be pH-dependent. 

Due to the bioactive, non-toxic nature and ability to encapsulate different bioactive compounds, Lf-

GMP nanohydrogels are envisaged as a promising nanocarrier system to control the release of 

bioactive compounds for food and pharmaceutical applications. 
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Chapter 7 Results and Discussion 

7.1 INTRODUCTION 

Protection of active compounds and the ability to maintain them active until release near the target 

cell tissue, is a great challenge for the food and pharmaceutical industries. Nanostructures are 

considered promising systems due their small dimensions that enables versatile advantages for 

targeted, site-specific delivery purposes as long as they can penetrate circulating systems and 

reach specific sites in the body at a suitable time (Martins, et al., 2015). 

Protein nanohydrogels are considered an attractive vehicle to encapsulate and delivery different 

bioactive compounds, due their large network, low toxicity, high biodegradability, biocompatibility 

and ability to deliver  bioactive compounds into and/or across the Gastro Intestinal (GI) mucosa 

(Somchue, et al., 2009). Depending on the nature of the bioactive compounds incorporated in 

nanohydrogels it is possible to observe different release mechanisms during the digestion process. 

Hydrophilic compounds can be released from a protein matrix by diffusion, whereas lipophilic 

compounds are released mainly by enzymatic degradation of the protein matrix in the GI tract 

(Wang, et al., 2011). The degradation of protein matrix in GI tract is an obstacle to the delivery of 

the encapsulated compound at specific target (e.g. mouth, stomach, small intestine or colon). 

Nanostructures composed by proteins or peptides demonstrated to have a high level of GI 

degradation by digestive enzymes (Donato-Capel, et al., 2014; Shaji, et al., 2008).  

Gastric conditions are determinant in digestion of protein structures. The stomach ensures the 

denaturation of proteins by the gastric acidity and also the proteins hydrolyse by pepsin (Yvon, et 

al., 1992). Nabil et al. (2011) observed that almost of bovine whey protein extract (BWPE) was 

hydrolysed in gastric compartment and no intact whey protein was detected in intestinal 

compartments (Nabil, et al., 2011). Moreover, these authors observed that after 1 h of gastric 

digestion 61 % of BWPE was already hydrolysed. The degradation of proteins compromises the 

delivery of these active compounds in intestine were occurs the absorption. One of the strategies 

used to improve the stability of nanostructures in gastro conditions, is the application of a coating 

to prevent the hydrolysis of proteins by proteolytic enzymes (Somchue, et al., 2009). Layer-by-

Layer (LbL) deposition technique is one of the methods used in different templates (from hard and 

planar to rigid particles, and more recently in soft and porous templates such as nanohydrogels) 

to  improve the stability, functional and mechanical properties of different structures (Boddohi, et 

al., 2010; Hirsjärvi, et al., 2010; Kittitheeranun, et al.; Kotov, 2003; Sato, et al., 2011; Wong, et 

al., 2009). LbL assembly is based on the electrostatic interaction between oppositely charged 

polyelectrolytes alternatively adsorbed onto an appropriate template (Decher, 2003).  
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Chitosan, is a cationic polysaccharide obtained by deacetylation of chitin, which is the major 

constituent of exoskeleton of crustaceous animals. Chitosan is nontoxic, biodegradable, and 

biocompatible (Khopade, et al., 2004; Li†, et al., 1998). This polysaccharide is used to enhance 

bioactive compounds absorption in epithelium and its ability to protects structures in gastric 

environmental has been reported (Chew, et al., 2015; Rastall, 2010). In order to control the 

degradability of protein nanohydrogels and increase the residence time of proteins in the gastric 

conditions, chitosan coating has been applied in nanohydrogels composed by lactoferrin (Lf) and 

glycomacropetide (GMP).  

This study was carried out to evaluate the ability of chitosan coating to affect Lf-GMP nanohydrogels 

properties and their stability during gastric digestion. The influence of chitosan coating on Lf-GMP 

nanohydrogels was also evaluated in controlled release properties of caffeine. This study shows 

the successful use of protein-based systems in combination with chitosan to protect and delivery 

bioactive compounds in specific targets (e.g. intestinal epithelium). 

7.2 RESULTS AND DISCUSSION 

7.2.1 Characterization of Lf-GMP nanohydrogels coated with chitosan 

7.2.1.1 Optimization of chitosan coating 

LbL deposition is governed by electrostatic interactions, thus in order to guarantee a correct 

deposition of chitosan coating on Lf-GMP nanohydrogels it is necessary assure that the 

polyelectrolyte used and nanohydrogels exhibit an opposite charge. Chitosan polysaccharide is a 

weak polyelectrolyte which their dissociation degree depends strongly on the solution’s pH. The 

chitosan solution was found to have a maximum positive charge (60.5 ± 4.2 mV) at pH 3 and the 

Lf-GMP nanohydrogels solution exhibited a maximum negative charge (-17.11± 1.45 mV ) at pH 

5.0 (pH that nanohydrogels are prepared, please see Chapter 4). 

In order to guarantee the total deposition of chitosan coating on Lf-GMP nanohydrogels prepared 

as described in section 3.1.3, with a minimal impact on nanohydrogels size and polydispersity 

index (PdI), different volume ratios of Lf-GMP nanohydrogels (0.2 mg.mL-1 at pH 5.0) to chitosan 

(1 mg.mL-1 at pH 3) were tested (Figure 7.1). 
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Figure 7.1 ζ-potential of Lf-GMP nanohydrogels solution (0.2 mg.mL-1, at pH 5.0) coated with chitosan layer 

(1 mg.mL-1, pH 3.0) at different volume ratio of Lf-GMP nanohydrogels to chitosan. 

The change of ζ -potential value is an indicative that the polyelectrolyte is being deposited in Lf-

GMP nanohydrogels. Figure 7.1 shows that increasing the volume of chitosan on the final mixture 

solution of chitosan and Lf-GMP nanohydrogels increase the δ -potential, until (VR = 0.2) a constant 

ζ-potential value (+ 56 ± 4.4 mV), indicating that the chitosan added fully covered the surface of 

nanohydrogels. An identical profile was observed by Tan et al. (2008) which applied different layers 

on methacrylic acidethyl acrylate nanogels (Tan, et al., 2008).  

The optimum amount of chitosan added to Lf-GMP nanohydrogels was determined based on the 

ζ-potential value and also on the minimum size and PdI of the coated nanohydrogels. 

Particle size and PdI curves for the chitosan coating plotted against ratio of the volume of chitosan 

to the volume of Lf-GMP nanohydrogels are shown in Figure 7.2 a) and b) respectively.  
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Figure 7.2 Size (a) and PdI (b) of Lf-GMP nanohydrogels solution (0.2 mg.mL-1, at pH 5.0) coated with 

chitosan layer (1 mg.mL-1, pH 3.0) at different volume ratio of Lf-GMP nanohydrogels to chitosan. 

The application of chitosan coating on Lf-GMP nanohydrogels influenced the morphology of these 

nanostructures. It is possible to observe that higher concentrations of chitosan increase the size 

and PdI of nanohydrogels, suggesting that the addition of more chitosan molecules to the 

nanohydrogels solution leads to a formation of aggregates and to a heterogeneous solution (PdI 

values > 0.5). Although, when the VR is lower than 0.2, it is possible to observe lower sizes and 

PdI values of Lf-GMP nanohydrogels, however the instability of nanohydrogels is higher (lower 

values of ζ-potential). Therefore, in order to guarantee the use of stable nanohydrogels coated with 

chitosan and minimum sizes and PdI values, the optimal VR of Lf-GMP nanohydrogels to chitosan 

is 0.1. At this condition, the size of nanohydrogels presents 230 ± 12 nm, a PdI of 0.22 ± 0.02 

and a ζ-potential of 30.0 ± 0.15 mV. According to general colloid chemistry principles, a dispersed 
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system typically loses stability when the magnitude of the ζ-potential is lower than approximately 

30 mV (Goetz, 2010).  

 

7.2.1.2 Fourier Transform Infrared spectroscopy (FTIR) measurements 

In order to confirm the presence of chitosan in Lf-GMP nanohydrogels, FTIR spectra of the Lf-GMP 

nanohydrogels and Lf-GMP nanohydrogels coated with chitosan can be seen in Figure 7.3. 

 

 

Figure 7.3 Fourier Transform Infrared spectroscopy spectra of Lf-GMP nanohydrogels (─), Lf-GMP 

nanohydrogels with chitosan coating (VR = 0.1 for Lf-GMP nanohydrogels: chitosan) (-- --). 

FTIR analyses were used to evaluate the interactions between Lf-GMP nanohydrogels and the 

chitosan applied as a coating. The FTIR spectroscopy spectra of chitosan depict characteristic 

absorption bands at 3352 and 2932 cm-1, which represent the –OH and –CH2 aliphatic groups, and 

bands at 1563 and 1414 cm-1, which represent the NH-group bending vibration and vibrations of 

–OH group of the primary alcoholic group, respectively (Kumar, et al., 2012). The amino group 

has a characteristic absorption band in the region of 3400–3500 cm-1, which is masked by the 

broad absorption band from the –OH group. The shoulders at 1635 cm-1 represents the C=O groups 

and suggests chitosan is a partially deacetylated product (Sionkowska, et al., 2004).  

The interactions between chitosan and proteins are represented by amide I band (between 1600-

1700 cm-1), amide II (around 1536 cm-1) and by NH and CO deformations (1580-1490 cm-1 and 

1700-1630 cm-1 range, respectively) (Pranoto, et al., 2005; Silva, et al., 2007). It is possible 

observe a shift of NH and CO deformation bands from 1584 to 1536 cm-1 and from 1650 to 1630 
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cm-1 (Cai, et al., 2010). These shifts suggest a specific chemical interaction occurring between 

functional groups of protein-based nanohydrogels and active groups of the chitosan  

 

7.2.1.3 Circular Dichroism (CD) measurements 

CD spectra of Lf-GMP nanohydrogels, Lf-GMP nanohydrogels with chitosan coating and chitosan 

alone are shown in Figure 7.4. 

 

Figure 7.4 Circular dichroism spectra of Lf-GMP nanohydrogels (─), chitosan (---) and Lf-GMP nanohydrogels 

with chitosan coating (VR = 0.1 for Lf-GMP nanohydrogels: chitosan) (- - -). 

CD spectroscopy has been used to characterize the interactions between molecules, namely 

between proteins, once this technique allows evaluate the secondary structures of proteins and 

polypeptides in solution (Greenfield, 1996). The evaluation of interaction between chitosan and 

proteins are scarce. In fact, the CD signals induced from chitosan are superposed with each other 

in some cases and this causes the spectrum to be poorly resolved and makes it difficult to analyse 

structures (Singh, et al., 2009). 

From Figure 7.4 it is possible to observe that the interaction of chitosan with Lf-GMP nanohydrogels 

did not show any relevant information of the effect of chitosan on secondary structure of protein 

nanohydrogels. CD spectra of Lf-GMP nanohydrogels shows the presence of β-sheet structure 

(negative band around 217 nm) and a presence of unordered conformation that is observed by a 

single band near 200 nm. When a chitosan coating is applied on Lf-GMP nanohydrogels, it is 

possible to observe that the negative bands are not visible (typical of secondary structure of 

proteins) and positive band appears, corresponding to chitosan conformation. The CD spectra 
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obtained for chitosan are in accordance with the spectra reported by Wu et al. (2005). These 

authors reported that the chitosan CD spectra with strong absorbance is due to the chiral system 

(Wu, et al., 2005). Comparing the chitosan alone with chitosan in Lf-GMP nanohydrogels CD 

spectra it is possible to observe a decrease of band intensity and a small shift from 209 (chitosan) 

to 212 nm (Lf-GMP nanohydrogels coated with chitosan). These differences can suggest that an 

interaction was established during structure assembly (Diniz, et al., 2014). 

 

7.2.1.4 Morphology 

 

Morphological characteristics of Lf-GMP nanohydrogels coated with chitosan layer and Lf-GMP 

nanohydrogels were examined using TEM (Figure 7.5). 

 

  

Figure 7.5 TEM images of: A) Lf-GMP nanohydrogels and B) Lf-GMP nanohydrogels with chitosan coating. 

The scale bar is (A) 0.5 µm and (B) 2 µm. 

 

Microscopy images of the Lf-GMP nanohydrogels show that the particles are spherical and present 

an average diameter around 170 nm, which is in accordance with previous results reported in 

section 4.1. After the deposition of chitosan coating, it is possible to observe that nanohydrogels 

maintains the spherical shape and the size value is around 200 nm. This value was confirmed by 

Dynamic Light Scattering measurements that reveal a mean size of 230 ± 12 nm and PdI of 0.22 

± 0.02. The difference between the size values obtained by TEM and DLS can be related with the 

drying process of nanohydrogels used to prepare the samples for TEM visualization. The low PdI 

value is corroborated by TEM image, which demonstrated an Lf-GMP nanohydrogels solution with 

low presence of aggregates. 

 

A) B) 
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7.2.1.5 In vitro release  

Following a detailed physical characterization of Lf-GMP nanohydrogels with chitosan coating, the 

capability of coated nanohydrogels in interfere with release mechanisms of active compound was 

evaluated. The influence of chitosan coating on the release profile of caffeine from Lf-GMP 

nanohydrogels can be observed in Figure 7.6. 

 

 

Figure 7.6 Release profile of caffeine: through Lf-GMP nanohydrogels (•) and through Lf-GMP 

nanohydrogels with chitosan coating (•), at pH 2, 37 ºC. 

The knowledge of the effect of the chitosan on the mass released can be of greatest importance 

for the application of these nanostructures on food products. Furthermore, once applied on a food 

system, the release of bioactive compound can occur after or before the ingestion. Therefore, the 

release behavior of caffeine from Lf-GMP nanohydrogels with chitosan coating was evaluated at 37 

ºC, which is the temperature within human body and at pH 2 which is the pH correspondent to the 

stomach. The deposition of a coating in Lf-GMP nanohydrogels revealed the ability to modify the 

caffeine release through nanohydrogels matrix. Figure 7.6 shows that the mass of caffeine released 

from Lf-GMP nanohydrogels with chitosan coating was lower when compared with nanohydrogel 

without coating. Also, it is possible to observe that the caffeine released during the initial times 

(burst release) became gentler when the chitosan coating was present in Lf-GMP nanohydrogels. 

This behavior can be due to the fact that with the coating, the caffeine molecules move slowly 

through the matrix, therefore mitigating the burst release phenomenon. Tan et al. (2008) reported 
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a similar behavior when evaluated the release profile of procaine hydrochloride in nanogels with 

layers.  

In order to explore the effect of chitosan on release mechanisms of bioactive compound, the LSM 

model (Equation 3.8, please see section 3.7.2.1) was fitted to experimental data (Figure 7.7). 

 

 

 

Figure 7.7 Linear superimposition model (LSM) description of caffeine release from: a) Lf-GMP 

nanohydrogels and b) Lf-GMP nanohydrogels with chitosan coating, at pH 2 and at 37 ºC (experimental 

results (•); model-generated values (-). 

Figure 7.7 and Table 7.1 shows that the experimental data were adequately fitted to LSM (Equation 

3.8). The good regression quality (R2 > 0.90) and the good precision (SHW% < 55) of estimated 

parameters shows that this model adequately describes the release mechanisms involved on 

caffeine release. Suggesting that the caffeine released through Lf-GMP nanohydrogels and through 

Lf-GMP nanohydrogels with chitosan coating is governed by the combination of Fick´s diffusion 

and the relaxation of polymer, with only one main relaxation of the matrix.  
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Table 7.1 Results of fitting the Linear Superimposition Model (LSM) (i=1) to experimental data of 

the caffeine release. Evaluation of the quality of the regression on the basis of RMSE and R2. 

Estimates precision is evaluated using the SHW % (in parenthesis) 

 

System RMSE R2 X kF (min-1) KR (min-1) 

Lf-GMP nanohydrogel 0.160 0.903 
0.410 

(48.20%) 

0.001 

(54.76%) 

0. 090 

(26.56%) 

Lf-GMP nanohydrogels with 

chitosan coating 
0.089 0.987 

0.314 

(32.78%) 

0.261 

(32.65%) 

0.101 

(23.24%) 

 

 

 

Results also show that with application of chitosan layer, the X value (which is defined as 
𝑀𝑀∞,𝐹𝐹
𝑀𝑀𝑡𝑡

) is 

lower than 0.5, indicating that relaxation mechanism is the main phenomena on caffeine release. 

When compared with nanohydrogels without coating, the X value is lower, suggesting that the 

relaxation process is more accentuated. In fact, FTIR and CD measurements suggested that the 

interaction of chitosan with protein nanohydrogels promoted structural and chemical changes, 

contributing for different properties of matrix.  

It was also observed that the Fickian rate constant (𝐾𝐾𝐹𝐹) increase in Lf-GMP nanohydrogels with 

chitosan coating, revealing that caffeine molecules were released faster during the Fick´s diffusion 

than in Lf-GMP nanohydrogels without coating. As for the relaxation component of transport, 

relaxation rate constant (𝐾𝐾𝑇𝑇), also increase in nanohydrogels with chitosan coating. This should be 

expected since this is a property of polymer (Vrentas, et al., 1975)  

 

7.2.2 Gastric digestion of Lf-GMP nanohydrogels 

In order to evaluate the stability of Lf-GMP nanohydrogels during gastric digestion, these 

nanostructures were submitted to gastric environmental conditions (i.e. pH, enzymes, ionic 

strength, and controlled temperature) with the simulated peristaltic movements in a dynamic 

digestion system. The influence of chitosan coating on degradation of Lf-GMP nanohydrogels was 

evaluated by the quantification of proteins (Lf and GMP) during the gastric digestion (Figure 7.8). 

 

RMSE - Root mean square error 
X - The fraction of compound released by Fickian transport 
KF - Fickian diffusion rate constant 
KR - Relaxation ith rate constants 
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Figure 7.8 Gastric digestion kinetic of Lf-GMP nanohydrogels (Lf (•) and GMP (▲) - full symbols) and Lf-

GMP nanohydrogels coated with chitosan (Lf (○) and GMP (Δ) - open symbols). 

During the gastric digestion, different parameters could have a high influence on protein structures. 

The effect of pH and ionic strength on proteins properties are two examples of important 

parameters that are extremely well reported in literature (Chen, et al., 2006; Davidov-Pardo, et al., 

2015; Gunasekaran, et al., 2007; Law, et al., 2000). In stomach the pH value is gradually 

decreasing and the ionic strength increases with the addition of gastric fluids. Accomplished to this 

conditions, there are a presence of enzymes, in particular the gastric pepsin, which is responsible 

for the protein hydrolyse.  

Figure 7.8 shows that during the gastric digestion the proteins are completely hydrolysed. It is 

notorious that these process is more evident during the initial time of digestion, as is observed by 

the higher slopes of protein degradation at initial time. Increasing the digestion time it was also 

observed an increase of the presence of small peptides, which resulted from protein hydrolysis that 

occurs during digestion (results not shown). 

This behaviour is in accordance with the results reported by Guo et al. (2014), who analysed the 

digestion of whey proteins under simulated gastrointestinal conditions and observed that during 

the first 30 min the proteins were digested slightly faster and the presence of small peptides 

increased.  

The application of a chitosan coating revealed to have a high impact on the decrease of protein 

degradation during digestion. This is confirmed by the presence of the intact proteins during a 

higher period of time and by the less accentuated slope of protein degradation (Figure 7.8). In fact, 

it is possible to observe that around 30 min, all the Lf and GMP were hydrolysed in the system 

0

1

2

3

4

5

6

7

8

0 20 40 60 80 100 120 140

Pr
ot

ei
n 

(m
g)

Time (min)

151 



Chapter 7 Results and Discussion 

without coating, whereas with chitosan coating the full protein hydrolysis only occurs at the of 90 

min of gastric digestion. Chitosan molecules demonstrated to be able to improve the stability of 

proteins at gastric conditions. This behaviour can be due to the fact that chitosan has the ability to 

swell and to form a hydrogel in the acidic gastric juice, protecting protein system (Anal, et al., 

2003).  

However, these results only show the degradations of nanohydrogels constituents, which do not 

mean that the particle was intact during the period of time that the proteins were not fully 

hydrolysed. In order to evaluate the nanostructure stability, a native electrophorese was performed 

for both systems (Figure 7.9). 

 

 

 

 

Figure 7.9 Native Electrophorese of gastric digestion: a) Lf-GMP nanohydrogels and b) Lf-GMP 

nanohydrogels with chitosan coating during time 

Native electrophoreses of Lf-GMP nanohydrogels (Figure 7.9A) shows that a high molecular weight 

aggregate is present until 15 min of gastric digestion, suggesting that the Lf-GMP nanohydrogels 

structure is almost intact until this period. After that, it is possible to observe the presence of the 
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characteristics bands of Lf and GMP, indicating that these proteins are present in solution but not 

are part of the nanohydrogel structure. These proteins are visible until 30 min of gastric digestions, 

which corroborates the results obtained by HPLC measurements (Figure 7.8). 

The native electrophorese of Lf-GMP coated with chitosan (Figure 7.9B) suggests that 

nanohydrogels are intact until 60 min of gastric digestion. The high molecular weight band 

characteristic of protein aggregates (nanohydrogels) turns softer, indicating a higher degradation 

of protein structure and at 90 min it is possible to observe a soft band that indicates that some of 

nanohydrogels structures are present, however most of nanohydrogels have been hydrolysed. Also, 

it is possible to observe an increase of presence of Lf and GMP bands with the gastric digestion. 

At 15 min of gastric digestion, a slight presence of LF and GMP is visible, indicating that a part of 

nanohydrogels is being degraded, and with increase of time it is possible to observe  stronger 

bands, suggesting the higher present of these free proteins in solution. At 90 min of digestion it is 

visible that GMP was almost completely hydrolysed and Lf is still present in solution. TEM images 

of gastric digestion of nanohydrogels and nanohydrogels with chitosan coating are shown in Figure 

7.10. 

It is possible observe that after 30 min, almost particles of nanohydrogels were destroyed (Figure 

7.10A) and networks of proteins and enzymes are visible after this period of time. Images of 

nanohydrogels with chitosan coating during gastric digestion (Figure 7.10B) reveals that spherical 

particles are present until 90 min and after this time only is visible proteins denatured. These 

results are in accordance with results obtained by HPLC and electrophorese. 
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Figure 7.10 TEM images of gastric digestion of Lf-GMP nanohydrogels (A) and Lf-GMP nanohydrogels with 

chitosan coating (B) as a function of time. 
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7.3 CONCLUSIONS 

Chitosan coating was successfully applied in Lf-GMP nanohydrogels, as a strategy to improve the 

stability of protein systems in gastric conditions. Lf-GMP nanohydrogels with chitosan coating 

maintained their spherical shape and homogeneous dispersion in solution. It was observed by FTIR 

and CD that chitosan established chemical interactions with Lf-GMP nanohydrogels. The 

application of chitosan revealed to have influence on release mechanisms of bioactive compounds 

from Lf-GMP nanohydrogels. In vitro gastric digestion showed that chitosan improved the stability 

of proteins in gastric conditions (proteins’ hydrolysis were slower) and allow maintain the intact 

structure for longer periods of gastric digestion. These findings provide a useful guide in the design 

of coated protein structures for controlled bioactive compounds delivery applications. 
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8.1 INTRODUCTION 

The growing awareness of the relevance of food in health maintenance and the difficulties of 

changing eating habits, calls for an enrichment of foods with bioactive compounds. One of the 

challenges of food enrichment with such bioactive compounds, is related with their poor solubility 

in food matrices and their instability during digestion and consequent poor bioavailability. These 

challenges are promoting research efforts to find more effective delivery systems based on natural 

biopolymers (Livney, 2012). Protein nanohydrogels are promising systems to be used as carriers 

of bioactive compounds in food products (Martins, et al., 2015). The high nutritional value, non-

toxicity and ability of proteins to bind to hydrophobic and hydrophilic bioactive compounds make 

them a useful vehicle to help incorporating such bioactives in foods (Wong, et al., 1996). However, 

during the gastric digestion step, proteins are denatured by environmental conditions (low pH and 

high ionic force) and hydrolyzed by enzymes (pepsin) (Yvon, et al., 1992). One of the strategies to 

improve the protein nanohydrogels stability during enzymatic digestion and the controlled release 

of active ingredients during gastric and intestinal digestion is the addition of a polysaccharide 

coating (Luo et al., 2011). 

In the previous chapter (Chapter 7), nanohydrogels composed by lactoferrin (Lf) and 

glycomacropeptide (GMP) were coated with a chitosan layer and the stability of protein 

nanohydrogels with chitosan coating and the release properties of caffeine were studied during 

gastric digestion. The addition of a chitosan coating on Lf-GMP nanohydrogels revealed to have a 

positive effect on the stability of Lf-GMP nanohydrogels during gastric digestion, once the presence 

of nanohydrogels coated with chitosan were stable for longer periods of time. Despite all these 

findings, more information is needed to understand the protein-based nanostructures digestion 

process and its impact on the release and uptake of encapsulated bioactive compounds under 

specific gastrointestinal conditions. In vitro digestion models have recently gained much attention 

as a tool for understanding the basic physiochemical processes that occur during the digestion and 

the release of encapsulated compounds (Ahmed, et al., 2012). To exert a health benefit, bioactive 

compounds need to withstand food processing, be released from the food matrix after ingestion 

and be bioaccessible in the gastrointestinal tract, undergo metabolism and reach the target tissue 

of action (Rein, et al., 2013). Due to the complexity of gastric and intestinal digestion and the many 

factors affecting their transition during digestion (e.g. pH, ionic strength, enzymes), unravelling the 

factors affecting the bioaccessibility of bioactive compounds is still a challenge. In fact, the 
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assessment of the bioaccessibility of a heath bioactive compounds is important for the 

understanding of the relationship between food and nutrition (Rein, et al., 2013).  

In the present study a dynamic in vitro digestion model was used to evaluate the stability and 

bioaccessibility of protein-based nanohydrogels coated with a chitosan layer and to evaluate the 

bioaccessibility of two bioactive compounds when loaded in these coated nanohydrogels. 

Curcumin, as a lipophilic model compound and caffeine as a hydrophilic model compound were 

encapsulated in Lf-GMP nanohydrogels coated with a chitosan layer and their bioaccessibility was 

evaluated during in vitro digestion and compared with free solutions of curcumin and caffeine. The 

digestion process was carried out in a dynamic model that mimics the environmental (temperature, 

pH, ionic strength) and physical conditions (peristaltic and intestinal movements) of the 

gastrointestinal tract. The knowledge obtained from this study will be relevant to better design our 

future foods, containing new delivery systems for enhancing the bioaccessibility of health-promoting 

compounds. 

 

8.2 RESULTS AND DISCUSSION 

8.2.1 Effect of chitosan coating on bioaccessibility of proteins 

One of the challenges of using protein structures in food products is their behavior during the 

gastrointestinal digestion. Milk proteins have been reported to have numerous functional 

properties, however ensuring that their structure, form and activity remain intact until they reach 

the delivery target is still a concern for food developers and the food industry in general. It has been 

observed in section 7.1 that a chitosan coating improves the stability of Lf-GMP nanohydrogels and 

decreases the proteins’ hydrolysis during gastrointestinal digestion. In order to evaluate the effect 

of chitosan coating on bioaccessibility of proteins, a gastrointestinal digestion was performed in an 

in vitro dynamic system. Distribution of total protein (Lf and GMP) in the different compartments of 

the dynamic gastrointestinal system is presented in Figure 8.1. 
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Figure 8.1 Mass of Lf (A) and GMP (B) in the different compartments of the dynamic gastrointestinal system 

during digestion of nanohydrogels (■) and nanohydrogels coated with a chitosan layer (■) (data are 

presented as mean ± 95 % confidence interval; values followed by different superscript letters are 

significantly different, p<0.05). 

Figure 8.1A shows that the Lf digested was significantly (p<0.05) higher in nanohydrogels without 

chitosan coating. At the end of 5 h of simulated gastrointestinal digestion, 76.0 ± 2.1 % of Lf 

present in coated nanohydrogels was hydrolyzed while in nanohydrogels without coating 86.1 ± 

3.2 % of Lf have been hydrolyzed. This result revealed that 24.2 ± 2.1 % of Lf in coated 

nanohydrogels was intact at the end of gastro intestinal digestion. Moreover, 18.1 ± 1.2 % was 

recovered in the jejunal filtrate, suggesting that this part of small intestine is the main site of 

absorption of the intact Lf, whereas 5.2 ± 0.8 % of Lf was recovered in the ileal filtrate. Comparing 

nanohydrogels with and without chitosan coating, it is possible to observe a difference of less than 
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10 % of intact Lf absorbed in the ileal filtrate (Figure 8.1A). It is during the gastric digestion (stomach 

compartment) that a higher amount of Lf is digested: 45.1 ± 0.4 % and 35.2 ± 1.2 % for 

nanohydrogels without and with chitosan coating, respectively. According to Yvon et al. (1992) it is 

in the stomach that almost all the protein is hydrolyzed by enzymatic effect (pepsin), being the low 

pH values and high ionic force parameters that have an high impact in denaturation of proteins 

during the gastric digestion (Yvon, et al., 1992). Bokkhim at al. (2016) reported that native Lf is 

more prone to pepsin digestion in the initial 30 min and around 57 % of Lf remained stable after 

30 min in simulated gastric digestion (Bokkhim, et al., 2016). However, other authors observed 

that 60 % of Lf remained intact after the passage through the stomach of healthy adults; this protein 

was digested in the upper gastrointestinal tract and did not reach the colon (Troost, et al., 2001). 

Also Inglingstad et al. (2010) observed that Lf was highly degraded by human gastrointestinal 

enzymes during it passage through the gastrointestinal tract (Inglingstad, et al., 2010). 

Results showed that 29.1 ± 1.2 % and 47.2 ± 0.9 % of GMP was intact at the end of digestion in 

nanohydrogels without and with chitosan coating, respectively (Figure 1B). Whereby, 15.3 ± 0.2 % 

and 22.1 ± 0.4 % of intact GMP was present in the jejunal filtrate and 13.1 ± 0.1 % and 18.2 ± 0.1 

% was present in the ileal filtrate for nanohydrogels without and with chitosan coating, respectively. 

Comparing with Lf is possible observe that GMP is more resistant to gastrointestinal conditions. 

These results are in accordance with findings obtained by other authors, which reported that GMP 

was more resistant to pepsin than other milk proteins (e.g. immunoglobulin G and β-lactoglobulin) 

(Bokkhim, et al., 2016; Inglingstad, et al., 2010; Yvon, et al., 1992). Nabil et al. (2011) observed 

that during the digestion of bovine whey protein extracts, GMP was one of the proteins undigested 

at the end of 1 h of gastric digestion (Nabil, et al., 2011).  

Figure 8.1 also shows that the application of the chitosan coating on protein-based nanohydrogels 

led to higher intact amounts of Lf and GMP during the gastrointestinal digestion, which were thus 

available to be absorbed in jejunum and ileum compartments. In Chapter 7,, it was observed that 

the chemical interactions established between chitosan and nanohydrogels led to a decrease of 

protein (Lf and GMP) degradation during gastric digestion. Moreover, it was observed that the 

presence of chitosan coating improved the stability of nanohydrogels for longer periods during 

gastric digestion. This can be due to the fact that chitosan in contact with gastric juice forms a 

hydrogel, protecting the protein system (Anal, et al., 2003). In intestinal digestion conditions, 

chitosan can be used to retard the adsorption of bile salts and/or lipase, restricting the access of 
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the enzyme to the substrate and reducing the ability of the system to solubilize digestion products 

(Liu, et al., 2014). 

Particle size distribution and TEM images of nanohydrogels with and without chitosan coating in 

different compartments of the dynamic gastrointestinal system during digestion are presented in 

Figure 8.2 and Figure 8.3, respectively. 

Figure 8.2A shows that nanohydrogels coated with chitosan layer present a single peak still in the 

stomach compartment, suggesting that nanohydrogels are stable in solution and do not present 

particle aggregation. In Chapter 7, it was observed by native electrophoreses that Lf-GMP 

nanohydrogels with chitosan coating are intact until 90 min in a gastric solution. Figure 8.3A, in 

the stomach compartment, shows that nanohydrogels coated with chitosan did not display 

significant morphological differences comparing with the initial sample, which is in accordance with 

the size distribution. 

In the duodenum, the size distributions of nanohydrogels coated with chitosan layer present three 

peaks, indicating the presence of small and large particles in solution. In fact, Figure 8.3A for the 

duodenum compartment shows the presence of larger particles with micelle-like appearance. 

Theses micelles are called mixed micelles and are formed by bile salts and bile acids which are 

surfactants with an important role on the digestion of fats and fat-soluble nutrients (Verde, et al., 

2010). The small particles also detected by size distributions can be explained by the degradation 

of the protein-based nanohydrogel coated with chitosan layer.  

In the jejunal filtrate it is possible to observe that the size of particles decreases and a second peak 

appears, indicating the presence of smaller particles. Figure 8.3A, in the jejunal filtrate, also shows 

the presence of higher numbers smaller particles. In this step of digestion, samples pass through 

a hollow-fibre membrane, simulating the absorption that occurs in the small intestine where the 

larger particles are retained. In the ileum compartment it is possible to observe the presence of 

large particles, due to aggregation of particles and enzymes, forming micelles. This is visible by the 

presence of two peaks with larger sizes (Figure 8.2A, ileal delivery) and corroborated by TEM 

images (Figure 3A, ileal delivery). In the ileal filtrate all the small particles (Figures 2A and 3A 

corresponding to the ileal filtrate) pass through the hollow-fibre membrane, again simulating the 

absorption in this part of the intestine.  
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Figure 8.2 Particle size distributions of nanohydrogels with (A) and without (B) chitosan coating in different 

compartments of the dynamic digestive model during gastrointestinal digestion. 
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Figure 8.2 Continued. 

Observing the gastrointestinal digestion of nanohydrogels without chitosan coating (Figure 8.2 B 

and Figure 8.3B) it is possible to verify that these nanohydrogels are more unstable than 

nanohydrogels with chitosan coating (Figure 8.2A and Figure 8.3A). In the stomach compartment, 

the presence of a bimodal particle size distribution (Figure 8.2B in the stomach compartment) 

suggests that in this stage protein nanohydrogels are being degraded faster than in nanohydrogels 

with chitosan coating. Figure 8.3B in the stomach compartment also shows that agglomerates of 

proteins are formed. 

In the duodenum compartment, size distribution reveals that agglomerated particles are still 

present in the sample and larger particles are detected (Figure 8.2B in the duodenum 

compartment). These larger particles can be due to the mixed micelles formed by bile salts, as 

mentioned above. These results are in accordance with TEM images of the duodenum samples of 

Lf-GMP nanohydrogels, which are more heterogeneous displaying particles with different sizes 

(Figure 8.3B, in the duodenum compartment). 

Figure 8.2B shows that in the jejunal filtrate the particles with small sizes are present in higher 

numbers for nanohydrogels without chitosan coating than for nanohydrogels with chitosan coating 

at the same conditions Figure 8.2B in the jejunum compartment). This can be due to the presence 

of hydrolyzed proteins, indicating that nanohydrogels without chitosan coating more digested 

leading to the formation of smaller particles. A similar behavior was observed for the ileal filtrate 

compartment, as can be seen in the corresponding graph and TEM micrograph of Figure 8.2B and 

Figure 8.3B, respectively. 
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In the ileal delivery, the size distribution shows two peaks of small particles with low intensity and 

one peak with particles with larger particles with high intensity (Figure 8.2B, ileal delivery). This 

behavior was already expected once the larger particles are delivered in this compartment. TEM 

images of ileal delivery (Figure 8.3B) are in accordance with these results. 
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Figure 8.3 TEM micrographs of gastric and intestinal digestion of nanohydrogels with (A) and without (B) 

chitosan coating in the different compartments of a dynamic gastrointestinal system. 
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Ileal delivery 
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Figure 8.3 Continued. 

In order to evaluate the effect of chitosan coating on nanohydrogels’ stability during gastrointestinal 

digestion, a native electrophoresis was performed for the different steps of digestion (Figure 8.4). During 

gastric digestion (Figure 8.4A), a band with high molecular weight is detected suggesting the presence of 

the intact nanohydrogels. It is also possible to observe the presence of Lf and GMP after 2 hours of digestion, 

indicating that the degradation of nanohydrogels is occurring (Figure 8.4A, lane 4). In the duodenum 

samples there is a light band of nanohydrogel particles, which suggests that almost all nanohydrogel 

particles were digested at this step. In the jejunum and ileum it is possible observe the presence of Lf and 

GMP, however the respective bands are very light, indicating the decrease in the amount of these proteins. 

Figure 8.4B shows that nanohydrogels with chitosan coating are present in the stomach, 

duodenum, jejunal filtrate and ileal delivery. This clearly shows that the layer of chitosan promoted 

the stability of nanohydrogels during in vitro digestion. It is possible to observe that during the 

digestion there was an increase of the amounts of Lf and GMP, suggesting an improved degradation 

of the nanohydrogel particles.  

The main conclusion is that the application of chitosan coating allowed obtaining nanohydrogels 

that were more stable to gastrointestinal digestion. Based on these results, two different bioactive 

compounds were encapsulated in coated nanohydrogels and their behavior during in vitro digestion 

was evaluated. 
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Figure 8.4 Native electrophoresis of gastric intestinal digestion of: A) nanohydrogels: (lane 1) marker; (lane 

2) Lf; (lane 3) GMP; (lane 4) stomach; (lane 5) duodenum; (lane 6) jejunal filtrate; (lane 7) ileal delivery and 

(lane 8) ileal filtrate; and B) nanohydrogel with chitosan coating: (lane 1) Lf; (lane 2) marker; (lane 3) GMP; 

(lane 4) stomach; (lane 5) duodenum; (lane 6) jejunal filtrate; (lane 7) ileal delivery and (lane 8) ileal filtrate. 
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8.2.2 In vitro  digestion of lipophilic compound model 

Nanohydrogels revealed a high ability to encapsulate and deliver lipophilic and hydrophilic bioactive 

compounds as reported in section 6.1. However, their bioaccessibility after the passage by the 

gastrointestinal tract is unexplored, being extremely relevant to understand the behavior of active 

compounds after ingestion.  

Figure 8.5 shows the amount of curcumin in the different compartments of the dynamic 

gastrointestinal system during in vitro digestion for free curcumin and curcumin encapsulated in 

coated nanohydrogels. 

 

 

Figure 8.5 Mass of curcumin in the different compartments of the dynamic gastrointestinal system during 

in vitro digestion for free bioactive compound (■) and bioactive compound encapsulated in coated 

nanohydrogels (■) (data are presented as mean ± 95 % confidence interval; values followed by different 

superscript letters are significantly different, p<0.05). 

During gastric digestion a decrease (p<0.05) of free curcumin was observed while encapsulated 

curcumin did not show significant differences (p>0.05). This can be explained by the fact that 

during gastric conditions, the pH of stomach is around 2 and free curcumin has a very low aqueous 

solubility at acidic pH (David, et al., 2015; Tønnesen, 2006). In nanohydrogels, curcumin is more 

stable and no phase separation was observed (results not shown). 

In the duodenum an increase of curcumin solubility in the free form was observed, that can be due to the 

presence of digestion products such as mixed micelles that are capable to solubilize the lipophilic 

components (Pinheiro, et al., 2016). The higher solubility and the small dimension of curcumin in its free 
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form can justify the presence in higher amounts of this form of curcumin in the jejunal filtrate when 

compared with the encapsulated form. The electrophoretic profile ( 

Figure 8.4B) showed that nanohydrogels were detected until the ileum, indicating that some of the 

curcumin could still be retained inside those nanohydrogels until this point, contributing that 

particles with high size were absorbed after. This can be the reason for the presence of high amount 

of curcumin from encapsulated form in ileum compartment. 

During in vitro digestion, about 10.2 ± 0.2 % of the free curcumin was degraded whereas in the 

encapsulated form (in the nanohydrogel) this percentage was 8.1 ± 0.1 %. Moreover, only 57.2 ± 

0.4 % of the free curcumin was absorbed (amount of curcumin present in the jejunal and ileal 

filtrates) while 72 ± 1.2 % of encapsulated curcumin was absorbed. Chen et al. (2015) observed 

similar behavior for in vitro digestion of curcumin in soy protein isolate, indicating that the 

bioaccessibility of curcumin in the nanocomplexes was around 60 %, while in free form was of only 

20 % (Chen, et al., 2015). 

 

Figure 8.6 shows the antioxidant activity of free curcumin and curcumin encapsulated in coated 

nanohydrogels. 

 

 

Figure 8.6 DPPH free radical scavenging activity of free curcumin (■) and curcumin encapsulated in 

nanohydrogels with chitosan coating (■) during gastrointestinal digestion (data are presented as mean ± 95 

% confidence interval; values followed by different superscript letters are significantly different, p<0.05). 
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DPPH is a free radical compound that has been used to evaluate the free-radical scavenging ability 

of samples. This method allows determining the anti-radical activity of an antioxidant by measuring 

the decrease in absorbance of DPPH radical caused by the scavenging of the hydroxyl radical 

concentration through hydrogen donation (Souza, et al., 2012). 

Figure 8.6 shows that during gastric digestion, in the stomach compartment, happens a decrease 

of antioxidant activity of curcumin in both cases (curcumin in free form and curcumin encapsulated 

in nanohydrogels), when compared with the initial values. This can be related with the decrease of 

curcumin solubility in an acidic medium. During gastric digestion it was also observed that 

encapsulated curcumin presents a higher antioxidant activity (p<0.05) when compared with 

curcumin in the free form, indicating that encapsulation protected its activity. 

In duodenum, jejunum and ileum compartments was observed a decrease of antioxidant activity 

of free curcumin, which can be related with hydrolytic degradation of curcumin in alkaline media 

(Kumar, et al., 2016). Still, when compared with encapsulated curcumin a significant decrease of 

antioxidant activity (p>0.05) was observed, revealing that encapsulation is an effective means of 

maintaining the antioxidant activity of curcumin in alkaline solutions and digestion conditions.  

Under simulated gastric and intestinal conditions, free curcumin lost around 68.00 ± 0.1 % of its 

antioxidant activity while when encapsulated in nanohydrogels only 30.2 ± 0.1 % of its activity was 

lost. These results are in agreement with the results reported by Blanco-Padilla (2015) who 

observed that curcumin entrapped within fibers lost around 28 % of its antioxidant activity while 

free curcumin lost 72 %, in both cases during gastrointestinal digestion (Blanco-Padilla, et al., 

2015). 

 

8.2.3 In vitro  digestion of hydrophilic compound model 

Caffeine was used as a hydrophilic compound model, and its bioaccessibility in the free form or 

encapsulated in coated nanohydrogels was evaluated during gastrointestinal digestion (Figure 8.7). 

During gastrointestinal digestion it was observed that 18.0 ± 1.2 % of the encapsulated caffeine 

were degraded while in its free form the degradation was of 23.0 ± 1.5 %. Moreover, the 

bioaccessibility of caffeine in coated nanohydrogels was 63.1 ± 0.2 % while in free form this value 

decreases to 59.2 ± 2.1 %.  
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Figure 8.7 Mass of caffeine in the different compartments of a dynamic gastrointestinal system during 

digestion of free caffeine (■) and caffeine encapsulated in coated nanohydrogels (■) (data are presented as 

mean ± 95 % confidence interval; values followed by different superscript letters are significantly different 

(p<0.05)). 

Stomach and duodenum solutions revealed that the amount of caffeine detected was not 

significantly different when comparing free and encapsulated forms. This is an indication that until 

this step of gastro intestinal digestion, caffeine stability, in both free and encapsulated forms, was 

not affected by the different gastrointestinal conditions to which it was submitted. However, in the 

jejunal filtrate solution, the amount of caffeine in free form was higher (p<0.05) than that of 

encapsulated caffeine. The small size of caffeine and the high solubility of this bioactive compound 

in the gastrointestinal solutions promote its presence its passage to the filtrate more easily when 

in its free form. In the ileum compartment, a not significant difference (p>0.05) between the 

amount of caffeine in free form and encapsulated form was observed.  

8.3 CONCLUSIONS 

A chitosan layer can be used to coat protein-based nanohydrogels and improve the stability and 

the bioaccessibility of proteins and other compounds eventually encapsulated in the 

nanohydrogels. This chitosan coating was able to decrease the degradation of curcumin and 

caffeine molecules during in vitro digestion. Comparing with free solutions of each bioactive 

compound, it was observed that coated nanohydrogels improved the solubility, stability and 

bioaccessibility of both bioactive compounds. These results have important implications for the 

design of effective protein-based delivery systems for bioactive compounds. 
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Chapter 9 General Conclusions and Suggestions for Future Work 

9.1 GENERAL CONCLUSIONS  

The work presented in this thesis results of a study that aimed at the development of protein 

nanohydrogels for controlled release of bioactive compounds in the gastrointestinal tract. In order 

to fulfil this main objective this thesis followed the development and characterization of 

nanohydrogels using food proteins, with the further incorporation of curcumin and caffeine as a 

lipophilic and hydrophilic bioactive compound model, respectively, and the evaluation of their 

behaviour when subjected to digestion in a dynamic artificial gastrointestinal system. The main 

contributions of this thesis are summarized below: 

• At specific conditions Lactoferrin (Lf) Glycomacropeptide (GMP) can form stable 

nanohydrogels. The size of the particles formed during the corresponding thermal 

treatment depended on protein concentration, weight ratio and temperature/time of the 

heating process;  

• Lf-GMP nanohydrogels formed are stable at pH values ranging from 5.0-8.0 and under 

high temperatures and salt concentrations;  

• Cytotoxicity and permeability of Lf-GMP nanohydrogels were determined using a human 

epithelial colorectal adenocarcinoma cell line (Caco-2). The fraction of Lf and GMP that 

permeated through the intestinal epithelium was quantified and it was demonstrated that 

Lf-GMP nanohydrogels can be considered as a non-toxic and low permeability compound;  

• The different conditions applied at the nano spray-dryer did not affect the denaturation, 

structure and morphology of nanohydrogels. When compared with freeze-drying it was 

observed that spray-drying nanohydrogels samples were less resistant to thermal 

degradation than spray dried samples. Moreover, freeze-dried nanohydrogels were fully 

rehydrated and no agglomerates were observed, contrarily to spray-dried nanohydrogels; 

• Lf-GMP nanohydrogels are able to incorporate bioactive compounds with different 

solubilities and have great potential to act as a controlled delivery system;  

• Nanohydrogels with encapsulated bioactive compounds promoted an increase of 

antimicrobial activity when compared with active compounds in the free solution. 

 

• The results of fitting the linear superimposition model to the experimental data of bioactive 

compounds release suggested an anomalous behaviour with one main polymer relaxation, 

and the bioactive compounds release was found to be pH-dependent; 

181 



Chapter 9 General Conclusions and Suggestions for Future Work 
 

• A chitosan coating was successfully applied on Lf-GMP nanohydrogel particles, improving 

the stability of protein-based systems in gastric conditions. In vitro gastric digestion showed 

that chitosan improved the stability of proteins in gastric conditions (proteins’ hydrolysis 

were slower) and allowed maintaining the structure intact for longer periods of gastric 

digestion;  

• The chitosan coating improved the bioaccessibility of proteins during in vitro  digestion;  

• The chitosan coating was able to decrease the degradation of curcumin and caffeine 

molecules during in vitro digestion. Comparing with free solutions of each bioactive 

compound, it was observed that coated nanohydrogels improved the solubility, stability 

and bioaccessibility of both bioactive compounds.  

 

Briefly, this work showed that it is possible to tailor new structures from natural polymers 

through “green” methodologies. Protein-based nanohydrogels can be used as platforms 

for the production of new products with improved characteristics targeted at the most 

recent consumer trends. Further, this work contributed to the understanding of the 

behaviour of protein nanohydrogels inside the human body during digestion (e.g. release 

phenomena involved in structures at the nano-scale and bioavailability of bioactive 

compounds during in vitro digestion), which is important to determine their functional 

performance, aiming at the optimization of protein-based delivery systems to protect and 

release bioactive compounds in foods.  

 

9.2 GUIDELINES FOR FUTURE WORK  

Although this thesis has provided very important insights about the development of protein-based 

nanohydrogels for food applications and their in vitro behaviour, there are some recommendations 

and guidelines for future work that can be given:  

 Further evaluation of interaction mechanisms between these two milk proteins (e.g. use 

Isothermal Titration Calorimetry technique to evaluate the binding affinity of these two 

molecules, enthalpy changes and binding stoichiometry);   

 Application of the nanohydrogels produced to model food systems, and evaluation of their 

effects regarding foods’ shelf-life (e.g. apply Lf-GMP nanohydrogels with active compounds 

in edible films for food packaging or oral administration); 
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 Assessment of the cytotoxicity of the: chitosan layer on nanohydrogel system and the 

bioactive compounds encapsulated in nanohydrogels; 

 Quantification of the absorption of bioactive compounds incorporated in the nanostructures 

in human intestinal cells, using e.g. Caco-2 cells as model system; 

 Assessment of protein nanohydrogels behaviour under more complex in vitro digestion 

models, e.g those which consider the action of the intestinal microflora influence; 

 Use nano spray-drier as an alternative to encapsulate bioactive compounds in Lf-GMP 

nanohydrogels. 
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