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ABSTRACT 

Through the last four decades, plasmids played a crucial role in the development of 

biotechnology. They are the workhorse of contemporary molecular biology being used for DNA 

manipulation, transfer, and gene expression in a variety of microorganisms and animal cells. As 

the next generation of biotechnology products (gene-based medicines and DNA vaccines) makes 

their way into clinical trials aspiring the pharmaceutical marketplace, the demand for high yield 

production and purification methods of pDNA, particularly supercoiled (sc) pDNA, has vastly 

increased. The approaches currently employed for pDNA purification are time consuming, labor-

intensive and expensive. Additionally, these are hampered by their low binding capacity.  

Aqueous two-phase system (ATPS) – a liquid-liquid extraction method that involves the 

transfer of solute between incompatible aqueous solutions – are an appealing alternative method 

for sc pDNA purification that reduces the number of unit operations of the expensive purification 

process flow presently employed, thus reducing its overall cost. Nevertheless, pDNA single-stage 

batch extractions in some cases does not meet sufficient purity requirements considering the 

product final application; and multi-stage extractions demands an increase in unit operations, time 

consumption, sample amount and handling, and a reduction on the amount of pDNA recovered. In 

this context, microfluidics-based platforms are an attractive alternative to standard batch processes 

currently used at the bench scale. These platforms demand smaller sample volumes, reduced 

reagent consumption, reduced production of potentially harmful byproducts, decreased analysis 

time, higher levels of throughput, automation and precise control, and have the potential of being 

low cost, disposable and portable. Hence, the present work aimed to perform the proof-of-concept 

concerning the purification of pDNA from E. coli lysates using a microfluidic based on PEG600–

Ammonium Sulfate ATPS.  

The obtained results proved that pDNA purification using a microfluidic device was 

successfully achieved without evidence of RNA contamination. Also, the dimensional analysis of 

the relationships behind the physical phenomena explored in this study may be used to build a 

mathematical model and minimize the number of experiments for the microfluidic design 

parameters; ultimately leading to the optimization of pDNA microfluidic purification. 
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RESUMO 

Ao longo das últimas quatro décadas, os plasmídeos desempenharam um papel crucial no 

desenvolvimento da biotecnologia. Atualmente eles são a força motriz da biologia molecular 

contemporânea sendo utilizados para manipulação genética, transferência e expressão de genes 

numa variedade de microorganismos e células animais. À medida que a próxima geração de 

produtos biotecnológicos (medicamentos à base de genes e vacinas de DNA) avança para ensaios 

clínicos, aspirando a entrada no mercado farmacêutico; a demanda por métodos de produção e 

purificação de alto rendimento de DNA plasmídico (pDNA) – especialmente na sua forma 

superenrolada (sc) – aumentou rapidamente. As abordagens atualmente empregues para a 

purificação de pDNA são demoradas e caras. Além disso, a maior parte das técnicas utilizadas 

apresentam sua baixa capacidade de ligação ao pDNA. 

Os sistemas de duas fases aquosas (SDFA) – um método de extracção líquido-líquido que 

envolve a transferência de soluto entre soluções aquosas imiscíveis – são um método apelativo e 

alternativo para a purificação de sc pDNA que reduz o número de operações unitárias, 

caraterísticas dos dispendiosos processos de purificação atualmente utilizados reduzindo assim o 

seu custo global. Contudo, quer a extração de pDNA num único estágio quer em multi-estágios, 

em alguns casos não atende os requisitos de pureza mínimos de acordo com a aplicação final do 

produto; mais ainda, as extrações em multi-estágios implicam um aumento do número de 

operações unitárias, do consumo de tempo, da quantidade de amostra e sua manipulação, e uma 

diminuição do rendimento. Neste contexto, as plataformas microfluidicas são uma atraente 

alternativa aos processos descontínuos convencionais presentemente utilizados à escala 

laboratorial. Estas plataformas envolvem menores volumes de amostra, reduzido consumo de 

reagentes, diminuição da produção de subprodutos potencialmente nocivos, diminuição do tempo 

de análise, rendimentos mais elevados, controlo preciso e automação; e sendo tendencialmente 

de baixo custo, portáteis e descartáveis. Assim, o presente trabalho teve como objetivo realizar a 

prova-de-conceito da purificação de pDNA a partir de lisados de E. coli utilizando um sistema 

microfluídico baseado num SDFA PEG600–Sulfato de Amónio. 

Os resultados obtidos provaram que a purificação pDNA através de um dispositivo 

microfluídico foi atingida com sucesso, sem evidência de contaminação com RNA. Além disso, a 

análise dimensional das relações inerentes aos fenómenos físicos explorados neste estudo poderá 

ser usada para construir um modelo matemático que permita minimizar o número de 

experiências necessárias para o determinar os parâmetros microfluídicos; o que, em última 

análise, permitirá otimização da purificação do pDNA à escala microfluídica. 
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1. BACKGROUND 

Through the last four decades, plasmids played a crucial role in the development of 

biotechnology. They are the workhorse of contemporary molecular biology being used for DNA 

manipulation, transfer, and gene expression in a variety of microorganisms and animal cells. In the 

pharmaceutical biotechnology field plasmids are essential for the heterologous production of 

proteins used as substitutes of defective ones present in the patient, or as providers of a lost 

function due to lack of the natural active protein (1). Also, the introduction of biomedical assays 

based on nucleic acid detection methods (mainly genomic DNA and RNA) offers increased 

sensitivity and specificity compared to traditional microbiological techniques (2). Nowadays, as the 

next generation of biotechnology products (gene-based medicines and DNA vaccines) make their 

way into clinical trials aspiring the pharmaceutical marketplace, plasmid DNA (pDNA) is becoming 

increasingly important (3). 

In response to this advances, the demand for high yield production and purification methods 

of pDNA has vastly increased.   

1.1. pDNA 

pDNA is a double-stranded extra chromosomal DNA molecule which usually exists as 

supercoiled (sc) molecules present in bacterial cells and some eukaryotes. It possesses at least 

one origin of replication (ori), at which the plasmid replication starts independently of the 

chromosomal DNA. Also, it codes for additional genetic information that may benefit survival of the 

organism (e.g. resistance against heavy metals, antibiotics or UV light), and can be transmitted 

from one cell to another via horizontal gene transfer (4, 5). 

pDNA molecules used for molecular biology and biotechnology applications are usually 

produced in the gram negative bacterium Escherichia coli (E. coli) by fermentation. The bacterial 

host strains used to amplify plasmid DNA maintain the DNA in a negatively supercoiled state. It is 

believed that this supercoiled form of pDNA is more efficiently transfected into cells, is better 

protected from enzymatic degradation and consequently more plasmid can reach the nucleus of 

the target cell. However, subsequent isolation procedures and downstream processing result in a 

portion of the supercoiled (sc) pDNA molecules becoming breached in other topological forms 

such as open circular (oc), linear (ln), denatured or dimeric conformations (6) (Figure 1). 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 4 

 

Figure 1 – Different pDNA topological forms. (A) Open circular (oc) pDNA; (B) Supercoiling of pDNA;           

(C) Supercoiled (sc) pDNA. (Adapted from (7)) 

As current efforts tend to the production of the supercoiled form of pDNA (4), the selection of 

the bacterial strain used for plasmid cultivation should consider the plasmid yield, the proportion of 

different pDNA isoforms and the endotoxins quantity in the starting material. Additionally, this 

choice will be greatly influenced by the fermentation, processing of the bacterial lysate and final 

purification procedures of pDNA (8). 

1.2. pDNA purification 

Total E. coli lysates contain only 3% of pDNA, whereas proteins represent 55% of its content 

and ribonucleic acid (RNA) 21% (8). Thus, the separation of pDNA from relatively similar 

contaminants such as genomic DNA (gDNA), RNA and endotoxins, as well as isolating the sc 

pDNA from the other plasmid conformational topologies poses unique challenges (3).  

After fermentation, cell lysis is the first critical step in the sc pDNA manufacturing process 

flow (Figure 2). In this step, cells are disrupted and their intracellular components released – 

including pDNA, gDNA, RNA, endotoxins and proteins (9). To achieve so, the procedure of choice 

has been variations of the alkaline-lysis method, originally described by Birnboim and Doly (10). 

Alternatively, other physico-mechanical (e.g. heat, freeze-thawing, ultrasonication) or chemical (e.g. 

detergents, osmotic shock, enzyme treatment) methods may be used. This step ends with the 

formation of a precipitate containing cell debris, denatured proteins and nucleic acids that must be 

removed (9).  

Following this first step, the usual adopted strategy for sc pDNA purification has been based 

in the selection and integration of appropriate purification operations. Hence, the second step in 

the process flow concerns the clarification and concentration of the pDNA (Figure 2). The aim of 

this step is to achieve protein and host nucleic acids removal and increase the plasmid mass 

(C) 0,2 µm (A) (B) 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 

 5 

fraction, preparing the plasmid extracts for the subsequent purification steps. In this second step, 

protein removal is achieved by ‘salting out’ using high concentrations of chaotropic salts (e.g. 

lithium chloride, ammonium acetate) leading to pDNA clarification; and pDNA fraction is increased 

through poly-ethylene glycol (PEG) precipitation which also allows low molecular weight nucleic 

acids elimination resulting in pDNA concentration (9).  

The final step in sc pDNA process flow is the separation of the sc pDNA from structurally 

related impurities such as other topological forms of pDNA, gDNA, high molecular weight RNA and 

endotoxins (9). 

At the laboratory research scale, phenol-chloroform extraction, sucrose or cesium 

chloride/ethidium bromide (CsCl/EtBr) density gradient ultracentrifugation have been the standard 

used methods for sc pDNA purification (11, 12). Alternatively, the employment of kits marketed by 

commercial companies that combine alkaline lysis with the use of disposable chromatography 

columns have been widespread across research laboratories all over the world. However, these 

approaches are time consuming, and the more classic methods (phenol-chloroform extraction and 

CsCl/EtBr density gradient ultracentrifugation) require the use of toxic and/or mutagenic agents 

yielding personnel safety issues and hazardous waste considerations (9, 12).  

For the large-scale purification of sc pDNA, the methods traditionally used include membrane-

based technology (microfiltration, ultrafiltration and nanofiltration), precipitation (salting out, 

isoelectric and affinity), and chromatography (13). Among these, liquid chromatography is the 

method of choice. The target nucleic acid molecules chemical properties (charge and 

hydrophobicity), size and topological constraints are tackled via the interaction of nucleic acids 

with solid supports aimed for the selective isolation and purification of sc pDNA (9). Although, 

several chromatographic methodologies (e.g. ion-exchange, hydrophobic interaction (HIC), reverse-

phase, size exclusion, immobilized metal chelate affinity, triplex-affinity, monolithic 

chromatography) have been developed and employed for sc pDNA large-scale purification, these 

are hampered by the low binding capacity of commercially available sorbents (3, 9, 12).  
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Figure 2 – Process flow sheet for the purification of supercoiled pDNA. Unit operations traditionally 

considered during process development are indicated together with the eliminated impurities. (Adapted from (9)) 

All the unit operations involved in the described process flow are time-consuming, labor-

intensive and expensive. These facts reinforce the need to develop and implement efficient 

methods that will allow fast capture, concentration and purification of sc pDNA. 

Aqueous two-phase system (ATPS) are an appealing alternative method for sc pDNA 

purification that reduces the number of unit operations of the purification process flow thus 

reducing its overall cost (14). 

1.3. Aqueous two-phase systems (ATPS) 

ATPS are a liquid-liquid extraction method that involves the transfer of solute between 

incompatible aqueous solutions (15). ATPS were first noticed by Martinus Beijerinck in 1896, who 

observed the formation of two aqueous phases after mixing gelatin and an agar solution (16). 

However, it was only in the 1950s that Per-Åke Albertsson rediscovered ATPS. Using a mixture of 

an aqueous solution of polyethylene glycol (PEG) with a potassium phosphate solution containing 
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hydroxylapatite adsorbed chloroplasts, Albertsson accidently recognized ATPS ability to selectively 

partition chloroplasts (17). Since then, ATPS have been extensively studied, characterized and 

applied for the separation and purification of cells, proteins, enzymes, antibodies, antigens, amino 

acids and nucleic acids (18-20). !

ATPS form when two different immiscible hydrophilic compounds such as polymers, salts, low 

molecular alcohols, surfactants and/or ionic liquids are combined at concentrations that exceed a 

specific threshold value, resulting in the formation of two distinct phases (13). After mixing and 

phase settle, two liquid layers are formed at equilibrium. The first compound which tends to be 

somewhat more hydrophobic, prevails in the top phase and the second compound prevails in the 

bottom phase (13, 19).  

ATPS are characterized by the presence of more than 80% (w/w) water in both liquid phases, 

low interfacial tension resulting in high mass transfer, rapid and selective separation, and provide 

a gentle environment for biomolecules (18, 21). The main advantages of this technique include its 

process integration capability (the process objective is achieved in one single unit operation 

therefore reducing the number of steps needed), the use of low-toxicity-forming chemicals and the 

potential to be applied in continuous mode operations (13). Nevertheless, its apparent simplicity is 

deceptive as there are many factors that influence the partition and purification of biomolecules in 

these systems. The complexity of these systems is even greater because these factors are not 

absolutely independent of each other. Additionally, when separating a compound from a mixture, 

the interactions occurring in the system involve the interaction of the compound with the phases 

and between the different components of the mixture. Furthermore, most studies in this field are 

empirical and purification is achieved by systematic variation of several factors involved (22).  

1.3.1. Phase system formation and properties 

The mechanisms involved in the formation and separation of the two aqueous phases are 

highly dependent on the type of ATPS. Although these mechanisms are not yet fully understood, it 

is believed that phase separation is based on the hydration enthalpy and the entropy net balance 

within the system thermodynamic equilibrium. While the two main constituents of the ATPS are 

primordially hydrophilic, the enthalpy of hydration between them differs and is specific for each 

particular system at defined conditions (temperature, pH and pressure). Therefore, two 

thermodynamic scenarios are possible. If the free energy of mixing is negative when the two 

aqueous constituents are mixed, a solution will result without phase separation (single phase 
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system). If the energy of mixing is positive, phase separation will occur (two phases system) (13, 

23). 

ATPS formation may be outlined on a phase diagram. The phase diagram is defined on a two 

dimensions Cartesian plan where in the X-axis is represented the phase component that 

constitutes the system bottom phase, and in the Y-axis the phase component that composes the 

system top phase (Figure 3) (24). It provides information about the concentration of phase 

components required to form a two-phase system and the ratio of phase volumes (18).   

 

Figure 3 – Phase diagram of a polymer/salt ATPS. In the figure, T = composition of the top phase;  

B = composition of the bottom phase; line TB = Tieline; line TCB = Binodal curve; C = Critical point; and X, Y and Z 

= total composition of ATPS.  

In Figure 3 the curved line TCB, called binodal curve, defines the separation between the 

concentrations of the system components that will form two immiscible aqueous phases in 

equilibrium (above the curve) from those that will form only one phase (below the curve) (18). It 

has a critical point (C in Figure 3) that, theoretically, corresponds to a two-phase system in which 

both phases present equal composition and volumetric ratios. The binodal curve symmetry is 

directly related to the ATPS forming components characteristics. Hence, significant differences 

between the molecular weights of the components are reflected in a more asymmetric phase 

diagram, and vice versa (24). 

Furthermore, the ATPS composition may be defined by tielines that intersect the binodal 

curve at two points (T and B in Figure 3), corresponding to the composition of the upper and lower 
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phase, respectively. Additionally, each tieline has a specific length (tie-line length; TLL) and each 

tieline point characterizes a system with different initial compositions and different final volume 

ratios (e.g. Systems X, Y, and Z in Figure 3). All these points have the same top (TPolymer, TSalt) and 

bottom (BPolymer, BSalt) phase equilibrium composition (18, 25, 26).  

1.3.2. Phase composition  

ATPS phase composition has been catalogued in five main groups: polymer-polymer, polymer-

salt, alcohol-salt, micellar systems and ionic liquids-based systems. Among these groups, the most 

characterized ATPS are the polymer-polymer and polymer-salt systems as they have been studied 

and applied for more than 50 years (13). Several polymers have been explored for ATPS-based 

selective partition of biomolecules such as polyethylene glycol (PEG), dextran (DEX), polypropylene 

glycol, polyvinylpyrrolidone, and hydroxypropyldextran (18). Amid these, PEG is one of the most 

commonly employed polymers in ATPS preparation due to its low cost, non-toxicity, and desirable 

physical properties that allow it to form two-phase system with several natural polymers and salts 

(18, 27). 

The criteria for ATPS composition selection depend on the type of target biomolecule and 

economic considerations. The polymer-salt systems are preferred over the polymer-polymer 

systems because of their low cost and low viscosity (18). Additionally, polymer-salt systems 

present larger differences in density and greater selectivity (28). Their inconvenience is the 

relatively high ionic strength in the salt-rich phase. The salts frequently used as phase forming 

component of polymer-salt systems have been phosphates, sulfates and citrate salts (13, 18).  

1.3.3. Partitioning in Aqueous Two-Phase Systems 

Partitioning of biomolecules in the ATPS is mainly governed by electrostatic and hydrophobic 

interactions, and volume exclusion (29). Although the partitioning behavior of several biomolecules 

(e.g. cells, organelles, proteins) has been extensively studied, the thermodynamic complexity of the 

physicochemical interactions involved in these mechanisms hinders their overall understanding 

(13, 29). Generally, the partitioning of biomolecules is a result of the interactions between 

themselves and the components of the biphasic system through ionic and hydrophobic 

interactions, hydrogen bonds, van der Waals forces, and other non-covalent interactions (13, 29). 

As the net effect of all these interactions is possibly different between the biphasic system phases, 
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the biomolecules partition selectively based on the accomplishment of the most favorable energy 

state (thermodynamic equilibrium) (13).   

The partitioning behavior of biomolecules between phases depends mainly on the equilibrium 

relationship of the system and is commonly characterized using the partition coefficient (Kp). This 

parameter relates the concentration of a particular solute in the top and bottom phase, and is 

defined as follows (13): 

!! != !!"
!!"

     Equation 1 

where XTP and XBP are the equilibrium concentrations of the specie X in the top and bottom 

phases, respectively. The theoretical yield in the top phase, YTP, can be estimated in relation to the 

volume ratio of the phases, R (volume top/volume bottom), and the Kp of the target biomolecule as 

follows (adapted from (18): 

!!" = ! !!"!!"!!!!
= !!"!!"

!!"!!"!!!!"!!"
= !

!! !
!!!

    Equation 2  

where VTP and VBP are the volumes of the top and bottom phases, respectively; XTP and XBP are 

the equilibrium concentrations of the specie X in the top and bottom phases, respectively; Vi is the 

biphasic system volume and Xi is the concentration of the specie X in the biphasic system. 

Likewise, the theoretical yield in the bottom phase, YBP, is given by (adapted from (18): 

!!" = !
!!!!!

      Equation 3 

Hence, by altering either Kp or R the yield of the target molecule can be increased or 

decreased. 

Another parameter used to depict two-phase partitioning of biomolecules is the concentration 

factor, δ, defined as the ratio of product concentration in the favoured phase to the initial product 

concentration (adapted from (30)). 

!!!!" =
!!"
!!
! (Partition of the X to the top phase)   Equation 4 

!!!" =
!!"
!!

 (Partition of the X to the bottom phase)   Equation 5 

∞ 
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The partitioning of biomolecules in ATPS is affected by many variables such as the 

physicochemical properties of the system components and solutes, the degree of pH, the 

temperature and the affinity of the biomolecules for the phase-forming constituents (13, 29). The 

three most significant physicochemical properties are size (molecular weight and hydrodynamic 

diameter), superficial electrochemical charge (31), and hydrophobic character (32). Hence, the 

principles that regulate the partition behavior of biomolecules in ATPS can be categorized in four 

main groups (13): 

i. Size dependent 

ATPS constituents and biomolecules to be partitioned are subjected to the steric effects 

imposed by their defined size as well as geometry. These effects are classically related to 

the available volume for the solutes to be partitioned toward a particular phase and is 

commonly known as the free volume effect.  

ii. Electrochemical dependent 

Some ATPS constituents are ionizable species; others present weak dipole moments 

owing to the presence of functional groups with strong electronegativity. Consequently, the 

partition behavior of biomolecules is influenced by the electrochemical interactions 

occurring between the ATPS components. Additionally, these interactions can be 

manipulated by variations on the pH of the ATPS and addition of salts. 

iii. Hydrophobic dependent 

As previously mentioned, hydrophobic interactions are crucial for the partitioning of 

solutes in ATPS.  Involved in such interactions are the hydrophobic effect and the salting-out 

effect. The first is directly related to the chemical identity of the system constituents as well 

as their concentration, resulting in considerable variation of their relative hydrophobicity. 

The second is observed in systems with at least one highly ionic phase (e.g. polymer-salt 

ATPS). Under these circumstances, as the amount of water needed to hydrate the salts in 

the system is high, the solutes to be partitioned are only partially hydrated. Therefore, 

partitioning toward the less hydrophilic phase is favored. 

iv. Specific affinity dependent 

The selectivity of ATPS may be increased through the inclusion of specific ligands with 

affinity for particular solutes. Considering biomolecules specific biological activity, the 
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addition of identified affinity ligands into the system generates a controlled 

fractionation/adsorption of the biomolecule of interest toward a specific phase.  

Therefore, by varying the polymer concentration and molecular weight, type of salt and salt 

concentration, pH, temperature, and through the addition of charged, hydrophobic and affinity 

derivatives the selectivity of ATPS toward target biomolecules can be adjusted (21). Furthermore, 

the complex nature of molecular interactions that occur in ATPS contributes to make each of them 

rather unique (33). 

1.3.4. pDNA Partitioning in Aqueous Two-Phase Systems 

The application of ATPS for the partitioning, recovery and purification of pDNA was first 

reported by Ohlsson, Hentschel and Williams in 1978 (34). In their report a method for circular 

pDNA isolation from cleared lysates of E. coli using a PEG–DEX two-phase partition system is 

described. The authors advocate that the presented method was faster than the conventional dye-

centrifugation technique accomplishing a pDNA recovery of comparable purity and yield. Following 

this first report and over the last three decades (mostly in the last fifteen years), several studies 

concerning pDNA recovery and purification using ATPS have been performed. Table 1 summarizes 

the representative studies addressing the recovery, separation and purification of pDNA using 

ATPS. 
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Table 1 – Representative studies addressing the recovery, separation and purification of pDNA using ATPS 

Biological 
Sample 

Main objective ATPS Composition Recovery 
Yield (%) 

RNA 
(%) 

Protein 
(%) 

Reference 

1st step 2nd step 

Cleared E.coli 

lysates 

Isolation of circular pDNA (PMB9)  18.4% (w/w) PEG6000 

16.8% (w/w) DEX500 

 
61 38.6 - (34) 

E.coli DH5α 
lysates 

Isolation of pDNA (pCF1-CFTR)  20% (w/w) PEG600 

20% (w/w) (K2HPO4) 

 
42 - 0 (35) 

E.coli TG1 lysates Extraction of pDNA (pUC19) using a 

thermoseparating ATPS 

4.5% (w/w) EO50PO50 

4.5% (w/w) DEX500 

 
93 20 58 (36) 

E.coli TG1 lysates Purification of pDNA (pUC19) in a three-

step process using a thermoseparating 

ATPS combined with membrane filtration 

and lid bead chromatography  

2.5% (w/w) EO50PO50 

9% (w/w) DEX500 

 

69 0 26.1 (37) 

E.coli lysates Purification of pDNA (pVAX1/lacZ) by 

ATPS extraction and HIC 
35 % (w/w) PEG600  

6% (w/w) Ammonium 

Sulfate 

 

100 - - (38) 

E.coli lysates Recovery of pDNA (pCMVβ) based on 

ATPS 

15 % (w/w) PEG800  

20% (w/w) Potassium 

Phosphate 

 

80 20 <10 (39) 

E. coli XL1 lysates Purification of pDNA (pBluescript) with an 

optimized ATPS  

24% (w/w) PEG400 

18.5% (w/w) C6H5O7
-3 

26.5% (w/w) PEG600 

18% (w/w) C6H5O7
-3 

78 23 0 (22) 

E. coli DH5α 

alkaline lysates 

Preparation of pDNA (pVAX1/lacZ) 

polyplexes by a two-step ATPS extraction 

process 

35 % (w/w) PEG600  

10% (w/w) Ammonium 

Sulfate 

8% (w/w) PEG3350 

6% (w/w) DEX110 

0.2% (w/w) PEGylated Polyethyleimine (pPEI) 

100 0 - (40) 

Diafiltrated E. coli 

DH5α lysates 

Investigate the distribution of pDNA 

(pUT649) and RNA in reverse micellar 

0.5% (v/v) ethylhexanol in 

isooctane 

 
- - - (41) 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 14 

two-phase systems 40mM TOMAC 

Biological 
Sample 

Main objective ATPS Composition Recovery 
Yield (%) 

RNA 
(%) 

Protein 
(%) 

Reference 

1st step 2nd step 

E. coli DH5α 

biomass  

Separation of gDNA, RNA and oc pDNA 

from sc pDNA (pCMVβ) based on an 

integrated ATPS-membrane process 

15 % (w/w) PEG800  

18% (w/w) Potassium 

Phosphate 

 

95 0 - (42) 

E. coli DH5α 

lysates 

Examine the affinity isolation of pre-

purified pDNA (pTS) using native and 

PEGylated zinc finger protein fused to a 

Glutathione-S-Transferase (GST–ZnF and 

PEG–GST–ZnF, respectively) in ATPS 

21.9% (w/w) PEG600  

1.7% (w/w) DEX40  

PEG–GST–ZnF or GST–

ZnF 

 

15.7% (w/w) PEG1000 

8.9% (w/w) DEX500 

GST–ZnF 

 

100 - - (43) 

RNA-depleted E. 

coli lysates 

Study the influence of the system 

composition, temperature, lysate 

concentration and initial pDNA 

concentration on the partition of pDNA 

(pTX0161) 

15% (w/w) PEG300 

22% (w/w) (K2HPO4) 

 

12–29% (w/w) PEG1450 

12–3.8% (w/w) (K2HPO4) 
>80 - - (44) 

Partially disrupted 

E. coli cell paste 

Identify a two-step extraction method for 

the selective removal of RNA from pDNA 

(pTX0161) 

18% (w/w) PEG300 

15% (w/w) (K2HPO4) 

 

14% (w/w) PEG300 

18% (w/w) (K2HPO4) 

0–8% (w/w) NaCl 

81.6 - - (45) 

Pure pDNA and 

RNA solutions 

Study the selective partition of pDNA 

(pTX0161) and RNA in ATPS by addition 

of NaCl 

19/20/24% (w/w) PEG300 

16% (w/w) (K2HPO4) 

0–10% (w/w) NaCl 

 

- - - (46) 

E. coli lysates Purification of pDNA (pVAX1/lacZ) with 

ATPS of PEG600 and Sodium 

Citrate/Ammonium Sulfate 

 

19% (w/w) PEG600 

16.5% (w/w) Salt mixture 

(25% (w/w) Ammonium 

Sulfate and 75% (w/w) 

Sodium Citrate 

 

91.1 - - (47) 
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Biological 
Sample 

Main objective ATPS Composition Recovery 
Yield (%) 

RNA 
(%) 

Protein 
(%) 

Reference 

1st step 2nd step 

E. coli DH5α 

desalted crude 

cell lysate 

Investigate a dual affinity partitioning 

strategy for the purification of pDNA 

(pUC19) 

 

16% (w/w) PEG600 

0.14% (w/w) PEG10000–

IDA–Cu(II)  

13.3% (w/w) DEX40  

0.273 nmol LacI–His6–

GFP 

16% (w/w) PEG600 

0.15% (w/w) PEG10000–IDA–Cu(II)  

13.3% (w/w) DEX40 

0.273 nmol LacI–His6–GFP  

2.5 mM Isopropyl β-D-1 

thiogalactopyranoside (IPTG) 

25–27 - <25 (48) 

E. coli TG1 

homogenates 

Investigate the partitioning behavior of 

pDNA (pUC18) in PEG/Polyacrylate 

(PAA)/Na2SO4 ATPS 

3.6% (w/w) PEG8000 

1.8% (w/w) PAA240 

4% (w/w) Na2SO4 

 

4.8% (w/w) PEG4000 

1.13% (w/w) PAA240 

4% (w/w) Na2SO4 

0.8% (w/w) NaOH 

         ----- 

15 % (w/w) Na2SO4 

60 - - (49) 

E. coli TG1 

homogenates 

Investigate the partitioning behavior of 

pDNA (pUC18) in PEG/Polyacrylate 

(PAA)/Na2SO4 ATPS 

3% (w/w) PEG4000 

3% (w/w) PAA240 

4% (w/w) Na2SO4 

3% (w/w) PEG4000 

15% (w/w) Na2SO4 

 

70 - - (49) 
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One of the simplest procedures of this technique is the single-stage batch extraction. The 

phase system is prepared as earlier described and the mixture to be separated is added. Once 

phase separation is accomplished – succeeding mixing and settling –, the phases are separated 

and analyzed or used to recover the partitioned components of the initial mixture (Figure 4) (18).  

 

Figure 4 – Polymer-Salt ATPS single-stage batch extraction for pDNA recovery. Adapted from (18). 

The studies in which pDNA single-stage batch extraction approach has been reported (Table 

1) show that pDNA recovery yields exceeding 80% can be achieved. Still, in some cases single-

stage extraction does not meet sufficient purity requirements considering the product final 

application. Hence, the use of consecutive batch ATPS stages may be considered as well as 

variations on system parameter and process conditions in consecutive multistage batch 

extraction to endeavor a further increase in process performance. In the multistage batch 

extraction strategy the raffinate of the first batch extraction containing the pDNA is contacted with 

a fresh volume of the other aqueous phase and allowed to equilibrate. This second extraction 

may be followed by a third one and so on giving rise to batch extraction in multiple stage (Figure 

5) (50). Alternatively, the first stage is used as a selective batch extraction step, while the second 

is a back extraction in which a distinct solvent is used to extract the pDNA to a new phase (13). 
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Figure 5 – Multistage batch extraction representative scheme for pDNA partitioning, recovery, and 
purification. A, B, C and D represent the main ATPS containing a polymer, a salt or polymer, E. coli lysate and 

water. In system A is represented the mixture of the previously mentioned four constituents, without two-phase 

formation. In systems B, C and D are represented the two aqueous phases formed after centrifugation: top phase 

(Brown) and bottom phase (beige). In all ATPSs  (A, B, C and D) plasmids are shown in red (ο), RNA in green (− ) 

proteins and endotoxins in dark blue and (◊ ). Image 1 corresponds to the top phase of the main system, which is 

removed after each centrifugation step, and subsequently replaced by a new one (image 2). Adapted from (51) 

Several groups have reported the use of multistage batch extraction for pDNA purification 

and recovery (in table 1 (40, 45, 48, 49). The reported results demonstrate pDNA recovery yields 

above 60%, without RNA contamination and only small amounts of proteins detected. Though the 

multistage batch extraction approach yields pDNA with greater purity, it entails an increase in 

unit operations, time consumption, sample amount and handling, and a reduction on the amount 

of pDNA recovered compared to single-stage batch approach. Therefore, to circumvent these 

disadvantages ATPS strategies may be carried out in continuous mode. Generally, the continuous 

mode operation increases partition coefficients with higher recovery efficiencies; and shortens the 

processing time at least three folds compared to the batch ATPS (29).  

In this context, microfluidics-based platforms are an appealing alternative to standard batch 

processes currently used at the bench scale. These platforms demand smaller sample volumes, 

reduced reagent consumption, reduced production of potentially harmful byproducts, decreased 

analysis time, higher levels of throughput, automation, precise control and have the potential of 

being low cost, disposable and portable (52). Moreover, microdevices provide a platform for 

integration of multiple analytical processing steps on a single device such as DNA extraction and 

purification, PCR amplification and microchip electrophoresis (53).  
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1.4. Microfluidics 

Microfluidics is defined as the manipulation of liquids and gases in channels having cross-

sectional dimensions in the order 10–100µm (54). Its defining characteristics comprise the need 

for small sample volumes, low cost, fast analysis with high resolution and sensitivity, short 

molecular diffusion distances and more outstandingly an impressive capability for precisely 

controlling and manipulating sub-nanoliter quantities of fluids (55). Microfluidic technologies take 

advantage of the large interfacial areas, fast mixing and reduced mass transfer limitations to 

accomplish increased performance and higher levels of control over two-phase systems than it is 

possible in conventional bench scale systems (56). The purpose of microfluidic instruments is to 

provide accurate delivery of fluids in a defined geometry at the micrometer length scale with a 

temporal accuracy of milliseconds. These instruments can contain channels for transporting 

fluids, valves for controlling flow, pumps to propel fluids, nozzles to create drops, storage 

chambers, sensors, separators and mixers to homogenize multiple fluid streams and drops. 

Additionally, other powerful features of microfluidic devices are the straightforwardness and 

promptness of their construction and the low cost of materials (55, 57).  

1.4.1. Two-phase microfluidic flows 

Two-phase microfluidic flows are formed when two of more partially or immiscible fluids are 

brought into contact in microfluidics devices. The resulting flows take a different form, such as 

laminar flows, suspended droplets, channel spanning slugs, and wall wetting films, depending 

upon the interplay between gravitational, interfacial, inertial, and viscous forces (56).  

The fluids motion can be manipulated and controlled using several kinds of driving forces 

(e.g. pressure, electric, magnetic, capillary) applied macroscopically – at appropriate inlets and 

outlets; or generated locally within the microchannel by integrated components. Additionally, for 

each manner of driving fluids motion, the surface characteristics of the device may also be 

exploited to provide further control. For example, the geometrical, chemical and mechanical 

features of the channel and network of channels can be patterned or changed, as summarized in 

Table 2. The driving force for fluid motion and the channel characteristics can be chosen 

independently, offering potential advantages depending on the desired features of the flow. A 

configuration where the driving force and channel characteristics are combined is presented in 

Figure 6 (58).  
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Table 2 – Design considerations for controlling flow and transport in a microfluidic channel may 
include the influence of geometric, chemical, and mechanical characteristics of the device (58). 

Geometry Chemical characteristics Mechanical properties 

Network connectivity Wettability Hard materials Gels 

Channel cross section and curvature Surface charge Elastic materials 

Surface topography Chemical affinity Gels 

Porosity (e.g., in packed beds) pH/ionic strength sensitivity Porous materials 

 

 

Figure 6 – Design considerations for microflows. Configuration driven by either a pressure gradient (!"), an 

electric field (E), or a surface tension gradient (!"), with the surface modified chemically in stripes (b) or with the 

topography modified (c). Adapted from (58) 

Hence, the two-phase flow properties in microchannels rely on three clusters of parameters: 

the channel geometry, structure and property (such as channel type, dimension and 

hydrophobicity); the properties of both fluids (such as density, viscosity, interfacial tension and 

contact angle); and the operating parameters (such as pressure, flow rate ratio, temperature, 

etc.). These factors can be described by some important dimensionless parameters (57). 

Dimensionless numbers 

As previously mentioned, two-phase flows are founded by the interplay between 

gravitational, interfacial, inertial, viscous forces and molecules diffusion phenomena. This 

interplay is dictated by a competition between various phenomena, which is parameterized by a 

series of dimensionless numbers expressing their relative importance (56, 59). The Reynolds 

number (Re) depicts the relative importance of inertial to viscous forces on fluid flowing in a 
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channel (Table 3), therefore describing the character of the flow (57). At a low Re, a laminar or 

layered flow in which fluid streams flow in parallel to each other and mix only through convective 

and molecular diffusion is observed. At a high Re, a turbulent flow is observed in which various-

sized ‘‘portions’’ of fluid exhibit motions that are simultaneously random in both space and time 

generating rapid mixing throughout the channel (60). In microfluidic systems, the transition 

between the laminar and turbulent flow typically occurs below Re=1 in internal flows (57). 

The Bond number (Bo) characterizes the importance of gravitational forces with respect to 

interfacial tension forces (Table 3) (57).  

On the micro scale, the Re and Bo are smaller than 1. Hence, interfacial and viscous forces 

often dominate over the influence of inertial and gravitational forces (57). Consequently, the 

Capillary number (Ca), representing the ratio of viscous to interfacial tension forces (Table 3) 

stands out as it is only determined by the physical properties of the fluids and the flow velocity 

(57, 61). 

Founded on Ca and Re are two other important dimensionless numbers, the Ohnesorge 

number (Oh) and the Weber number (We). The first (Oh) expresses the importance of viscous 

forces to inertial and interfacial tension forces (Table 3). The We relates inertial effects to 

interfacial tension (Table 3) (57). 

Furthermore, a common group of dimensionless numbers is frequently used in mass 

transfer correlations: the Péclet number (Pe) which expresses the relative importance of 

convection to diffusion; the Sherwood number (Sh) expressing the relation between mass transfer 

velocity and diffusion velocity; and the Schmidt number (Sc) representing the relation between 

diffusivity of momentum and diffusivity of mass (62). 

Table 3 – Important dimensionless numbers in two-phase microfluidics (57, 59). 

Dimensionless number Definition Equation 

Reynolds (Re) 
Inertial

Viscous
 !" = !!"#!  

Bond (Bo) 
Gravitational

Interfacial
 !" = !∆!ℊ!

!

!  

Capillary (Ca) 
Viscous

Interfacial
 !" = !!"!  

Ohnesorge (Oh) 
Viscous

Inertial!⋅!Interfacial
 !ℎ = ! !"!"

!/!
= ! !

!"# !/! 
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Dimensionless number Definition Equation 

Weber (We) 
Inertial!
!Interfacial

 !" = !"!!"! = !!!
!!
!  

Péclet (Pe) 
Convection

Diffusion
 

!"
!  

Sherwood (Sh) 
Mass transfer velocity

Diffusion Velocity
 

!"
!  

Schmidt (Sc) 
Diffusity of momentum 

Diffusity of mass
 

!
! 

! – fluid density (Kg/m3), ∆! – fluid density difference (Kg/m3), ! – channel length (m), ! – fluid velocity (m/s),    

! – fluid dynamic viscosity (Pa.s), ℊ – gravitational acceleration constant (m/s2), ! – interfacial tension of the two 

fluids in contact (Kg/s2), D – Diffusion coefficient (m2/s), K – Mass transfer coefficient (m/s), ! – Kinematic 

viscosity (m2/s). 

Related to the fluids properties and operating conditions is another set of dimensionless 

parameters that include the density ratio (α), viscosity ratio (β) and flow rate ratio (!) (57): 

! = !!
!!

      Equation 6 

! = !!
!!

      Equation 7 

! = !!
!!

     Equation 8 

where !!is the fluid flow rate (mL/h) and the subscripts 1 and 2 represent the fluids that 

constitute each co-flowing phase.  

1.4.2. Microfluidic extraction using ATPS  

In microfluidic systems, the fluid flow is characterized by a low Re and is laminar. Therefore, 

the two fluid streams in a capillary can flow in parallel without significant mixing – mixing occurs 

only by molecular diffusion (63). 

ATPS are ideal for two-phase flow on microfluidic chips, as the low interfacial tension of 

these systems results in high Ca even at low flow rates, making it forthright to establish a stable 

interface without surfactants or special surface treatments (64). Additionally, since the surface 

area-to-volume ratio becomes very high and the distance that biomolecules must travel before 
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contacting with phase interface is decreased in such small scales, continuous partitioning of 

biomolecules can be performed effectively and potentially faster (65-67). The use of ATPS in 

microfluidic platforms is quite recent and one can consider that it is at its infancy (15). Yet, 

several reports have presented the successful application of microfluidic ATPS in partitioning 

whole cells (67-70), proteins (64, 71), monoclonal antibodies (72), gDNA and RNA (73, 74), 

among other biomolecules (15). 
Microfluidic protocols implementation is usually based on a number of co-flowing streams of 

immiscible phases in a parallel laminar flow guided through a microchannel (Figure 7), thereby 

replacing the standard batch by flow-through processes. The surface area-to-volume ratio can be 

assorted by adjusting the length of the diffusion path by geometric constraints or hydrodynamic 

means. Varying the pumping rate of each ATPS constituent solution enables control of the 

system composition inside the microchannel (15, 21). 

 

Figure 7 – Microfluidic structure. (A) Schematic of the microfluidic structure. The total microchannel length is 

16.8 cm. The blue lines are the microchannel walls; the red dotted lines indicate the locations for the interfaces 

between three co-flowing streams in a parallel laminar flow; The red arrows indicate the expected direction of 

biomolecules diffusion. (B) Detail of the inlets. (C) Detail of the outlets. Adapted from (72) 

Furthermore, in a continuous-flow process the preparation steps (e.g. loading of the vessel) 

are greatly avoided, and there is practically no lower limit for the sample amount to be 

processed. Also, microfluidic devices allow for an easy separation of the two phases as in 

properly designed channel architectures the two phases are recovered from different exit 

branches, whereas in the standard batch processes the phases are separated in a settler which 
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usually is remarkably time-consuming. Additionally, applying microfluidic principles to separation 

processes with ATPS allows in-line monitoring of the status of a separation process, for example 

using optical detection techniques (15, 21).  
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OBJECTIVE 

In an experimental work previously carried out at our lab, a multistage approach based on a 

PEG600–Ammonium Sulfate ATPS (volume ratio 1.1) was used to purify NTC 7482–41H–HA 

plasmid from E. coli DH5α lysates. In a PEG600–Ammonium Sulfate ATPS, after centrifugation, the 

pDNA is concentrated in the Ammonium Sulfate–rich phase whereas the main contaminants 

(proteins, RNA, gDNA fragments, endotoxins) migrate to the PEG600–rich phase. As the total 

removal of RNA and other contaminants from the Ammonium Sulfate–rich phase cannot be 

accomplished with a single-stage batch extraction (38, 47), the multistage batch extraction 

approach was investigated in order to achieve the total removal of RNA from the Ammonium 

Sulfate–rich phase. A recovery yield of 73.65% pDNA depleted of RNA was achieved after the 

third re-extraction using this approach (unpublished data) (51).  

Considering the disadvantages and limitations of the multistage batch extraction approach, 

we hypothesized that a microfluidic based on PEG600–Ammonium Sulfate aqueous two-phase 

system for pDNA purification could improve the results of the described experiments. Hence, the 

present work aimed to perform the proof-of-concept concerning the purification of pDNA from E. 

coli lysates using a microfluidic based on PEG600–Ammonium Sulfate ATPS. Thereafter, the 

developed methodology could be integrated in a microfluidic device designed to perform the 

isolation, purification, quantification and recovery of pDNA for research and quality control 

applications.  

 

 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

MATERIALS AND METHODS  
 

2.1. Chemicals 

2.2. Biological  

2.2.1. Alkaline lysis 

2.2.2. pDNA purification 

2.3. Solution preparation 

2.4. Microfluidic device design and fabrication 

2.5. ATPS formation and pDNA partitioning in microfluidic devices  

2.6. Agarose gel electrophoresis (AGE) 



 

 

  



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 29 

2. MATERIALS AND METHODS 

2.1.  Chemicals   

The polymer PEG 600g/mol (lot STBC-1585V) was acquired from Sigma-Aldrich (USA) and 

the Ammonium Sulfate salt (lot 8A093308A) from Pronalab (Portugal). Polydimethylsiloxane 

(PDMS) was obtained from Dow Corning (Belgium). All the reagents used in this work were of 

analytical grade. 

2.2.  Biological  

The biological samples used in this work were high productivity bacteria E. coli DH5α cells 

paste harboring the plasmid vector NTC 7482–41H–HA kindly provided by the Nature 

Technology Corporation (NTC;!Nebraska, USA). 

2.2.1. Alkaline lysis  

Cells lysis was performed using the alkaline method (10). The lysis process began by mixing 

of 10mL of solution 1 (50mM Glucose (Sigma, Portugal), 10mM Ethylenediamine tetraacetic acid 

(EDTA; Merck, Germany) and 25mM Tris(hydroxymethyl)aminoethane (Tris-HCl; Sigma, USA) 

with final pH 8.0) (Annex I) with 1gr of E. coli DH5α (pNTC 7482–41H–HA) cell paste. Solution 

1 is used to destabilize the cellular wall and membrane. The EDTA reagent facilitates the 

disruption through chelation of the calcium and magnesium ions, which in turn inhibits nucleases 

actions (calcium/magnesium-dependent enzymes) preventing them to degrade nucleic acids. 

The glucose acts as a pDNA protector agent, avoiding its fragmentation by excessive agitation 

(75).    

Subsequently, the suspension was incubated on ice with gentle agitation and 10mL of 

solution 2 (200mM Sodium hydroxide (NaOH; Fisher Scientific, USA) and 1% (w/v) Sodium 

dodecyl sulfate (SDS; Sigma, USA) (Annex I) was gently added. Solution 2 promotes an abrupt 

change in pH, causing the rupture of cells and denaturation of biomolecules. The addition of the 

salt and the anionic detergent will result in the solubilization of membrane lipids and proteins and 

irreversible denaturation of gDNA (75). 

The previous mixture was neutralized with 7.52mL of solution 3 (3M Potassium Acetate 

(ABSolve, Portugal) and 11,5% Acetic acid (Fisher Scientific, USA)) (Annex I), leading to the 

formation of gDNA aggregates and SDS-protein complexes (76).  
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Lastly, the mixture was centrifuged at ≈14000g (Sigma 4-16K, Sigma, USA), for 35min at 

4ºC. With the centrifugation the cellular debris, SDS-protein complexes and denatured gDNA are 

precipitated. The pDNA returns to its native configuration, remaining in the supernatant.  

The supernatant was aliquoted and stored at -20ºC until further processing. 

Four different combinations of lysis solutions composition (Annex I) were used based on the 

protocol used in our lab (JCM), the Qiagen Plasmid Mega Kit (Qiagen, Spain) manufacturer’s 

instructions (QIA), and the Nature Technology Corporation directions – suggesting the use of 

merely solutions 1 and 2 (NTC–JCM and NTC–QIA).   

2.2.2. pDNA purification 

The pDNA present in the alkaline lysate was purified using Qiagen Plasmid Mega Kit 

(Qiagen, Spain) to be used as control in the partition assays. For this purpose, cells lysis was 

performed as previously described but the solution 1 used contained 100µg/ml RNase A (50mM 

Tris·Cl, pH 8.0; 10mM EDTA; 100µg/mL Rnase A). 

The purification was executed according to manufacturer’s instructions. Briefly, the 

supernatant obtained at the end of the alkaline lysis was applied to an anionic exchange 

chromatography column previously equilibrated with 35mL of buffer QBT. Next the column was 

washed with 200mL of buffer QC, followed by the elution of the pDNA by the addition of 35mL of 

buffer QF. Subsequently, the pDNA was precipitated by the addition of 24.5mL of room 

temperature (RT) 70% Isopropanol to the elution product. The mixture was immediately 

centrifuged at ≈14000g, for 40min at 4ºC. Afterward, the pellet was washed with 7mL of RT 70% 

Ethanol and centrifuged at ≈14000g, for 20min at 4ºC. Lastly, the supernatant was carefully 

decanted and the pellet air-dried for 10-20min and re-dissolved in a suitable amount of buffer 

10mM Tris-HCl, pH 8.5. 

To evaluate the viability and efficiency of the purification process several samples were 

collected throughout the procedure. These were analyzed by an agarose gel electrophoresis for a 

qualitative evaluation of the process (Annex II). 

2.3.  Solution preparation 

Stock solutions of 100%(w/w) of PEG600 and 30%(w/w) of Ammonium Sulfate in deionized 

water (dH2O) were used. The ATPSs used for pDNA partition and purification were prepared by 

mixing adequate quantities of PEG600, Ammonium Sulfate salt, E. coli DH5α (pNTC 7482–41H–
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HA) lysate and dH2O at RT. The final composition of ATPS was 20%(w/w) PEG600, 15%(w/w) 

Ammonium Sulfate and 20%(w/w) E. coli lysate. 

The systems were then homogenized by vortexing and sequentially centrifuged at 4500rpm 

(Eppendorf 5804R, Eppendorf, Belgium) for 10min at 25°C. Lastly, the two phases were 

separated for further processing. 

Furthermore, the following solutions were also prepared at the date to be used: 

⇒ 40%(w/w) PEG600+ 20%(w/w) E. coli lysate + dH2O 

⇒ 30%(w/w) Ammonium Sulfate 

2.4.  Microfluidic device design and fabrication 

In a microfluidic system, the microfluidic geometry plays an important role in controlling 

liquid-liquid flows as it affects the flow pattern and shape of the interface between the two 

different phases (77).  

The conceived strategy to tackle the objective of the present work was based on a two-stage 

approach. For the first stage, single-batch prepared ATPSs were used; then, for the second stage 

distinct solutions of 40%(w/w) PEG600–20%(w/w) E. coli lysate and 30%(w/w) Ammonium Sulfate 

were used. 

Firstly, we aimed to ascertain the operation conditions and its suitability to create a two-

phase laminar flow based on the PEG600–Ammonium Sulfate ATPS. Hence, the first microfluidic 

platform fabricated was designed as a Y-shaped two inlets and two outlets straight microchannel 

with 200µm of width, 80µm of height and 25mm of length (Figure 8) designed to fulfill the first 

aim.  
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Figure 8 – First microfluidic platform design. A) Schematic design of the straight microfluidic structure with 

two inlets (a, b) and two outlets (c, d) with 200µm of width, 80µm of height and 5.4cm length (IN→a; IN→b; 

c→OUT; d→OUT), 2.4mm length (a→o; b→o; p→c; p→d) and 25mm length (o→p). B) Photograph of the 

microfluidic device used in the study. 

The two inlets allow the simultaneous insertion of two different solutions. 

Later, the first microfluidic platform was redesigned to enhance partition within the 

microchannel. So, a second platform was designed as a Y-shaped two inlets and two outlets 

spiral microchannel with 200µm of width, 80µm of height and 40cm of length to increase the 

microchannel length (Figure 9). 

 

Figure 9 – Second microfluidic platform design. Schematic design of the spiral microfluidic structure with two 

inlets (IN) and two outlets (OUT) with 200µm of width, 80µm of height and 2.3mm length (IN→o); 1.5mm length 

(p→OUT) and 40cm length (o→p). 
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The devices were made of polydimethylsiloxane (PDMS), an elastomeric polymer that is 

exceptional for the fabrication of microchannel systems for use with biological samples in 

aqueous solutions. PDMS allows the reproducibility of micron-sized features by replica molding 

technique with high fidelity. Also, it is optically transparent above 280nm; it can be deformed 

reversibly; it cures at low temperatures; it can be sealed reversibly or irreversibly with itself and a 

variety of other materials; and it is non-toxic, unreactive, impermeable to water and permeable to 

air (54).  

The microfluidic platforms were fabricated using the replica molding technique (78).  

2.5.  ATPS formation and pDNA partitioning in microfluidic devices 

The solutions were loaded in the microfluidic devices using syringe pumps (neMESYS Low 

Pressure Syringe Pumps, Cetoni, Germany) connected to the microchannel through polyethylene 

tubes inserted into the inlets and outlets holes (Figure 10).  

 

 

Figure 10 – Solution insertion in the microfluidic device. A) Photograph of the apparatus structure used for 

the experiments. B) Syringe pumps apparatus. C) Sample collection following biomolecules partitioning in the ATPS 

formed within the microfluidic device. Photographs taken with BQ Aquaris E5HD. 

Primarily, PEG600–Ammonium Sulfate ATPS was prepared using the single-batch method. 

The formed two-phases were collected separately and loaded into the microfluidic device shown 
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in Figure 8. The aim of this procedure was to evaluate the suitability of the microfluidic platform 

design and investigate the optimal operation conditions to create a two-phase laminar type flow. 

A preliminary study was conducted using a single-batch prepared PEG600–Ammonium Sulfate 

ATPS without E. coli lysate. The collected phases were introduced in the microchannel 

headspace through the distinct inlets at flow rates between 1µL/min to 11µL/min as described 

on Table 4. The defined flow rate range was based on literature descriptions as well as our own 

experimental perceptions considering the principles earlier mentioned in section 1.4.1. 

Table 4 – Flow rate conditions investigated in a preliminary study to create a two-phase laminar type 
flow based on a PEG600–Ammonium Sulfate ATPS. 

Experiment 
Flow rate (µL/min) 

20%(w/w) PEG600 
15%(w/w) 

Ammonium Sulfate 

I 1.2 2.0 

II 1.7 2.5 

III 2.5 4.0 

IV 4.0 6.0 

V 4.5 6.0 

VI 1.5 8.0 

VII 1.5 9.0 

VIII 1.0 11 

IX 10 11 

Optical microscopy (Leica ATC 2000, Leica) performed at the end of the microchannel was 

used to determine whether or not the system separated into two phases in the microchannel. 

Following the preliminary study, ATPSs composed of 20%(w/w) PEG600, 15%(w/w) 

Ammonium Sulfate and 20%(w/w) E. coli lysate were prepared as described in section 2.3. The 

collected phases were then introduced into the microfluidic device shown in Figure 8 and the 

experiments ran as schematized in Figure 11. 
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Figure 11 – Schematic outline of the first experimental stetup flow. Briefly, the ATPS was prepared using 

the single-batch method; following mixing and phase settlement the two distinct phases were collected separately 

and introduced into different microchip inlets through syringe pumps; and finally independently recovered. 

The distinct phases were introduced in the microchannel headspace at flow rates of 0.2 and 

0.5µL/min, 1.7 and 2.5µL/min, 1.0 and 3.5µL/min, 1.0 and 6.0µL/min for the PEG600–rich 

phase and Ammonium Sulfate–rich phase, respectively. Once the laminar flow was established 

and after changing the solutions flow rates, the system was pumped for 10min. to ensure that 

the laminar flow equilibrium at the end of the microchannel was reached and stable. Then the 

samples were collected separately as shown in Figures 10c and 11. The changes in flow 

35ehaviour were monitored through optical microscopy.  

Later, the approach beforehand described was applied using an ATPS composed of 

20%(w/w) PEG600, 15%(w/w) Ammonium Sulfate and 20%(w/w) E. coli lysate prepared as 

described in section 2.3. The collected phases were then introduced into the second microfluidic 

device (Figure 9) and the experiments ran as schematized in Figure 11.  

The collected phases were introduced in the microchannel headspace at flow rates of 1.0 

and 4.0µL/min, 1.0 and 6.0µL/min for the PEG600–rich phase and Ammonium Sulfate–rich 

phase, respectively. These flow rates were defined based on the outcomes of the preceding 

studies and adjustments performed during experiments. The changes of the solutions flow rates 

and samples collections were performed as previously described. 

Lastly, for the second stage of our strategy, two distinct solutions were prepared containing: 

i) 40%(w/w) PEG600 + 20%(w/w) E. coli lysate; and ii) 30%(w/w) Ammonium Sulfate. Following 

preparation, the solutions were introduced into the second microfluidic device (Figure 9) as 

schematized in Figure 12 at flow rates of 1.2 and 3.7µL/min, 3.5 and 9.0µL/min, 5.5 and 

11µL/min for the PEG600 and Ammonium Sulfate phases, respectively.  



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 36 

 

Figure 12 – Schematic outline of the second experimental setup flow. Briefly, solutions containing i) 

40%(w/w) PEG600 + 20%(w/w) E. coli lysate and ii) 30%(w/w) Ammonium Sulfate were prepared separately; then 

introduced into distinct microchip inlets through syringe pumps; and finally independently recovered. 

Following samples collection these were stored at -20ºC until further processing. 

2.6.  Agarose gel electrophoresis (AGE) 

Agarose gel electrophoresis is a methodology used to separate, purify and identify nucleic 

acids.  

The agarose gels are prepared by dissolving agarose in 1x Tris-Acetate-EDTA (TAE) buffer 

(40mM Tris base, 20mM acetic acid and 1mM EDTA, pH 8). The quantities and volumes used 

are selected according to the desired final percentage (w/v), which in the present work were 

0.6% and 1%. As agarose cannot be dissolved in TAE buffer at RT, it was slightly heated up to 

≈85ºC. Once the agarose was dissolved, 0.5µg/mL of the nucleic acids fluorescent marker 

ethidium bromide (EtBr) were added and the mixture poured into the electrophoretic support and 

allowed to cool and solidify at RT. The samples obtained from the partition assays were prepared 

by mixing 10µL of each sample with 2µL of loading buffer; and subsequently loaded on the gel 

wells (10µL/well). The nucleic acids present in the samples will migrate along the gel according 

to their size (molecular weight) and shape driven by an electric field (90V, 60mA) for 55min. 

Because the nucleic acids are negatively charged, the migration along the gel will occur in the 

direction of the positive pole of the electrophoretic equipment. 

The gels obtained after running the samples were photographed using the Quantity one 1-D 

analysis software (Bio-Rad, USA). 
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3. RESULTS AND DISCUSSION 

The present work aimed to perform the proof-of-concept concerning the purification of pDNA 

from E. coli lysates using a microfluidic based on PEG600–Ammonium Sulfate ATPS.  

The experimental work was initiated with a qualitative study concerning the influence of lysis 

solutions composition and combinations on the quality of high productivity E. coli DH5α (pNTC 

7482–41H–HA) lysates obtained using the alkaline lysis method (10).  

3.1.  Influence of alkaline lysis solutions composition and combinations on E. coli 

DH5α (pNTC 7482–41H–HA) lysates quality 

The principle of alkaline lysis exploits the covalently closed circular nature of pDNA and the 

very high molecular weight of gDNA. When a cell extract is exposed to alkaline pH conditions 

combined with high concentration of salt and the presence of an anionic detergent (SDS), 

solubilization of membrane lipids and proteins occurs and the hydrogen bonds between the DNA 

bases disrupt, converting the double-stranded DNA (dsDNA) to single-stranded DNA (ssDNA), 

including pDNA and gDNA. Neutralization of the mixture allows the re-establishment of the 

hydrogen bonding between the ssDNA bases. Due to pDNA small size, proper annealing can 

easily occur allowing it to return to its native configuration; however, as gDNA is much bigger 

than pDNA, its annealing is impossible. Hence, neutralization leads to the formation of insoluble 

gDNA aggregates, SDS-protein complexes that precipitate during the succeeding centrifugation 

step (75, 76, 79). 

To determine which combination of alkaline lysis solutions composition and combination 

would render the higher pDNA yield with the lowest presence of contaminants, a qualitative 

comparative study was performed. Four different combinations of lysis solutions composition 

(Annex I) were used to obtain high productivity E. coli DH5α (pNTC 7482–41H–HA) lysates – 

JCM, QIA, NTC::JCM and NTC::QIA – as described in section 2.2.1. Samples of the obtained 

lysates were analyzed by AGE (Figure 13). 
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Figure 13 – AGE of samples of high productivity E. coli DH5α  lysates obtained using four different 

combinations of lysis solutions composition. T = Top run; B = Bottom run. Lanes: (1T) Lysate obtained using 

solutions composition applied in our lab (JCM); (1B) Lysate obtained according to an adaptation of Qiagen Plasmid 

Mega Kit recommended solutions composition (QIA); (2T) Lysate obtained using only solutions 1 and 2 of JCM 

protocol (NTC::JCM); (2B) Lysate obtained using only solutions 1 and 2 of QIA protocol (NTC::QIA). The bands 

visualized in the gel are due to the use of EtBr. 

The results presented in Figure 13 show that lysates obtained using the 3 solutions based 

protocols – lanes 1T (JCM) and 1B (QIA) – appear to present lower RNA content and less gDNA 

contamination than the lysates obtained using merely solutions 1 and 2 from either JCM-based 

protocol or QIA-based protocol – lanes 2T (NTC::JCM) and 2B (NTC::QIA), respectively. This 

observation suggests that regardless of the high quantity of pDNA that the E. coli strain used can 

produce; neutralization with solution 3 improves the precipitation of gDNA and RNA.  

Furthermore, observing lanes 1T and 1B (Figure 13) concerning the analysis of the lysates 

obtained using the JCM-based protocol or QIA-based protocol, respectively; the first (JCM) 

appears to present a slightly higher amount of pDNA compared to the second (QIA). The 

difference in solution 1 composition between the JCM-based protocol and QIA-based protocol is 

the presence of 50mM glucose in the first. Glucose is added to ensure solution isotonicity. Yet, it 

has been reasoned that cell wall containing bacteria, including E. coli DH5α do not require 

isotonicity. Therefore, many solution 1 recipes as the one described in the Qiagen plasmid 

purification handbook (80) do not include glucose in the recipe (81).  
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So, we decided to proceed the experimental work using the JCM and QIA lysates to assess 

how the lysate final composition would affect the biomolecules partition within a 20% (w/w) 

PEG600–15% (w/w) Ammonium Sulfate ATPS. 

3.2.  Influence of lysate final composition on biomolecules partition in a PEG600–

Ammonium Sulfate ATPS  

For the assessment of the influence of lysate final composition on biomolecules partition in 

a PEG600–Ammonium Sulfate ATPS, distinct ATPSs were prepared as described in section 2.3 

using the JCM and QIA lysates. The final composition of ATPSs was 20%(w/w) PEG600, 15%(w/w) 

Ammonium Sulfate and 20%(w/w) high productivity E. coli DH5α lysate.  

As earlier mentioned, it has been reported that in a PEG600–Ammonium Sulfate ATPS the 

pDNA is concentrated in the Ammonium Sulfate–rich phase, whereas the main contaminants 

(proteins, RNA, gDNA fragments, endotoxins) migrate to the PEG600–rich phase (38, 47). 

AGE was performed to qualitatively assess the biomolecules partition behavior in the ATPS 

(Figure 14).  

 

Figure 14 – AGE of samples from 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate ATPSs containing 
20%(w/w) distinct high productivity E. coli DH5α  lysates. Tp = Top run; Bp = Bottom run. Lanes: (LTp) 

Control sample of JCM lysate; (LBp) Control sample of QIA lysate; (1) Samples of ATPS containing QIA lysate; (2) 

Samples of ATPS containing JCM lysate. The PEG–rich phases of the ATPSs were analyzed on the top lanes of the 

gel (Tp), and the corresponding Ammonium Sulfate –rich phases were analyzed on the bottom lanes of the gel. The 

bands visualized in the gel are due to the use of EtBr. 
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The results presented in Figure 14 reveal that in the ATPS containing the QIA lysate a higher 

amount of RNA remained in the Ammonium Sulfate–rich phase compared to the Ammonium 

Sulfate–rich phase of the ATPS containing the JCM lysate. The later also appears to present a 

higher amount of pDNA in the Ammonium Sulfate–rich phase. As formerly mentioned, 

partitioning of biomolecules in ATPSs relies on the physicochemical properties of the 

biomolecules (e.g., hydrophobicity, superficial electrochemical charge, molecular weight) and 

their interactions with those of the biphasic system (e.g., composition, ionic strength, presence of 

specific salt ions, pH) (13, 32). The JCM and QIA lysate compositions differ namely due to the 

presence of a low quantity of glucose in its composition and absence of it, respectively. The 

presence of sugars in ATPS has been reported to affect the functional properties of the 

macromolecules contained in the system, changing the phase behavior and interfacial properties 

of the system, which determines the overall structure of ATPS (82). Sugars form hydrogen bonds 

with water molecules, which allow them to structure water, affecting the hydrophobic–hydrophilic 

balance of biomolecules in the system. Furthermore, the presence of sugars in ATPSs influences 

the system interfacial tension (!) thus influencing the biomolecules partition behavior (82). 

Hence, the differences observed in Figure 14 concerning the partition of nucleic acids may be 

related to the presence of glucose in the ATPS composition.  

Considering these results, we decided to continue the study using the JCM lysate. 

3.3. Preliminary microfluidic structure design studies 

Microfluidic technologies take advantage of the large interfacial areas and reduced mass 

transfer limitations to accomplish increased performance and higher levels of control over two-

phase systems than it is possible in conventional bench scale systems (56). In this context, 

microfluidic structures geometry play an important role in controlling liquid-liquid flows.  

In the present work we aimed to ascertain if the efficiency of the 20%(w/w) PEG600–

15%(w/w) Ammonium Sulfate ATPS for pDNA purification could be increased, taking advantage 

of the large interfacial areas that microfluidic technologies provide. For this purpose, a Y-shaped 

two inlets and two outlets straight microchannel was designed (Figure 8). When two immiscible 

fluids are inserted in a microchannel with the selected geometry, the resulting flow pattern is a 

flow-focused pattern in which two regimes occur – dripping and jetting. The dripping regime 

generates droplets whereas the jetting regime allows the formation of a two-phase laminar flow 

(57, 83). 
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To ascertain the operation conditions and the suitability of this first microfluidic device to 

create a two-phase laminar flow based on the PEG600–Ammonium Sulfate ATPS, a preliminary 

study was conducted using a single-batch prepared PEG600–Ammonium Sulfate ATPS without E. 

coli lysate. Following phase separation, the distinct phases were simultaneously inserted into the 

device inlets at the flows rates described on Table 4. The performed experiments showed that the 

two phases could coexist in a laminar flow, forming a stratified type flow (Figure 15) at the flow 

rates of 0.2 and 0.5µL/min, 1.7 and 2.5µL/min, 1.0 and 3.5µL/min, 1.0 and 6.0µL/min for 

the PEG600–rich phase and Ammonium Sulfate–rich phase, respectively.  

 

Figure 15 – Photograph of the bifurcation of the first microfluidic microchannel into the outlets 
during injection of PEG600–rich and Ammonium Sulfate–rich phases into the microfluidic device. Flow 

rates: PEG600–rich phase → 1µL/min; Ammonium Sulfate–rich phase → 6µL/min. The black arrow indicates the 

interface between the PEG600–rich phase (top outlet) and the Ammonium Sulfate–rich phase (bottom outlet). 

Photograph taken with BQ Aquaris E5HD.  

3.4. Effect of interfacial area expansion on RNA partitioning in single-batch prepared 

ATPS   

Following the preliminary study, a similar set of experiments was carried out using an ATPS 

composed of 20%(w/w) PEG600, 15%(w/w) Ammonium Sulfate and 20%(w/w) E. coli lysate (Figure 

11). The aim of these experiments was to determine if the expansion of the interfacial area of a 

single-batch prepared ATPS using the microfluidic device, would improve the nucleic acids 

partition, namely RNA. For this purpose, the distinct ATPS phases collected as formerly described 

were introduced in the first microchannel headspace (Figure 8) at flow rates of 0.2 and 

0.5µL/min, 1.7 and 2.5µL/min, 1.0 and 3.5µL/min, 1.0 and 6.0µL/min for the PEG600–rich 
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phase and Ammonium Sulfate–rich phase, respectively. These flow rates were defined based on 

the outcomes of the preceding study.  

During the experiments, at flow rates of 0.2 and 0.5µL/min, 1.7 and 2.5µL/min for the 

PEG600–rich phase and Ammonium Sulfate–rich phase, respectively; a stable laminar flow could 

not be achieved as a dripping flow regime was observed. For the other two flow rate 

combinations a stable laminar flow was observed and samples were collected as shown in Figure 

10. A qualitative analysis by AGE was performed using samples of the ATPS prior to microfluidic 

partitioning (control sample) and following partitioning at each flow rate combination. The results 

are presented in Figure 16. 

 

Figure 16 – AGE of samples from 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate ATPSs containing 
20%(w/w) E. coli DH5α  lysate (JCM) collected after microfluidic partitioning in the first microfluidic 

device. Tp = Top run; Bp = Bottom run. Lanes: (LTp) No sample loaded; (LBp) Control sample of JCM lysate; (1) 

Control sample of PEG600–rich phase (Tp) and Ammonium Sulfate–rich phase (Bp) of ATPS prior to microfluidic 

partitioning; (2) Sample of PEG600–rich phase (Tp) and Ammonium Sulfate–rich phase (Bp) of ATPS collected 

following microfluidic partitioning at flow rates of 1.0 and 6.0µL/min, respectively; (3) Sample of PEG600–rich phase 

(Bp) and Ammonium Sulfate–rich phase (Tp) of ATPS collected following microfluidic partitioning at flow rates of 1.0 

and 3.5µL/min, respectively. The bands visualized in the gel are due to the use of EtBr. 

The control sample (lane 1) presents a low quantity of nucleic acids compared to the 

homologous sample shown in Figure 14 (lane 2), namely RNA. Accordingly, the samples derived 

from the same ATPS collected following microfluidic partitioning also present a very low quantity 

of nucleic acids. This suggests that nucleic acid degradation occurred. Degradation of nucleic 

acids, particularly RNA, starts as soon as the cells burst throughout the isolation procedure. RNA 
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is commonly known to be a fragile macromolecule susceptible to degradation by ubiquitous 

ribonucleases (RNases) (84, 85). Although the samples used were prepared prior to use to 

minimize degradation, the fact that all the experiments were conducted in a non RNA-free 

environment at RT (≈23–26ºC), may have contributed to RNA degradation. Furthermore, the 

roughly absence of RNA on the PEG600–rich phase samples collected following microfluidic 

partitioning may also be related with the RNA concentration on the collected volume which was 

much smaller than that of the PEG600–rich phase sample collected prior to microfluidic 

partitioning.  

Furthermore, comparing the results obtained for the Ammonium Sulfate–rich phases 

samples, namely the one presented on lanes 1Bp and 2Bp it appears that microfluidic 

partitioning of single-batch prepared ATPS does not influence the system equilibrium previously 

reached. On the other hand, it was possible that full RNA diffusion to the PEG600–rich phase did 

not occur due to the length of the microchannel. In a study performed by Silva et al. (72) 

concerning the partition of immunoglobulin G (IgG) tagged with fluorescein isothiocyanate (FITC) 

in a PEG/phosphate buffer with NaCl ATPS, the authors observed that there was almost no 

variation in fluorescence of either phase in experiments performed in a 3.14cm length 

microfluidic device, suggesting that partition was negligible probably due to the low residence 

time.  

Considering these data, the first microfluidic platform was redesigned as a Y-shaped two 

inlets and two outlets spiral microchannel with 40cm of length (Figure 9) aimed to enhance 

partition within the microchannel. The spiral geometry was elected owing to its low tendency to 

cause turbulent multiphase flows due to curvature effect when compared to other curved and/or 

angled geometries (86).   

 A set of experiments similar to the beforehand described was performed to determine if the 

full RNA diffusion to the PEG600–rich phase of a single-batch prepared ATPS did not occur due to 

the length of the microchannel. Therefore, an ATPS composed of 20%(w/w) PEG600, 15%(w/w) 

Ammonium Sulfate and 20%(w/w) E. coli lysate prepared as described in section 2.3. The 

collected phases were then introduced into the second microfluidic device (Figure 9) and the 

experiments ran as schematized in Figure 11. Samples were introduced in the second 

microchannel headspace at flow rates of 1.0 and 4.0µL/min, 1.0 and 6µL/min for the PEG600–

rich phase and Ammonium Sulfate–rich phase, respectively. These flow rates were defined based 

on the outcomes of the preceding study and adjustments performed during experiments. 
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The results of the qualitative analysis by AGE performed using samples of the ATPS prior to 

microfluidic partitioning (control sample) and following partitioning at each flow rate combination 

are shown in Figure 17. 

 

Figure 17 – AGE of samples from 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate ATPSs containing 
20%(w/w) E. coli DH5α  lysate (JCM) collected after microfluidic partitioning in the second 

microfluidic device. Tp = Top run; Bp = Bottom run. Lanes: (LTp) Control sample of JCM lysate; (LBp) No 

sample loaded; (1) Control sample of PEG600–rich phase (Tp) and Ammonium Sulfate–rich phase (Bp) of ATPS prior 

to microfluidic partitioning; (2) Sample of PEG600–rich phase (Tp) and Ammonium Sulfate–rich phase (Bp) of ATPS 

collected following microfluidic partitioning at flow rates of 1.0 and 6µL/min, respectively; (3) Sample of PEG600–rich 

phase (Bp) and Ammonium Sulfate–rich phase (Tp) of ATPS collected following microfluidic partitioning at flow rates 

of 1.0 and 4.0µL/min, respectively. The bands visualized in the gel are due to the use of EtBr. 

Once again, the control sample (lane 1) presents a low quantity of RNA compared to the 

homologous sample shown in Figure 14 (lane 2). Accordingly, the samples derived from the 

same ATPS collected following microfluidic partitioning also present low quantities of RNA, 

suggesting RNA degradation as previously discussed. Also, the roughly absence of RNA on the 

PEG600–rich phase samples collected following microfluidic partitioning may also be related with 

the RNA concentration on the collected volume which again, was much smaller than that of the 

PEG600–rich phase sample collected prior to microfluidic partitioning. Observing lane 3, where the 

presence of pDNA and RNA in the PEG600–rich and Ammonium Sulfate–rich phase samples 

collected after microfluidic partitioning at flow rates of 1.0µL/min and 4.0µL/min, respectively, 

was scrutinized; it shows the presence of a small amount of pDNA on the PEG600–rich phase (lane 
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3Bp). This may be explained by flow fluctuations, which resulted in occasional turbulent flows 

that lead to sample mixing during collection.  

Lastly, both Ammonium Sulfate–rich phase samples collected after microfluidic partitioning 

(lanes 2Bp and 3Tp) show the presence similar amounts of RNA when compared to the 

Ammonium Sulfate–rich phase of the control sample (lane 1Bp). This indicates that in the single-

batch prepared 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate ATPS containing 20%(w/w) E. 

coli DH5α lysate biomolecules partitioning is not dependent on the systems interfacial area. As 

partitioning of biological macromolecules in PEG-Salt systems is primarily determined by the 

salting-out ability of the salt–rich phase and the exclusion limit of the polymer–rich phase (38), 

this result would be expected. Therefore, the implementation of a different experimental setup 

aimed to improve the ATPS performance was carried out.  

3.5. pDNA microfluidic partitioning on PEG600–Ammonium Sulfate ATPS 

In a study concerning pDNA purification with a PEG600–Sodium citrate/Ammonium sulfate 

ATPS, Gomes and coworkers (47) determined that multi-stage batch extraction process in which 

the bottom phase containing the pDNA was extracted several times with a new top phase 

improved ATPS performance without significant pDNA loss. Furthermore, it has been successfully 

demonstrated the viability of a multi-stage batch aqueous two phase extraction approach as an 

important tool for the removal of contaminants in ATPS-based extractions (51, 87). However, as 

earlier highlighted this strategy demands an increase in unit operations, time consumption, 

sample amount and handling, and a reduction on the amount of pDNA recovered compared to 

single-stage batch approach (29). Therefore, the second stage of the conceived strategy was 

performed considering the cross-current operation mode underlying the multi-stage batch 

approach (51, 87).  

Two distinct stock solutions were prepared containing: i) 40%(w/w) PEG600 + 20%(w/w) E. 

coli lysate; and ii) 30%(w/w) Ammonium Sulfate. Stock solutions preparation was reasoned 

considering the volume ratio (1.1) of the PEG600–Ammonium Sulfate ATPS being studied and the 

principles that govern partitioning of biomolecules in PEG-Salt systems. As previously mentioned, 

the latest is predominantly governed by the salting-out ability of the salt-rich phase and the 

exclusion limit of the polymer-rich phase (38, 47).  
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Following preparation, the solutions were introduced into the second microfluidic device 

(Figure 9) as schematized in Figure 12 at flow rates of 1.2 and 3.7µL/min, 3.5 and 9.0µL/min, 

5.5 and 11µL/min for the PEG600 and Ammonium Sulfate phases, respectively.  

The qualitative analysis of the collected samples compared to a control sample of JCM 

lysate purified using Qiagen Plasmid Mega Kit was performed by AGE. The results are shown in 

Figure 18. 

   

Figure 18 – AGE of samples from 40%(w/w) PEG600–20%(w/w) E. coli DH5α  lysate (JCM) and 

30%(w/w) Ammonium Sulfate solutions collected after microfluidic partitioning in the second 
microfluidic device. Tp = Top run; Bp = Bottom run. Lanes: (LBp) Control sample of JCM lysate purified using 

Qiagen Plasmid Mega Kit; (1Tp) Control sample of 40%(w/w) PEG600–20%(w/w) E. coli DH5α lysate (JCM) solution; 

(1Bp) Control sample of 30%(w/w) Ammonium Sulfate solution; (1) Sample of PEG600–rich phase (Tp) and 

Ammonium Sulfate–rich phase (Bp) solutions collected following microfluidic partitioning at flow rates of 1µL/min 

and 3.7µL/min, respectively; (2) Sample of PEG600–rich phase (Tp) and Ammonium Sulfate–rich phase (Bp) 

solutions collected following microfluidic partitioning at flow rates of 3.5µL/min and 9µL/min, respectively; (3) 

Sample of PEG600–rich phase (Bp) and Ammonium Sulfate–rich phase (Tp) solutions collected following microfluidic 

partitioning at flow rates of 5.5µL/min and 11µL/min, respectively. The bands visualized in the gel are due to the 

use of EtBr. 

The results show that pDNA successfully partitioned to the Ammonium Sulfate phase at all 

flow rates studied. Additionally, regarding the extent of pDNA partitioning to the salt-phase it 

appears to be an inverse relationship between partitioning and the flow rate as a higher amount 

of pDNA is observed for the samples ran at a flow rate of 1µL/min (PEG600/lysate phase) and 

3.7µL/min (Ammonium Sulfate phase) – lane 2Bp; and the lowest pDNA amount observed for 

the samples run at a flow rate of 5.5µL/min (PEG600/lysate phase) and 11µL/min (Ammonium 
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Sulfate phase) – lane 4Tp. As regards the PEG600/lysate phase samples the contrary is observed 

as the samples shown in lane 4Bp present a higher amount of pDNA compared to the samples 

shown in lane 2Tp. A method to further dissect these observations is presented in section 3.6. 

Also, no RNA is observed on either Ammonium Sulfate phase when compared to control 

samples (JCM lysate purified using Qiagen Plasmid Mega Kit – LBp; 30%(w/w) Ammonium 

Sulfate solution – 1Bp). However, some RNA contamination is detected on the lanes of the 

bottom run of the gel (Bp). This occurred due to an operator error upon setting the gel-running 

period.  

 Although complete partitioning of pDNA was not observed, data presented shows that proof-

of-concept concerning the purification of pDNA from E. coli lysates using a microfluidic based on 

PEG600–Ammonium Sulfate ATPS was accomplished. 

3.6. Dimensional Analysis 

Understanding the behavior of two-phase flows in microfluidic elements is crucial for the 

successful design and application of heating, mixing, reactions, emulsions, and so on, for 

enhancing and extending the performance of single-phase microfluidic systems (57). Hence, to 

better understand the fluid-dynamical response in the microfluidic devices inherent to the PEG600–

Ammonium Sulfate continuous-flow herein investigated a dimensional analysis was performed.  

The fluid-dynamical response of multiphase flows in microfluidic devices is very complex as 

it involves a wide variety of competing physical phenomena resultant from the interplay between 

gravitational, interfacial, inertial, and viscous forces (56, 59). Dimensional analysis and the use of 

dimensional parameters can be applied to reduce the number and complexity of experimental 

variables that affect a given physical problem. These tools elucidate the basic relationships 

between the dependent and independent variables of a physical effect or system. Consequently, 

dimensional analysis can assist in experimental planning and the presentation of measured data 

designed to better understand them. The basis of this analysis relies on the fact that physical 

laws are independent of arbitrarily chosen units of measurement (88, 89). Its advantages are: 

o Reduction of the number of independent variables, which simplifies the experimental work 

without loss of information;  

o Grouping of variables in a dimensionless form, which allows a better understanding of 

phenomena; 
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o Provides scaling laws, which can convert data from models to design information for 

prototypes. 

To better understand the physical phenomena underlying the ATPS-based two phase flow 

described in the present work, a dimensional analysis was performed based on the Buckingham 

! theorem. This theorem may be enunciated as (88): 

For a given physical effect or process where there are ! physically relevant variables that 

can be described by ! fundamental dimensions, there are a total of ! − ! independent, 

dimensionless, quantities (or ‘Pi groups’) !!, !!, ..., !!!!. The behavior of the effect or process 

can be described by dimensionless Equation 9:  

"!" = !(!!,!!,… !!(!!!))              Equation 9 

In fluid mechanics, the four fundamental dimensions are usually taken to be mass M, length 

L, time T, and temperature ︎ Θ, or an MLTΘ system for short (88, 89). 

Typically, the procedure to the theorem implementation is the following (88): 

1) Define the problem and list the ! variable parameters of importance; 

2) List and count the dependent (Q) and independent (q1, q2, …, qn) variables involved in the 

problem; 

3) List the dimensions of each variable according to an MLTΘ system. The number of 

fundamental units corresponds to the value for !.   

4) Determine the number of required ! (! − !); 

5) Form a dimensionless parameter ! by multiplying the dependent variable by the 

remaining variables, each raised to an unknown exponent; 

6) Solve for the unknown exponents; 

7) Repeat the process if (! − !) >1; 

8) Express the result as a relationship among the dimensionless parameters.  

The dimensional analysis of the physical problem began by identifying a complete set of 

independent variable quantities (!,!,!,!, !,!,!) that determine the value of the dependent 

variable ! (pressure). Pressure is a good indicator of the fluid system behavior. Additionally, 

pressure is the consequence of the several system inputs and properties of the fluids that 

circulate in it.  

This relationship can be represented in the form (Equation 10):  

! = !(!,!,!,!,!,!,!)    Equation 10 
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The dimensions of each variable according to an MLTΘ system are listed in Table 5. 

Table 5 – List of variables and corresponding symbols, dimensions and type involved in physical 
phenomena underlying the ATPS-based two phase flow. 

Quantity Symbol SI units Dimensions Type of variable 

Pressure ! Kg.m!!. s!!! ML!!T!! Dependent 

Viscosity ! Kg.m!!. s!! ML!!T!! Independent 

Density ! Kg.m!! ML!! Independent 

Volume flow rate ! m!. s!! L!T!! Independent 

Interfacial tension ! Kg. s!! MT!! Independent 

Mass flow rate ! Kg. s!! MT!! Independent 

Length ! m L Independent 

Section area ! m! L! Independent 

The number of dimensionless parameters ! is defined as ! = ! − !. Then, consulting 

Table 5 the number of dimensionless parameters (!) needed to describe the phenomena under 

analysis is 5 (= 8 – 3). Next, to form the 5 ‘Pi groups’ (!) a simplified analysis of the global 

system was described on a matrix presented on Table 6 aimed to determine the unknown 

exponents that each variable should be raised to.   

Table 6 – Matrix depicting the fundamental dimensions that describe each variable involved in the 
physical phenomena being studied and the attributed unknown exponents. 

 
Variables 

 

! ! ! ! ! ! ! ! 

Fundamental 
dimensions 

M 1 1 1 0 1 1 0 0 

L -1 -1 -3 3 0 0 1 2 

T -2 -1 0 -1 -2 -1 0 0 

  a b c d e f g Unknown 
exponents 
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The unknown exponents represented were solved based in the following equation system 

(Equation 11): 

!:
!:
!:

! = !+ !+ !+ !
−! = −!− !"+ !!+ !+ !"

−! = −!− !− !"− !
   Equation 11 

The resolution of the equation system (detailed on Annex III) concluded with the following 

solution (Equation 12):  

! = !− !"− !− !
! = !− !− !− !"− !
! = !+ !− !

    Equation 12 

This solution rendered the following relationship among variables (Equation 13):  

!! = !! ∙ (!!!!"!!!!,!!!!!!,!!,!!,!!,!!!!!!!!"!!,!!)  Equation 13 

in which !!represents a coefficient that describes the function. 

At this point, to determine the 5 dimensionless parameters the variables were grouped 

according to coefficients described above rendering the following relationship between the 5 

dimensionless parameters (Equation 14): 

!"#
!!

!
= !! ∙ !"

!" ,
!"#
!! ,

!
!" ,

!
!!    Equation 14 

where 

!"#
!!

!
 – Defines the non-dimensional dependent variable 

!"
!" ! – Defines the effect of the volumetric flow in the system non-dimensional pressure 

!"#
!!  – Defines the effect of the fluid properties (relation between inertia and viscosity), 

analogous to Reynolds number 

!
!" – Defines the mass transport parameter and its effect on the non-dimensional pressure 

in the system.  

!
!! – Defines the geometric parameter 
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These dimensionless parameters allow the fluids flow behavior to be better appreciated and 

predicted. The shape of the !! function must be determined, for each non-dimensional 

parameter, through simulations or experimental tests. Additionally, they can reveal which 

physical mechanisms should be used to manipulate the flow and design the functionality desired 

for a particular microfluidic device.  

As the partitioning of biomolecules is concerned a similar analysis was performed aimed to 

understand how these phenomena are governed. The identified set of independent variable 

quantities was (!,!, !,!!, !) that determine the value of the dependent variable !(mass 

transfer coefficient). This coefficient relates the mass transfer rate, mass transfer area, and 

concentration change as driving force; and can be used to quantify the mass transfer 

between phases, immiscible and partially miscible fluid mixtures. 

This relationship can be represented in the form (Equation 15): 

! = !(!,!,!,!!,!)    Equation 15 

The dimensions of each variable according to an MLTΘ system are listed in Table 7. 

Table 7 – List of variables and corresponding symbols, dimensions and type involved in physical 
phenomena underlying the partitioning of biomolecules between two phase flowing fluids. 

Quantity Symbol SI units Dimensions Type of variable 

Mass transfer 
coefficient 

! m. s!! LT-1 Dependent 

Diffusion coefficient ! m!. s!! L2T-1 Independent 

Acceleration due to 
gravity 

! m. s!! LT-2 Independent 

Length ! m L Independent 

Fluid velocity ! m. s!! LT-1 Independent 

Kinematic viscosity ! m!. s!! L2T-1 Independent 

Observing Table 7, the number of dimensionless parameters (!) needed to describe the 

phenomena under analysis is 4 (= 6 – 2). Next, to form the 4 ‘Pi groups’ (!) a simplified analysis 

of the global system was described on a matrix presented on Table 8 aimed to determine the 

unknown exponents that each variable should be raised to.  
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Table 8 – Matrix depicting the fundamental dimensions that describe each variable involved in the 
physical phenomena being studied and the attributed unknown exponents. 

 
Variables 

 
! ! ! ! ! ! 

Fundamental 
dimensions 

L 1 2 1 1 1 2 

T -1 -1 -2 0 -1 -1 

  a b c d e Unknown 
exponents 

 

The unknown exponents represented were solved based to the following equation system 

(Equation 16): 

!:
!:

! = !"+ !+ !+ !+ !"
−! = −!− !"− !− !    Equation 16 

The resolution of the equation system (detailed on Annex III) concluded with the following 

solution (Equation 17):  

! = −!+ !"+ !
! = !− !"− !− !     Equation 17 

This solution rendered the following relationship among variables (Equation 17):  

!! = !! ∙ (!!!!"!!!!,!!,!!!!!"!!,!!,!!)   Equation 18 

in which !!represents a coefficient that describes the function. 

At this point, to determine the 5 dimensionless parameters the variables were grouped 

according to coefficients described above rendering the following relationship between the 5 

dimensionless parameters (Equation 18): 

!"
! = !! ∙ !!!

!! ,
!"
! ,

!
!     Equation 19 

where 

!"
!  – Defines the non-dimensional dependent variable, analogous to the Sherwood number 

(relation between mass transfer velocity and diffusion velocity); 

 
!!!
!!  – Defines the effects of momentum transport in the system non-dimensional mass 

transfer coefficient 
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!"
!  – Defines the effects of flow velocity in the system non-dimensional mass transfer 

coefficient, analogous to the Péclet number (relation between convection and diffusion) 

 
!
!  – Defines the effects of diffusivity of momentum in the system non-dimensional mass 

transfer coefficient, analogous to the Schmidt number (relation between diffusivity of 

momentum and diffusivity of mass) 

These dimensionless parameters provide a tool that facilitates the study and prediction of 

biomolecules diffusion and partitioning between two-phase flowing fluids. Again, the shape of the 

!! function must be determined, for each non-dimensional parameter, through simulations or 

experimental tests. Nonetheless, this analysis corroborates the observation described in section 

3.5 where the data obtained suggested an inverse relationship between partitioning and the flow 

rate, which is elucidated by the 
!"
!  dimensionless parameter. 

Hence, the herein presented analysis may be used to build a mathematical model based on 

the !! function description, and minimize the number of experiments for the design of 

microfluidic parameters.  
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4. CONCLUDING REMARKS 

The present work verified that alkaline lysis solutions combinations influence E. coli DH5α 

(pNTC 7482–41H–HA) lysates quality. Furthermore, lysate final composition may influence the 

partition of biomolecules in a 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate ATPS. 

 The data concerning microfluidic partitioning of nucleic acids showed that although single-

batch prepared 20%(w/w) PEG600–15%(w/w) Ammonium Sulfate two phases could coexist in a 

laminar flow within distinct designed microchannels; interfacial area expansion provided by the 

microfluidic platform does not influence biomolecules partitioning.  

The microfluidic partitioning of pDNA was accomplished using a microfluidic continuous-flow 

based on solutions constituted by 40%(w/w) PEG600/20%(w/w) lysate and 30%(w/w) Ammonium 

Sulfate. Although complete partitioning of pDNA was not observed, the concept of pDNA 

purification using a microfluidic continuous-flow based PEG600–Ammonium Sulfate ATPS was 

proven. Also, the presented dimensional analysis enlightened the relationships behind the 

physical phenomena explored in this study and may be used to build a mathematical model and 

minimize the number of experiments for the microfluidic design parameters; ultimately leading to 

the optimization of pDNA microfluidic purification. Further quantitative analysis is needed to 

accurately evaluate the potential applications of this methodology. 

Thereafter, the developed methodology could be integrated in a microfluidic device designed 

to perform the isolation, purification, quantification and recovery of pDNA for research and quality 

control applications.  

 

 

 



 

!



 

!

 

 

 

 

 

REFERENCES  
 

!



 

  



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 

 63 

5. REFERENCES 

1. Palomares L, Estrada-Moncada S, Ramírez O. Production of recombinant proteins: challenges 

and solutions. In: Balbás P, Lorence A, editors. Recombinant Gene Expression. Methods in 

Molecular Biology. 267: Humana Press; 2004. p. 15-51. 

2. Lui C, Cady NC, Batt CA. Nucleic Acid-based Detection of Bacterial Pathogens Using 

Integrated Microfluidic Platform Systems. Sensors (Basel, Switzerland). 2009;9(5):3713-44. 

3. Carnes AE, Williams JA. Plasmid DNA Manufacturing Technology. Recent Patents on 

Biotechnology. 2007;1(2):151-66. 

4. Lara A, Ramírez O. Plasmid DNA Production for Therapeutic Applications. In: Lorence A, 

editor. Recombinant Gene Expression. Methods in Molecular Biology. 824: Humana Press; 

2012. p. 271-303. 

5. Diogo MM, Queiroz JA, Prazeres DMF. Chromatography of plasmid DNA. Journal of 

Chromatography A. 2005;1069(1):3-22. 

6. Balagurumoorthy P, Adelstein SJ, Kassis AI. Method to eliminate linear DNA from mixture 

containing nicked circular, supercoiled, and linear plasmid DNA. Analytical Biochemistry. 

2008;381(1):172-4. 

7. Nelson DL, Cox MM. DNA supercoiling. In: Ahr K, editor. Lehninger: Principles of 

biochemistry. 5th ed: W.H. Freeman and Company; 2008 p. 955. 

8. Stadler J, Lemmens R, Nyhammar T. Plasmid DNA purification. The Journal of Gene 

Medicine. 2004;6(S1):S54-S66. 

9. Ferreira GNM, Monteiro GA, Prazeres DMF, Cabral JMS. Downstream processing of plasmid 

DNA for gene therapy and DNA vaccine applications. Trends in Biotechnology. 

2000;18(9):380-8. 

10. Birnboim HC, Doly J. A rapid alkaline extraction procedure for screening recombinant 

plasmid DNA. Nucleic Acids Research. 1979;7(6):1513-23. 

11. Hegyi G, Kardos J, Kovács M, Málnási-Csizmadia A, Nyitray L, Pál G, et al. 10.5. Isolation of 

plasmid DNA.  Introduction to Practical Biochemistry: ELTE Faculty of Natural Sciences, 

Institute of Biology; 2013. p. 212. 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 64 

12. Prather KJ, Sagar S, Murphy J, Chartrain M. Industrial scale production of plasmid DNA for 

vaccine and gene therapy: plasmid design, production, and purification. Enzyme and 

Microbial Technology. 2003;33(7):865-83. 

13. Benavides J, Rito-Palomares M, Asenjo JA. Aqueous Two-Phase Systems. In: Moo-Young M, 

editor. Comprehensive Biotechnology. 2. 2nd ed: Elsevier; 2011. p. 697-713. 

14. Naganagouda K, Mulimani VH. Aqueous two-phase extraction (ATPE): An attractive and 

economically viable technology for downstream processing of Aspergillus oryzae �-

galactosidase. Process Biochemistry. 2008;43(11):1293-9. 

15. Hardt S, Hahn T. Microfluidics with aqueous two-phase systems. Lab on a Chip. 

2012;12(3):434-42. 

16. Beijerinck M. Ueber eine eigentumlichkeit der loslichen starke. Zentralbl Bakteriol, 

Parasitenkd, Infektionskr. 1896;2:698. 

17. Albertsson P-Å. Chromatography and Partition of Cells and Cell Fragments. Nature. 

1956;177(4513):771-4. 

18. Raja S, Murty VR, Thivaharan V, Rajasekar V, Ramesh V. Aqueous Two Phase Systems for 

the Recovery of Biomolecules – A Review. Science and Technology. 2011;1(1):7-16. 

19. Ratanapongleka K. Recovery of biological products in aqueous two phase systems. 

International Journal of Chemical Engineering and Applications. 2010;1(2):191-8. 

20. Hatti-Kaul R. Aqueous two-phase systems. Mol Biotechnol. 2001;19(3):269-77. 

21. Silva DFC, Azevedo AM, Fernandes P, Chu V, Conde JP, Aires-Barros MR. Determination of 

aqueous two phase system binodal curves using a microfluidic device. Journal of 

Chromatography A. 2014;1370(0):115-20. 

22. Rahimpour F, Feyzi F, Maghsoudi S, Hatti-Kaul R. Purification of plasmid DNA with polymer-

salt aqueous two-phase system: Optimization using response surface methodology. 

Biotechnology and Bioengineering. 2006;95(4):627-37. 

23. Diamond AD, Hsu JT. Aqueous two-phase systems for biomolecule separation. In: Tsao GT, 

editor. Bioseparation. Advances in Biochemical Engineering/Biotechnology. 47: Springer 

Berlin Heidelberg; 1992. p. 89-135. 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 

 65 

24. Albertsson P-Å. Partitioning of Cell Particles and Macromolecules. Wiley Interscience. 

1986:8-38. 

25. Zaslavsky B. Aqueous Two-Phase Partitioning – Physical Chemistry and Bioanalytical 

Applications. Berichte der Bunsengesellschaft fu ̈r physikalische Chemie. 1995;99(4):694-. 

26. Barbosa HSC. Affinity partitioning and purification of plasmid DNA in aqueous two-phase 

systems. Portugal: University of Minho; 2009. 

27. Murugesan T, Perumalsamy M. Liquid−Liquid Equilibria of Poly(ethylene glycol) 2000 + 

Sodium Citrate + Water at (25, 30, 35, 40, and 45)°C. Journal of Chemical & Engineering 

Data. 2005;50(4):1392-5. 

28. Cunha EVC, Aznar M. Liquid−Liquid Equilibrium in Aqueous Two-Phase (Water + PEG 8000 

+ Salt): Experimental Determination and Thermodynamic Modeling†. Journal of Chemical & 

Engineering Data. 2009;54(12):3242-6. 

29. Goja AM, Yang H, Cui M, Li C. Aqueous Two-Phase Extraction Advances for Bioseparation. 

Journal of Bioprocessing & Biotechniques. 2013;4(1):140. 

30. Doran PM. Unit Operations.  Bioprocess engineering principles. 2nd ed: Academic press; 

2013. p. 449. 

31. Olivera-Nappa A, Lagomarsino G, Andrews BA, Asenjo JA. Effect of electrostatic energy on 

partitioning of proteins in aqueous two-phase systems. Journal of Chromatography B. 

2004;807(1):81-6. 

32. Andrews BA, Schmidt AS, Asenjo JA. Correlation for the partition behavior of proteins in 

aqueous two-phase systems: Effect of surface hydrophobicity and charge. Biotechnology and 

Bioengineering. 2005;90(3):380-90. 

33. Azevedo AM, Rosa PAJ, Ferreira IF, Aires-Barros MR. Chromatography-free recovery of 

biopharmaceuticals through aqueous two-phase processing. Trends in Biotechnology. 

2009;27(4):240-7. 

34. Ohlsson R, Hentschel CC, Williams JG. A rapid method for the isolation of circular DNA 

using an aqueous two-phase partition system. Nucleic Acids Research. 1978;5(2):583-90. 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 
 

 66 

35. Ribeiro SC, Monteiro GA, Cabral JMS, Prazeres DMF. Isolation of plasmid DNA from cell 

lysates by aqueous two-phase systems. Biotechnology and Bioengineering. 2002;78(4):376-

84. 

36. Kepka C, Rhodin J, Lemmens R, Tjerneld F, Gustavsson P-E. Extraction of plasmid DNA 

from Escherichia coli cell lysate in a thermoseparating aqueous two-phase system. Journal of 

Chromatography A. 2004;1024(1–2):95-104. 

37. Kepka C, Lemmens R, Vasi J, Nyhammar T, Gustavsson P-E. Integrated process for 

purification of plasmid DNA using aqueous two-phase systems combined with membrane 

filtration and lid bead chromatography. Journal of Chromatography A. 2004;1057(1–2):115-

24. 

38. Trindade IP, Diogo MM, Prazeres DMF, Marcos JC. Purification of plasmid DNA vectors by 

aqueous two-phase extraction and hydrophobic interaction chromatography. Journal of 

Chromatography A. 2005;1082(2):176-84. 

39. Frerix A, Müller M, Kula M-R, Hubbuch J. Scalable recovery of plasmid DNA based on 

aqueous two-phase separation. Biotechnology and Applied Biochemistry. 2005;42(1):57-66. 

40. Duarte SP, Fortes AG, Prazeres DMF, Marcos JC. Preparation of plasmid DNA polyplexes 

from alkaline lysates by a two-step aqueous two-phase extraction process. Journal of 

Chromatography A. 2007;1164(1–2):105-12. 

41. Streitner N, Voß C, Flaschel E. Reverse micellar extraction systems for the purification of 

pharmaceutical grade plasmid DNA. Journal of Biotechnology. 2007;131(2):188-96. 

42. Frerix A, Geilenkirchen P, Müller M, Kula M-R, Hubbuch J. Separation of genomic DNA, 

RNA, and open circular plasmid DNA from supercoiled plasmid DNA by combining 

denaturation, selective renaturation and aqueous two-phase extraction. Biotechnology and 

Bioengineering. 2007;96(1):57-66. 

43. Barbosa H, Hine AV, Brocchini S, Slater NKH, Marcos JC. Affinity partitioning of plasmid 

DNA with a zinc finger protein. Journal of Chromatography A. 2008;1206(2):105-12. 

44. Luechau F, Ling TC, Lyddiatt A. Partition of plasmid DNA in polymer–salt aqueous two-

phase systems. Separation and Purification Technology. 2009;66(2):397-404. 



MICROFLUIDIC BASED ON AQUEOUS TWO-PHASE SYSTEM FOR PLASMIDIC DNA PURIFICATION 

 67 

45. Luechau F, Ling TC, Lyddiatt A. Primary capture of high molecular weight nucleic acids 

using aqueous two-phase systems. Separation and Purification Technology. 2009;66(1):202-

7. 

46. Luechau F, Ling TC, Lyddiatt A. Selective partition of plasmid DNA and RNA in aqueous two-

phase systems by the addition of neutral salt. Separation and Purification Technology. 

2009;68(1):114-8. 

47. Gomes GA, Azevedo AM, Aires-Barros MR, Prazeres DMF. Purification of plasmid DNA with 

aqueous two phase systems of PEG 600 and sodium citrate/ammonium sulfate. Separation 

and Purification Technology. 2009;65(1):22-30. 

48. Barbosa HSC, Hine AV, Brocchini S, Slater NKH, Marcos JC. Dual affinity method for 

plasmid DNA purification in aqueous two-phase systems. Journal of Chromatography A. 

2010;1217(9):1429-36. 

49. Johansson H-O, Matos T, Luz JS, Feitosa E, Oliveira CC, Pessoa Jr A, et al. Plasmid DNA 

partitioning and separation using poly(ethylene glycol)/poly(acrylate)/salt aqueous two-phase 

systems. Journal of Chromatography A. 2012;1233(0):30-5. 

50. Sivasankar B. 6.5.2. Batch extraction in multiple stage.  Bioseparation: Principles and 

Techniques: PHI Learning Pvt. Ltd.; 2005. p. 78. 

51. Gaiteiro CM. Purificac ̧a ̃o de vacinas de DNA contra o vírus da gripe utilizando sistemas de 
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ANNEX I 

Composition of Alkaline lysis solutions 

 
Composition 

JCM Qiagen 

Solution 

1 

50mM Glucose 

10mM EDTA 

25mM Tris-HCl, pH 8.0 

10 mM EDTA 

50mM Tris-HCl, pH 8.0  

 

2 
200mM NaOH 

1% SDS (w/v) 

200 mM NaOH 

1% SDS (w/v) 

3 
3M Potassium Acetate 

11,5% Acetic acid 

3M Potassium Acetate 

11,5% Acetic acid 
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ANNEX II 

Agarose gel analysis of samples collected during pDNA purification using 

Qiagen Plasmid Mega and Giga Kits 

 

Lanes: 

1 – Sample of E. coli DH5α lysate collected following alkaline lysis; 

2 – Sample of supernatant applied on QIAGEN-tip column collected following gravity flow; 

3 – Sample of wash buffer applied on QIAGEN-tip column collected following gravity flow; 

4 – Sample of elution buffer applied on QIAGEN-tip containing pDNA collected following 

gravity flow; 

5 – Sample of purified pDNA.  
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ANNEX III 

Resolution of the equation system (Equation 11) 

!:
!:
!:

! = !+ !+ !+ !
−! = −!− !"+ !"+ !+ !"

−! = −!− !− !!− !
 

 

⟺
a = 1− b− d− e

−1 = −(1− b− d− e)− 3b+ 3c+ f+ 2g
−2 = −(1− b− d− e)− c− 2d− e

  

 

⟺
a = 1− b− d− e

−1 = −1+ b+ d+ e− 3b+ 3c+ f+ 2g
−2 = −1+ b+ d+ e− c− 2d− e

  

 

⟺
a = 1− b− d− e

0 = d+ e− 2b+ 3c+ f+ 2g
b = d+ c− 1

  

 

⟺
a = 1− (d+ c− 1)− d− e

0 = d+ e− 2(d+ c− 1)+ 3c+ f+ 2g
b = d+ c− 1

  

 

⟺
a = 2− 2d− c− e

−2 = −d+ e+ c+ f+ 2g
b = d+ c− 1

  

 

! = !− !"− !− !
! = !− !− !− !"− !
! = !+ !− !
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Resolution of the equation system (Equation 17) 

!:
!:

! = !"+ !+ !+ !+ !"
−! = −!− !"− !− !  

 

⟺ 1 = 2 1− 2! − ! − ! + ! + ! + ! + 2!
! = 1− 2! − ! − !   

 

⟺ 1 = 2− 4! − 2! − 2! + ! + ! + ! + 2!
! = 1− 2! − ! − !   

 

⟺ 1 = 2 1− 2! − ! − ! + ! + ! + ! + 2!
! = 1− 2! − ! − !   

 

⟺ 1 = 2− 3! − ! − !
! = 1− 2! − ! − !  

 

! = −!+ !"+ !
! = !− !"− !− ! 

 




