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ABSTRACT 

Biopolymers provide an option for protein purification and are being used due to their 

biodegradability, cost efficiency, non-toxicity and abundance in nature. This study investigated 

the use of natural and synthetic polymers for the flocculation of proteins by evaluating two 

bioprocesses: polyelectrolyte precipitation and inverse transition cycling. The effectiveness of 

chitosan (CHI, pKa= 6.5), polyetheleneimine (PEI, pKa= 11), sodium alginate (ALG, pKa= 3.2), 

and poly-N-isopropylacrylamide (PNIPAAm, lower critical solution temperature= 32 oC) were 

evaluated as flocculating agents of two model proteins, bovine serum albumin (BSA, pI=4.5, 

acidic protein) and lysozyme (LYZ, pI= 11, basic protein). Natural polymers, CHI and ALG 

have an advantage due to their stimuli-responsive characteristic and also because they are 

positively or negatively charged at certain pH values, while PNIPAAm, a synthetic polymer, is 

sensitive to temperature. Briefly, protein and polymer were mixed at pH values where charges (if 

applicable) were complementary, ideally triggering flocculation by electrostatic interactions. The 

maximum precipitation yield achieved by polyelectrolyte precipitation resulted from the 

flocculation of LYZ using ALG at 87%. Our model system included the use of PEI as a 

flocculant for BSA. This resulted in a 65% precipitation yield. In comparison, CHI was 

evaluated as a natural flocculant for BSA, which resulted in a 61% precipitation yield. If 

flocculation did not occur, a phase transition change of polymer was induced by triggering the 

appropriate stimulus, i.e., temperature, pH, or ionic strength, to precipitate proteins by sweep 

flocculation. We attempted to use PNIPAAm to precipitate both BSA and LYZ; however, 

precipitation yield was less than 10%. A subsequent study addressed the synthesis, 

characterization, and use of PNIPAAm based copolymers and blends for protein flocculation, 

and it was concluded that these copolymers and blends were not as effective as the single 
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polymers (less than 10% increase in precipitation yield). Lastly, optimized bioprocess for 

precipitation using PEI resulted in a precipitation yield of 37% of all milk proteins. Overall, this 

study showed that natural polymers (CHI and ALG) can produce precipitation yields comparable 

to the standard method provided by PEI and should be considered as an alternative for 

flocculation of proteins. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

In the past decade, great effort has been devoted to the development of protein 

purification methods. Once a cell has been lysed, the desired protein must be extracted from 

unwanted cell contents. Methods such as centrifugation, sedimentation, adsorption and drying 

have been promising separation methods, but these methods require time, energy and may not 

offer high purity of the protein. Bioseparation is the use of downstream engineering to extract a 

desired bioproduct from undesired products. Purification of bioproducts can be achieved using 

several methods solely, or in a series of steps to achieve a higher final purity (Meyer et al., 

2001). Currently, use of these methods do not offer efficiency, simplicity, reliability nor low 

costs, and chromatography represents a major bottleneck in high throughput purification of 

proteins (Meyer et al., 2001). Purification techniques have been researched using several 

biopolymers such as chitosan (Garzon-Sanabria et al., 2013), sodium alginate (Sharma et al., 

2000a), polyacrylamide (Yu et al., 1999) polyethyleneimine (Holler et al., 2007a) and poly-N-

isopropylacrylamide (O'Shea et al., 2011). However, an optimized robust process that uses 

biopolymers to selectively separate positively or negatively charged proteins out of solution does 

not exist. Polyelectrolyte precipitation, which is based on charge interactions between polymer 

and protein, was selected as the primary method of protein recovery for charged polymers. If 

precipitation was not promising then inverse transition cycling was used. The inverse transition 

cycling method allowed for use of stimuli-responsiveness inherent to polymers to drive 

separation processes. Protein-polymer binding was used to investigate the effect of purifying 

proteins in solution by capture and release of targeted protein via electrostatic interactions or 
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biopolymer phase transition induced by changes in pH and/or temperature. The major goal of the 

work presented was to develop an optimized polymeric process that successfully bound bovine 

serum albumin and lysozyme. 

1.2 Literature Review 

1.2.1 Fundamentals of flocculation phenomena 

Polyelectrolyte precipitation relies on ionic interactions between protein and polymer to 

form a protein-polymer complex. Precipitation is the process of protein-polymer complex 

coming out of solution as flocs or large aggregates.  This methods is frequently used in 

separation of proteins (Harrison et al., 2015). Protein – polymer complexes can interact either by 

residual charge interaction or through hydrophobic patches on the complex, to form larger 

precipitating flocs (Menkhaus et al., 2002b). The extent of flocculation achieved in any system 

will depend on the physical properties of the polymer itself such as charge density, molecular 

weight and on the properties of the solution such as pH and ionic strength (Salt et al., 1995). 

Protein precipitation occurs once floc formation is observed with the addition of a flocculant. 

Flocculated protein is typically removed by centrifugation to obtain the precipitate. Variation in 

ionic strength and pH will influence the interaction mechanism by altering the level of repulsion 

between macromolecules or by affecting the charge density or configuration of the polymer 

molecule. In all cases, it is important to establish the polymer dosage above which 

resolubilization of protein-polymers aggregates or particles occurs due to the presence of excess 

polymer on their surface  (Ma et al., 2010 ). During polyelectrolyte flocculation, bridging is 

inhibited as a result of a lack of attachment sites, and ionic polymers cause electrostatic repulsion 

between particles. 
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Designing polymeric systems for use in separation of proteins should first take into 

account the targeted protein. Molecules have isoelectric points (pI) that determine the pH value 

that it will have no net charge. pH environments above the pI point of a molecule will allow a 

positively charged molecule to become negative and vice versa (Robinson & Williams, 2002). 

Simply knowing this relationship will strengthen or weaken electrostatic interactions needed for 

protein-polymer binding.  According to Barany and Szepesszentgyorgyi (2004) , the time 

dependence and efficiency of the flocculation process is a function of many variables like the 

structure of a macromolecule, its molecular mass, charge density and dimensions in solution, 

concentration of the polymer solution, content of electrolytes and dispersed phase in the system, 

the mode of addition of the polymer solution to the suspension, etc., i.e., even the flocculation of 

inorganic dispersions by polymers is a very complicated, many parameters-dependent process. 

Figure 1 illustrates the three primary mechanisms used to describe protein-polymer interactions: 

bridging, by which neutral and like-charged polymers flocculate charged particles; simple charge 

neutralization and charge patch neutralization (Yu et al., 1999). The molecular weight usually 

enhances the bridging ability of the polymer (Erin et al., 2011). In simple charge neutralization, 

polymers neutralize the charge on the particles of opposite sign (Chong, 2012). The charge 

density is important in neutralizing the electrostatic charge that builds up on the surface of solid 

particles. A high charge density is required for the charge neutralization to take place. Charge 

neutralization is caused by the reduction in the electric double layer repulsion between particles. 

Charge patch neutralization occurs when highly charged polymers interact with particles of low 

charge density (Zhou & Franks, 2006). 
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Figure 1: Representation of three flocculation mechanisms: a. charge neutralization, b. 

charge patch formation, c. polymer bridging. Adapted from (Oyegbile, Ay, & Narra, 2016). 

 

 

According to Bratby (1980), the major mechanisms of polyelectrolytes flocculation are 

surface-charge neutralization and bridging. Surface charge neutralization occurs if the charge of 

flocculant is opposite in sign to that of the suspended particles. Addition of such a polymer to the 

suspension will result in aggregation caused by specific ion absorption. For neutral flocculants, 

the major mechanism of flocculation is polymer bridging (Bratby, 1980). When very long chain 

polymer molecules are absorbed on the surface of particles, they tend to form loops that extend 

some distance from the surface into the aqueous phase, and their ends may also dangle. These 

loops and ends may come into contact with, and attach to, another particle, forming a bridge 

between the two particles. This is the bridging mode of flocculation, where charge of the 

particles/and or polymer dose does not play any important role. Essentially, polymer bridging 

occurs because polymer segments of the polymer chains gets absorbed on various particles, thus 

linking the particles together. For effective bridging to occur, there must be sufficient polymeric 

chain lengths, which extend far enough from the particle surface to attach to other particles 

(Tripathy et al., 2001). Through computer simulation, Stoll & Buffle, (1996) demonstrated the 

influence on particle (i.e., proteins) to polymer chain concentration ratio effects. It was shown 

that at low particle to chain concentration ratios (25 chains: 50 particles) that a number of 
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polymer chains go unbounded due to the lack of particles (i.e., proteins) to cover all of the 

chains. High particle to chain concentration ratios (25 chains: 1000 particles) are shown to have 

rapid polymer saturation. However, the optimal conditions for bridging flocculation are reached 

at intermediate concentration ratios. Intermediate concentration was determined using 25 chains 

and 120 particles (Stoll & Buffle, 1996). 

 

1.2.2 Flocculation by inverse transition cycling 

Protein purification using inverse transition cycling has been studied primarily using 

elastin like polypeptides (ELPs). ELPs are responsive biopolymers based on the elastin derived 

pentapeptide repeat consisting of: Val-Pro-Gly-Val-Gly (Meyer et al., 2001). ELPs are thermally 

responsive, undergoing a reversible phase transition at their transition temperature. The transition 

temperature is dependent on the protein sequence. Below their transition temperature, the 

polypeptides are highly soluble in aqueous solutions. However, when the temperature is raised 

above the transition temperature, the hydrated polypeptide chains hydrophobically collapse and 

aggregate (Meyer et al., 2001). Inverse transition cycling is a general method for protein 

purification. Briefly, ELPs and solution containing desired protein are mixed. Solution 

temperature is raised to induce aggregation of ELPs. Once transition temperature is exceeded, 

solution is centrifuged and ELPs are pelleted. Pelleted material is then resuspended in cold buffer 

allowing for the solution temperature to fall below transition temperature. Once again, solution is 

centrifuged and the supernatant is retained and analyzed for protein content. This method allows 

for purification without the use of electrostatic interactions. Poly(N-isopropylacrylamide) 

(PNIPAAm), shown in Figure 2, is a temperature responsive polymer that works similarly to 

ELPs. At a temperature below its lower critical solution temperature (LCST) which is typically 
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at 32°C, PNIPAAm is soluble in water and completely hydrophilic (Burdukova et al., 2010). At 

temperatures above the LCST, the polymer becomes hydrophobic and insoluble in water 

(Burdukova et al., 2010).  

 

 

 

 

 

Figure 2: Chemical structure of Poly(N-isopropylacrylamide) reprinted from (Sigma 

Aldrich, 2017). 

 

 

Recently, it was shown that alumina mineral slurries could be flocculated using 

PNIPAAm due to hydrophobic-hydrophobic attraction. Above the LCST, PNIPAAm is 

hydrophobic and the alumina slurries used in experiments were also hydrophobic due to colloidal 

presence (Burdukova et al., 2010). PNIPAAm was also evaluated for selectivity of alumina 

mineral particles. Results proved that there is no specific interactions of the PNIPAAm 

molecules with mineral particles of different surface charges and there is no apparent 

selectivity(O'Shea et al., 2011). Random PNIPAAm copolymers (counter-charge to mineral 

particles) were created and investigated for flocculation. Random counterionic copolymers of 

PNIPAAm allowed for selective flocculation; however, flocculation was irreversible. Because of 

this, charged block copolymers were examined for solid-liquid and flocculation of alumina 

mineral slurries(O'Shea et al., 2011). Although PNIPAAm has the ability to phase change with 

temperature, it is not selective nor does it have the ability to flocculate because it is not charged. 
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For a more selective process, affinity ligands can be attached and used in combination with 

polymers. Also, complexing PNIPAAm with another stimuli-responsive polymer could 

circumvent selectivity issues as well.  

 

1.2.3 Flocculation by Natural Polymers 

Chitosan, shown in Figure 3, is a biopolymer derived from shells of crustaceans. It has a 

pKa of 6.2, meaning it is positively charged in acidic to neutral solution and readily binds to 

negatively charged surfaces (Hill & Gomes, 2014a). At this pH, chitosan shifts from being 

hydrophilic at pH values below the pKa to hydrophobic at pH values above its pKa (Hill & 

Gomes, 2014a).  

 

 

Figure 3: Chemical structure of Chitosan reprinted from (Sigma Aldrich, 2017). 

 

 

Using this knowledge, protein purification could be achieved also with various stimuli 

responsive polymers. Garzon-Sanabria et al.(2013) suggested that marine microalgae can be 

efficiently flocculated by using high-charge-density synthetic polymers or chitosan.  It was 

shown that the flocculation of marine microalgae with cationic polymers is affected by the active 
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charge density and molecular weight. Therefore, observed correlation between charge density 

and flocculation efficiency is valid for polymers of similar molecular weight. Riske et al., (2007) 

attempted to optimize the use of chitosan as a flocculant in mammalian cell culture to improve 

clarification. Several experiments were designed for optimization including: settling time, 

evaluation of how chitosan is added and to which conditions, amount of sodium chloride to add 

if any, turbidity measurements, and filter selection. It was concluded that 0.02% and 0.05% (v/v) 

of chitosan 30-minute settling time, pH range of 5.5-7.5 and addition of 200 mM or higher of 

NaCl was optimal for a sufficient reduction of turbidity of cell debris. Cell culture was 

unaffected at salt, pH and chitosan concentrations tested and did not interact with chitosan. This 

indicated that there was sufficient negatively charged particulates during harvest that 

predominated polymer interaction and it also suggests that mammalian cell culture of varying 

isoelectric point might be amenable to chitosan clarification. Chitosan appears to improve the 

clarification efficiency by flocculating the submicron particulates, which normally escape 

sedimentation during centrifugation. The mechanism of flocculation likely occurs through ionic 

interaction between this polycationic polymer and negatively charged cellular debris followed by 

additional interactive forces such as hydrogen bonding(Riske et al., 2007). It is likely that the 

initial chitosan-cell agglomerate resulted in increasingly larger particulates of increasing mass 

that settle out from the supernatant. The disruption of flocculation by increasing salt 

concentration or basic pH supports ionic interaction between this polymer and particulates (Riske 

et al., 2007).  

Sodium alginate, shown in Figure 4, is a non-toxic, biocompatible, renewable, pH 

responsive polymer that phase changes at its pKa of 3.2. It is an anionic polysaccharide extracted 
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from brown algae. Above the pKa, alginate is hydrophilic and in environments that are below 

this pH, alginate is hydrophobic (Hill & Gomes, 2014a).  

 

 

 

 

Figure 4: Chemical structure of Alginate. Adapted from (Daemi, Barikani, & Barmar, 

2013). 

 

 

 

Alginate has the ability to flocculate proteins due to electrostatic interactions. Adding this 

property to PNIPAAm, would allow for a possible dual-stimuli protein capture method. Double 

sensitive hydrogels were developed from hydroxypropylcellulose and sodium alginate. It was 

concluded that 7% or more of alginate decreased the phase transition temperature of 

hydroxypropylcellulose, which is temperature responsive (Li & Li, 2009).  

Sodium alginate has many applications in protein purification. A common bioseparation 

strategy using alginate is affinity precipitation. This technique is very popular because it is 

simple, economical, and scalable. Affinity precipitation is a technique that combines the 

selectivity of affinity chromatography with the advantages of precipitation methods (Jain, 

Mondal, & N., 2006). Sodium alginate is a good candidate for polyelectrolyte precipitation 

techniques because there is no direct need to conjugate an affinity ligand for protein capture thus 

relieving the stress of being accepted by regulatory agencies. Yu, Liu, & Chen (2000) attempted 
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to understand the flocculation mechanism of protein with anionic copolymers containing reactive 

functional groups. Three anionic copolymers were used to investigate the effects of ionic 

strength and pH on lysozyme flocculation. There was also an attempt to establish the optimal 

process conditions for the highest efficiency of protein precipitation in this study. It was 

concluded that the flocculation efficiencies of lysozyme distinctly depend on the pH. It was also 

shown that increasing pH favors flocculation due to the increase in the charge density, which can 

strengthen the interaction of copolymers with positively charged lysozyme. This flocculation can 

be attributed to charge neutralization. It was also discovered that the native positive charge of the 

lysozyme is reduced at higher pH, which decrease flocculating interactions between protein and 

copolymers and lead to more protein being retained in solution. Sodium alginate was evaluated 

for the purification of wheat germ amylase. It was shown that alginate beads were selective for 

alpha amylase and could be further purified through affinity precipitation. It was also discovered 

that CaCl2 was effective in separation of amylase and alginate. A plateau existed at 0.6% (w/v) 

alginate concentration, the level of binding leveled off beyond that point and decreased at 1% 

(w/v). It was determined that there is a common optimum polymer concentration for maximum 

binding as well as maximum recovery (Sharma et al., 2000a). An efficient purification process 

for sweet potato beta-amylase was developed using affinity precipitation. Alginate was used as a 

flocculant for beta amylases and was shown to recover approximately 80% of proteins found in 

original crude extract. Alginate concentrations were tested at 0.2%, 0.5%, 1.0% (w/v). After 

determining polymer concentration that yield highest protein recovery at 0.5% (w/v), a 

completed process was evaluated for final protein recovery (Teotia et al., 2001).  
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1.2.4 Flocculation by Synthetic polymers 

Polyethyleneimine (PEI) is a basic cationic polymer whose pKa is between 10-11 

therefore it is positively charged in solutions of neutral pH. The basic structure of PEI, shown in 

Figure 5, is CH3CH2N-(-CH2CH2NH-)n-CH2CH2NH2 and molecular weight ranges from 30-90 

kDa (Burgess, 2009a).   

 

 

Figure 5: Chemical structure of PEI reprinted from (Sigma Aldrich, 2017).  

 

 

Polyethyleneimine is a common polymer used for precipitation of DNA. Extensive 

research has been carried out on the efficiency and use of PEI. Several standard methods have 

been developed for protein purification using PEI(Jendrisak, 1987). Although flocculation with 

PEI is promising, use of synthetic polymers has several drawbacks. Synthetic polymers are non-

biodegradable and can cause environmental and health hazards from residual unreacted 

monomers present in final product (Lee, 2014). Biodegradation of synthetic polymer structures 

are slow, thus release of monomers could be considered a hazard (Lee, 2014). Lastly, the price of 

synthetic polymers is higher than other widely used flocculants such as alum or salts.  
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1.2.5 Purification of Proteins from Complex Systems 

Advantages of precipitation are that it is inexpensive, can be carried out with simple 

equipment, can be done continuously, and leads to a form of the protein that is often stable in 

long term storage (Harrison et al., 2015). The most efficient flocculants for precipitation of 

cellular suspensions are cationic polyelectrolytes (Barany & Szepesszentgyorgyi, 2004). 

Flocculation was evaluated by adding equal volumes of PEI solutions to the cellular 

homogenates, Escherichia coli and Saccharomyces cerevisiae by (Salt et al., 1995).The optimum 

dose for the removal of contaminants from E. coli was found to be 4 kg/m3 but it entailed the loss 

of 80% of low molecular weight soluble proteins. PEI had no effect on removal of DNA, RNA 

or lipids but total soluble protein (TSP) removal was decreased from 82% to 27% due to 

flocculation (Salt et al., 1995). This could be improved by altering ionic strength. It is also 

important to not have excess flocculating agent in the supernatant after flocculation and 

centrifugation. Redispersion of the flocs can occur when excess polymer is added, causing 

restabilization of particles. There was not a direct relationship between the different molecular 

weights of PEI and increased contaminant removal on this study. As the ionic strength is 

increased, the surface potential will be reduced. Therefore, a higher surface charge is needed to 

prevent flocculation. At high ionic strength, flocculation will therefore start to occur before the 

negative charge on the particle has been completely neutralized by the adsorbed polymer, and 

restabilization will not occur until a larger excess of polymer has been adsorbed.  

Recombinant proteins derived from Escherichia coli were able to be purified at 20-60% 

efficiency using ELPs. This study demonstrated the effectiveness of using inverse transition 

cycling due to its inexpensiveness and ease of use (Christensen et al., 2006). A recent study by 

Kang, et al., 2013 describes the mechanistic approach to develop a protein purification process 
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using polyelectrolyte precipitation process, polymer stimuli-responsiveness and the process 

parameters influencing protein recovery. They successfully developed a flocculation method to 

purify monoclonal antibodies (mAb) from cellular debris. Partially benzylated poly(allylamine) 

was used to create two cationic polymers, SmP E and C at 15 kDa and 150 kDa, respectively. 

Cell culture containing mAb was treated with a concentration of 0-0.8% (w/v) of both polymers 

in the absence or presence of 50 mM sodium phosphate, the stimulus reagent. PEI and 

poly(diallyldimethylammonium chloride)(PDADMAC) was used as controls for experiments. 

The buffer conditions were pH of 5, 6, 7, 8, polymer dosage of 0%, 0.05%, 0.1%, 0.2%, 0.4% 

and 0.8% (w/v), stimulus reagent at 0, 10, 40, 70 and 100 mM. First experiments determined 

which polymer and at which dosage would be used. Greater than 90% product yield was 

achieved using pH > 7.5 and polymer dose of < 0.6% w/v. Polymer dose had considerable 

impact on levels of observed residual polymer. Optimal ranges of pH (6-7), polymer dose of 0.1-

0.4% w/v and stimulus concentration of 10-80 mM were identified as favorable conditions for 

the desirable output. Flocculated cells and cellular debris can be formed and be more efficiently 

removed by clarification through the introduction of a stimulus reagent which leads to the 

precipitation of the residual polymers. Excess polymer is subject to flocculation due to strong 

interactions between the polymer and stimulus molecules. There also exists a synergistic effect 

on host cell protein removal in the flocculation process due to hydrophobic interaction, charge 

interaction, and precipitation (Kang et al., 2013).  

 

1.2.6 Properties of Milk Protein 

Bovine milk is comprised of a collection of proteins usually grouped into casein and 

whey proteins (Dalgleish, 1993). Removal of casein by precipitation leaves milk whey, which is 
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comprised of -lactoglobulin (pI=5.3, MW=18 kDa), -lactalbumin (pI=4.2, MW= 14 kDa), 

BSA, and immunoglobulins. Precipitation of milk whey using the polymers chosen was used as a 

model system and allowed for determination of overall performance of optimized process using a 

natural system. Goat milk which has similar protein composition to bovine milk was chosen as 

the model system due to the increased protein content in comparison to bovine milk (Haenlein, 

2004). 



15 

CHAPTER II 

RATIONALE, HYPOTHESIS AND OBJECTIVES 

1.1 Rationale 

Effective use and order of unit operations can allow for significant increases in protein 

recovery, therefore developing a selective and optimized process for the recovery of desired 

proteins has significant impact on all aspects on downstream processing. A useful precipitation 

process should decrease the amount of energy required in subsequent unit operations. 

Chromatography, which plays an important role in pharmaceutical industry, is considered the 

workhorse of downstream processing and can become the bottleneck (Przybycien et al., 2004). 

An effective pretreatment step of proteins such as polyelectrolyte precipitation and inverse 

transition cycling can decrease time and energy costs of downstream processing. A successful 

selective precipitation process has the ability to decrease the amount of unwanted proteins in 

resulting process streams and would aim to have a purer product to be incorporated into 

food/pharmaceutical products.  This work is significant because it has the potential to create an 

optimized robust, process for selectively separating water-soluble proteins. Once developed, 

researchers will be able to use this process as a standard method to precipitate wanted or 

unwanted proteins using natural or synthetic polymers. 

1.2 Hypothesis 

If flocculant (i.e., polymer) had a charge opposite to targeted protein then protein 

precipitation by flocculation is possible. If flocculant had no charge then another appropriate 

stimulus (i.e., temperature) had to be triggered to allow protein precipitation.  If the polymer and 

protein had a similar charge, then precipitation would not occur.  
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1.3 Objectives 

The objective of this research was to develop an optimized bioprocess for the efficient 

capture of bovine serum albumin and lysozyme. The primary method of separation relied on the 

interaction between oppositely charged biopolymers and proteins. 

 This study evaluated natural and synthetic biopolymer combinations and determined 

optimal precipitation conditions.  The specific objectives of the research study were to: 

1. Develop a process to successfully and selectively separate proteins in solution and

quantify the result. 

2. Determine separation mechanism for biopolymers by altering several factors in the

experiment. 

3. Optimize process by evaluating polymer: protein ratio, polymer type and/or polymer

complexes, molecular weight and polymer stock solution concentration, and by 

quantifying recovery of pure protein from separation process. 

4. Evaluate the optimized protein separation process using a protein cocktail of both

positively and negatively proteins in an aqueous solution to prove selectivity. 

5. Evaluate optimized protein separation process by testing whether positively or negatively

charged proteins can be separated from goat milk to prove feasibility. 
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CHAPTER III 

SELECTIVE SEPARATION OF PROTEINS USING STIMULI-RESPONSIVE POLYMERS 

IN AN AQUEOUS SYSTEM 

3.1 Overview 

Precipitation techniques are widely used in bioseparation processes. Precipitation using 

natural biopolymers could be a non-toxic alternative to harsh chemical flocculants. Biopolymers 

are advantageous because they are abundant, inexpensive, food grade, and stimuli-responsive. 

This work aimed to optimize protein flocculation using stimuli-responsive biopolymers, chitosan 

(CHI) and alginate (ALG), and compare them with synthetic polymer polethyleneimine (PEI). 

Moreover, the precipitation efficiency using a heat-sensitive polymer through sweep flocculation 

was evaluated. CHI, ALG and PEI are pH-responsive biopolymers, while Poly(N-

isopropylacrylamide) (PNIPAAm) is a temperature-sensitive biopolymer. Polymers were 

evaluated as flocculants for bovine serum albumin (BSA, acid protein) and lysozyme (LYZ, 

basic protein). Processes were developed based on inverse transition cycling or polyelectrolyte 

precipitation. All bioprocesses developed were able to precipitate greater than 50% of total 

proteins. BSA precipitation was evaluated using both PEI and CHI, which precipitated 65% and 

61% of total protein, respectively. The use of ALG in precipitation of LYZ allowed for a 

precipitation yield of 87%. Precipitation of BSA and LYZ using PNIPAAm was not successful 

with a precipitation yield of 10%. Moreover, PNIPAAm was not effective as a PEI copolymer or 

blended with other biopolymers. Therefore, sweep flocculation is not effective as a precipitation 

step. Lastly, 37% of total goat milk proteins was precipitated when using optimized PEI. Results 

confirmed that natural biopolymers could be a viable alternative precipitation technique for 

acidic or basic proteins. 
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3.2 Introduction 

Bioseparation is the use of downstream engineering processes to extract a desired 

bioproduct from undesired products (Meyer et al., 2001). Multiple efforts have been devoted to 

the development of protein purification methods (Burgess, 2009a; Jendrisak, 1987; Ma et al., 

2010 ; Rushton, 2000). Polyelectrolyte precipitation is a fundamental method of protein 

purification. Many standard methods for protein purification include polyelectrolyte precipitation 

using polyethyleneimine (PEI), which is a synthetic polymer that is widely used in precipitation 

of DNA(Burgess, 2009b). Use of synthetic polymers in flocculation offers robustness; however, 

these polymers are not environmentally friendly, economically efficient or safe for human 

consumption. 

Natural polymers are attractive for flocculation due to the fact that they are nontoxic, 

biodegradable and abundant in nature. This can be ideal for flocculating proteins desired for 

applications in food and pharmaceutical products. Research has previously shown that both 

synthetic and natural polymers are effective in flocculating proteins from Escherichia coli, but 

not much work has been done on using copolymers to flocculate these proteins (Christensen et 

al., 2006). Stimuli-responsive polymers undergo instantaneous reversible volumetric changes due 

to properties such as pH, temperature, ionic strength and magnetic field (Cohen Stuart, 2010). 

Such properties are of interest in bioprocessing because they can be used for innovative protein 

purification techniques such as affinity precipitation, inverse transition cycling and 

polyelectrolyte precipitation (Burgess, 2009a; Salt et al., 1995). Chitosan, a cationic polymer 

derived from shells of crustaceans, has a pH responsive characteristic at its pKa value, 6.5. 

Alginate, an anionic polymer derived from brown algae, has pH responsive characteristic at its 
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pKa value, 3.2. Poly(N-isopropylacrylamide) or PNIPAAm has a temperature sensitive 

characteristic at the lower critical solution temperature. This temperature trigger causes a change 

in volume making the polymer go from soluble to insoluble. The advantage of this property is 

that it is completely reversible and can be useful in purification applications by capture and 

release mechanisms. 

Purification by flocculation has been previously researched using several biopolymers. 

Chitosan was efficient in the purification of marine microalgae (Garzon-Sanabria et al., 2013), 

mammalian cell culture (Barany & Szepesszentgyorgyi, 2004; Riske et al., 2007) milk 

wastewater (Chi, 2006), anionic dye (Sygula, 2009) and fish wastewater (Guerrero, 1997). 

Similarly, alginate has been evaluated for flocculation of alpha amylase of sweet potato (Sharma 

et al., 2000a), and beta amylase of crude extract (Teotia et al., 2001). This suggests that synthetic 

polymers could be replaced with a natural alternative. Protein-polymer interactions can be 

achieved by three mechanisms: bridging, charge neutralization and charge patch neutralization 

(Yu et al., 1999). Bridging or sweep flocculation, has less appeal than polyelectrolyte 

flocculation due to the fact that it is not specific (Chen, 1992). The mechanism for 

polyelectrolyte flocculation involves charge neutralization, which is heavily dependent on charge 

density. Charge neutralization occurs when the flocculant charge is opposite to the charge of the 

proteins (Chong, 2012). Optimization of separation processes using natural polymer as 

alternatives to current synthetic polymers would offer an innovative clarification method for 

food/pharmaceutical applications. Also, exploration of temperature responsive copolymers is 

imperative to determine if polymer bridging could assist and increase protein capture along with 

electrostatic interactions. 
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Hence, this study aimed to develop an optimized polymeric process that could 

successfully separate proteins from suspension. Three stimuli responsive polymers were 

evaluated on their effectiveness in flocculating two model proteins. Once optimal conditions 

were determined, the polymer with the highest protein capture was grafted onto PNIPAAm and a 

dual-stimuli responsive copolymer was developed. This copolymer was evaluated on the effect 

of protein capture using both electrostatic interactions and polymer bridging resulting from 

temperature responsive behavior. Extent of flocculation was also examined by directly adding 

the most optimized polymer to a goat milk sample to observe its effect on protein charges and 

amount of protein captured in a real-complex protein suspension. 

3.3 Materials and Methods 

3.3.1 Protein Preparation 

Bovine serum albumin (BSA, Fraction V, EMD Millipore, Germany, Mw = 66.4 kDa) 

was suspended in 50 mM acetate (pH 5.0) or 1X PBS (pH 7.0) then mixed end on end for 

approximately 15 minutes. pH was adjusted until final desired pH was reached (within ± 0.5). 

Lysozyme from chicken egg white (LYZ) (activity greater than 40,000 units/mg protein, 

Mw=14.3 kDa, Purity > 90%) was purchased from VWR (Radnor, Pennsylvania). Lysozyme 

was suspended in a 1X PBS buffer at pH 7.0 and mixed end on end for approximately 15 

minutes. Both protein solutions were then filtered using 0.45 µm polyethersulfone (PES) syringe 

filter purchased from Genesee Scientific (San Diego, California) and stored at 4°C until use. 

Protein concentration was determined by UV absorption at 280 nm. Briefly, 1 L of protein 

sample (no dilution) was dropped onto the Nanodrop ND-100 Spectrophotometer (Thermo 

Fisher Scientific, Waltham, Maryland) and absorbance was read at 280 nm (Desjardins, 2009). 
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Concentration was calculated using Beer’s Law (mass extinction coefficient for BSA = 6.7 and 

LYZ = 26.4)(Noble & Bailey, 2009). 

Protein separation and quantification: gels used for SDS-PAGE electrophoresis were 

NuPAGE Novex Bis-Tris pre-cast gradient gels (4%–12%) from InvitrogenTM (Carlsbad, CA, 

USA). Reducing buffer was prepared using LDS sample buffer (4×) (NuPAGE NP0007) 

containing 10% (v/v) of mercaptoethanol. Reduced samples were prepared by using a 4:1 ratio of 

sample to reducing-buffer. Samples were then heated at 70°C for 10 min. MES SDS running 

Buffer (20×) stock solution was used to prepare 1× running buffer in distilled water. 500 L of 

antioxidant (NuPAGE NP0005, InvitrogenTM, Carlsbad, CA, USA) was added during 

electrophoresis. Gels were run for 35 min at a constant voltage (200 V). Gels were stained in 

CoomassieTM (Thermo Fisher Scientific, Waltham, MA, USA) G-250 stain for 3 h, followed by 

de-staining in DI water. The image of the gel was captured using an Epson Perfection 

Photo Scanner (v550, Long Beach, California). ImageJ software (National Institutes of Health, 

Bethesda, Maryland) was used to measure the area of selected protein bands observed on the 

gels. 

3.3.2 Polymer Preparation 

Chitosan (CHI): 1%, 1.5% and 2% (w/v) chitosan stock solutions (800-2000 cP, MW= 

310- 365 kDa, Sigma-Aldrich, St. Louis, Mo) were prepared by suspending 0.5 g, 0.75 g and 1 g, 

respectively; of chitosan powder in 50 mL of 1% acetic acid solution. Solution was then stirred 

for 24 hours at 50 °C. Chitosan stock solution was then gradually raised to desired final pH using 

1 M NaOH and stored at 4°C until use. 
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Polyethyleneimine (PEI): 5% (w/v) PEI stock solution (branched with Mw = 750 kDa, 

Sigma-Aldrich, St. Louis, Missouri) was prepared by suspending 5 g of PEI in 100 mL of filtered 

distilled water. Solution was then stirred for 24 hours at room temperature. PEI stock solution 

was then gradually decreased to desired final pH using 1 M HCl and stored at 4°C until use. 

Sodium Alginate (ALG): low molecular weight sodium alginate (viscosity of 5-40 cPs, 

MW= 11 kDa, Sigma-Aldrich, St. Louis, Missouri) and high molecular weight (viscosity of 600-

900 mPa.s, FMC Health and Nutrition, Philadelphia, PA) were used to prepare a 2% (w/v) ALG 

stock solution by suspending 2 g of ALG in 100 mL of filtered distilled water. Solution was then 

stirred for 24 hours at room temperature. ALG stock solution was then gradually raised to 

desired final pH using 1 M NaOH and stored at 4°C until use. 

PNIPAAm: A 7.3 % (w/v) linear Poly(N-isopropylacrylamide)(PNIPAAm, VWR, 

Radnor, Pennsylvania) solution was prepared using a method by Inomata (1989). Briefly, the 

polymer was synthesized by radical polymerization of N-isopropylacrylamide (NIPAAm) 

initiated by ammonium persulfate (APS, 0.7 wt %) and reactor accelerator N,N,N’,N’-

tetramethylethylenediamine (TEMED, 2g/L). 

PNIPAAm-co-PEI: A copolymer was synthesized according to (Zareie, 2002). First, 

carboxyl terminated PNIPAAm was synthesized using free radical polymerization. NIPAAm 

(2.209 M) was polymerized with chain transfer agent thioglycolic acid (0.2171 M) in 25 mL of 

ethanol. 2-2’azobisisobutyronitrile (0.121 M) was added and the final volume inside the 
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polymerization reactor was 100 mL. This polymerization occurred for 24 hours at 50 C. 

Solution volume was decreased using rotary evaporation, polymer was precipitated using ethyl 

ether and then vacuum dried at -30 in Hg (Lab-Line Model# 150540, Melrose Park, IL) at 40C 

for 48 hours. PNIPAAM-co-PEI was synthesized by using carboxyl terminated PNIPAAm, 

which was then copolymerized with PEI. Briefly, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide HCl (EDC, 0.21 g, Thermo Fisher Scientific, Waltham, 

Maryland) was used to form a linkage at pH 5.0 from the carboxylic acid groups on PNIPAAm 

(1.5 g) and the amine groups on PEI (2.5 g). Final volume was 50 mL. PEI and Copolymer was 

separated by centrifugation at 35,117 xg and 34C. Samples were heated in a water bath for 30 

minutes prior to centrifugation.  

 

PNIPAAm-polymer blend: A blend of PNIPAAM and polymer was prepared by adding 

both polymers and mixing end on end for 30 minutes. PNIPAAm and polymer was prepared by 

the methods described above. Final concentration of PEI and PNIPAAm was equal to 

concentration of co-polymer, 5% (w/v) and 3% (w/v), respectively. Final concentration of 

PNIPAAm in all solution was equivalent to 3% (w/v), concentration of CHI and ALG was 1.5% 

(w/v) and 2% (w/v), respectively. 

 

3.3.3 Polymer Characterization 

PNIPAAm transition temperature: PNIPAAm coil-to-globule transition temperature 

(LCST) was determined using the VERSA Max plate reader (Molecular Devices, Sunnyvale, 

California). Briefly, 300 L of 0.7 % (w/v) polymer sample was placed on a 96 well plate. 

Temperature was increased by 2 °C every 10 minutes from room temperature until 40°C, 
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allowing time for equipment to equilibrate between readings. A sharp increase in absorbance 

(595 nm) indicated the transition temperature (Hill & Gomes, 2014b). 

Molecular weight: PNIPAAm-co-PEI molecular weight was determined by static light 

scattering using Zetasizer ZS (Malvern, UK) following method described by Ewart (1946). A 5 

% (w/v) PEI aqueous solution was used as the standard for determining molecular weight of the 

copolymer. Once calibration was achieved, PNIPAAm-co-PEI copolymer was analyzed at 5 and 

0.5 g/L. 

The molecular weight (Mn) and molecular weight distribution (Mw/Mn) of PNIPAAm was 

determined by Gel Permeation Chromatography (Agilent, Santa Clara, California) using two 

Waters Styragel HR 4 columns connected in series. DMF was used at a flow rate of 0.2 mL/min 

as the eluent. The column and refractive index detector were maintained at 30°C during the 

measurement. The chromatographic columns have been calibrated with standard polystyrene 

samples (Podzimek, 1994). 

Zeta Potential: Surface charge was evaluated using a Zetasizer ZS (Malvern Instruments, 

UK). Approximately 1 mL of sample from each bioseparation process step (as described in Table 

1 and Figures 1 and 2,) was inserted into a capillary zeta cell (DTS-1070, Malvern Instruments, 

UK). Samples were diluted 10x, if needed in distilled water with pH adjusted to match the 

bioseparation process step being analyzed. One complete run measured the electrophoretic 

mobility up to 100 times. From this data, the strength of electrostatic interactions among particles 

were determined. 
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Fourier Transmission-Infrared Spectroscopy (FT-IR) analysis: The FT-IR spectra of 

freeze dried polymer samples were evaluated by a Nicolet FT-IR spectrophotometer (Thermo 

Fisher Scientific, Waltham, Massachusetts) at room temperature. Samples were recorded in the 

spectral mode in the spectral region of 4000 to 400 cm-1 using a resolution of 50 cm-1. Prior to 

analyzing the sample, background data was collected. 

3.4 Bioseparation Processes 

Polyelectrolyte Flocculation: protein separation carried out by the polyelectrolyte 

flocculation process is illustrated in Figure 6. Briefly, protein and polymer were mixed at pH 

where electrostatic interactions were prevalent. This pH was determined using the properties of 

both the protein and the polymer, as described in Table 1. Electrostatic interactions are prevalent 

where the charge on the protein and polymer are complimentary (Burgess, 2009b). pKa and pI 

points (Table 1) dictated whether the protein or polymer was positive, negative or neutral. pH 

values tested for mixing were chosen using pI ± 2.5 and pKa ± 2.5 values. End on end mixing of 

protein and polymer occurred for 30 minutes. Once mixing was complete, samples were then 

centrifuged for 25-45 minutes at 15,317 xg and 4°C. Supernatant was set aside for separate 

analysis while pelleted material was resuspended in a fresh buffer. 

Protein Recovery: Fresh buffer equilibrated with pellet for 15-30 minutes. Buffer 

conditions were determined by pH that created an environment that fostered charges that were 

similar. Once time elapsed, if pellet was not dissolved then a sonication step was added. 

Sonication (Q Sonica Q55, 55W, Newton, Connecticut) was used at 40% amplitude, 
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continuously for 30 seconds off/on until pellet was completely soluble. Once pellet was 

dissolved, a separation step was performed. Separation steps with the addition of salts varied by 

polymer and protein (ammonium sulfate precipitation for PEI and CHI, or addition of calcium 

chloride for ALG). After protein or polymer were bound with salt addition, samples were then 

centrifuged for 15 minutes at 4 °C and 15,317 xg. Supernatant was assayed for protein 

concentration (described above). 
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Supernatant is set aside for analysis. 

Figure 6: Flow diagram of polyelectrolyte flocculation bioseparation process. 
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Inverse Transition Cycling (ITC): Inverse transition cycling process (Figure 2) was 

performed if no flocculation was observed. Stimuli-responsive polymers were able to transition 

phases when the appropriate conditions were present. This transition allowed for capture of 

protein using sweep flocculation. Similar to polyelectrolyte flocculation, protein and polymer 

were mixed at pH where electrostatic interactions were prevalent. Mixing step was skipped if no 

flocculation occurred instantaneously. Protein sample was then vortexed for 30 seconds in 

replacement of the mixing step. Once vortexing was complete, a phase change was induced using 

heat by raising the temperate above the polymer LCST, as described in Table 1. Although, the 

phase change is instantaneous, the samples were allowed 30 minutes to equilibrate in a water 

bath at 35 °C before centrifugation for 25 minutes at 45°C and 5585 xg. Fresh PBS 1X buffer 

was allowed to equilibrate for 15 minutes with pelleted material to decrease temperature to drive 

polymer globule to coil transition. Once temperature below LCST was reached, protein was 

released from polymer. A final centrifugation of the sample occurred at room temperature, 5585 

xg for 15 minutes. Supernatant was assayed for protein concentration (described above). 
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Supernatant is set aside for analysis. 

Figure 7: Flow diagram of inverse transition cycling bioseparation process. 
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Table 1:  Bioseparation Processes Conditions. 

Process PEI + 

BSA 

CHI + 

BSA 

ALG+ 

LYZ 

PNIPAAm 

+ BSA 

PNIPAAm

+ LYZ 

PNIPAAm-

co-PEI + 

BSA 

Molecular 

Weight and 

Viscosity 

750 kDa 365 kDa 5-40 cPs 16 kDa 16 kDa 767 kDa 

pI/pKa and 

LCST 

11.0 6.5 3.2 35°C 35°C 11.0 

35°C 

Mixing pH 7.0 6.0 7.0 7.0 7.0 7.0

Buffer 

Exchange 

pH and 

temperature 

4.0 

25°C 

4.0 

25°C 

12.0 

25°C 

N/A 

35°C 

N/A 

35°C 

N/A 

35°C 

N/A – not applicable. PEI = Polyethyleneimine, CHI – chitosan, ALG = alginate, PNIPAAm = 

poly-N-isopropylacrylamide, BSA = bovine serum albumin, and LYZ = lysozyme. 

Dual Stimuli Bioseparation Process - Electrostatic flocculation and ITC: A protein 

bioseparation process was developed that evaluated the effect of flocculation coupled with 

inverse transition cycling. Effectiveness of the of dual stimuli polymers were evaluated by use of 

PNPAAm-co-PEI copolymer and PNIPAAm blends. End on end mixing of protein and polymer 

solutions occurred for 30 minutes. Samples were mixed at pH where electrostatic interactions 

were prevalent. An initial mixing pH of 7.0 was used for PNIPAAm copolymer and PNIPAAm 

blends using PEI and ALG. An initial mixing pH of 6.0 was used for PNIPAAm blend with 

chitosan. Once mixing was completed, samples were then heated to 35C for 30 minutes. After 

heating, samples were centrifuged for 25-45 minutes at 45°C and 5,585 xg. This combined 

bioseparation process, using different polymers, was evaluated by determining the amount of 

protein (method described above) that precipitated after heating. 
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3.5 Optimization Factors 

Polymer Dosage: Optimal amount of polymer was determined by performing a titration 

experiment. For PEI, CHI, and PNIPAAm, polymer amounts of 0-1.0% (w/v) were added to a 

constant volume (2 mL) of protein sample. For alginate, a titration curve was developed from 0-

0.5% (w/v). Each sample had a constant amount of protein (10 mg/mL), with a varying amount 

of polymer added. Samples were mixed end on end at respective pH (optimal pH) for 30 

minutes. Once the time expired, the samples were then centrifuged for 30 minutes for PEI, CHI, 

and PNIPAAm, or 45 minutes for ALG at 15,317 xg and 4°C. In the case of PNIPAAm, 

flocculation was not observed. Samples were quickly vortexed at pH 7 (optimal pH) and then 

heated in a water bath at the lower critical solution temperature (LCST) for 30 minutes. Once the 

time expired, the samples were then centrifuged for 30 minutes at 5585 xg at the LCST 

temperature + 10°C. The optimal polymer dosage was chosen based on the highest amount of 

protein precipitated. To determine amount precipitated, supernatant was assayed for protein 

concentration. Samples with the smallest amount of protein remaining in the supernatant was 

considered the optimal polymer dosage.  

 

Protein Recovery Step: An additional precipitation step was added to the process to 

obtain a pure protein sample. Ammonium sulfate precipitation was used to separate BSA from 

CHI and PEI. Ammonium sulfate precipitates BSA, thus leaving the free CHI in solution 

(Burgess, 2009b). Saturation level of the salt was determined by performing ammonium 

saturation cuts at 20-30, 30-40, 50-60, and 60-70 mM CaCl2 precipitation was used to separate 

LYZ from ALG. Calcium ions bind to form a gel with the alginate polymer (Hill & Gomes, 
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2014c). The sample were then centrifuged at 4C and 15,317xg for 15 minutes and the 

supernatant was obtained and analyzed for protein content.  

 

Selectivity: A protein cocktail of both BSA and LYZ was prepared at 10 mg/mL total 

protein at pH 7.0 consisting of 5 mg/mL each. ALG was added to the solution and mixed end on 

end for 30 minutes. Once the time expired, the samples were then centrifuged for 45 minutes at 

15,317xg and 4°C. The protein cocktail and supernatant were analyzed using SDS-PAGE to 

identify proteins in both fractions (Andrews, 1981).  

 

3.6 Application of Optimized Polymer Bioseparation Process 

Optimal flocculation processes for each polymer were evaluated for efficacy using raw 

cow’s milk protein. Milk was taken straight from cows and stored at -80°C until use. Fat was 

removed from milk using centrifugation at 9,803 xg for 10 minutes. Casein was then removed 

using isoelectric precipitation by adjusting pH to pI of casein (Dalgleish, 1993). Casein was 

precipitated by first mixing end on end at pH 4.5 for 15 minutes, followed by centrifugation at 

15,317 xg for 20 minutes. Optimized processes developed for each polymer was then tested on 

this milk system. Once process was complete, SDS-PAGE was performed on supernatant and 

pellet to identify proteins in both fractions.  

 

3.7 Statistical Analysis  

Experimental design was based on obtaining the optimal conditions for protein:polymer 

ratio, mixing pH, pellet resolubulization pH and optimization of protein:polymer separation 

method. Molecular weight was optimized by using two levels: high or low. Dual stimuli 
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bioseparation experiments were based on the conditions optimized for single polymers. Graph 

Pad Prism software (Version 7, GraphPad Software, Inc, La Jolla, California) was used for the 

experimental analysis. All experiments were performed in triplicate as independent experiments 

and results were expressed as mean ± standard deviation. Differences between variables were 

tested for significance by one-way analysis of variance (ANOVA) and significantly different 

means (p<0.05) were separated by Tukey test.  
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CHAPTER IV 

RESULTS AND DISCUSSSION 

4.1 Characterization 

4.1.1 Lower Critical Solution Temperature 

Determination of the lower critical solution temperature (LCST) of PNIPAAm and 

PNIPAAm-co-PEI were imperative to the flocculation studies. The results are presented in 

Figure 1. The LCST temperature indicated whether polymers could be used for flocculation. 

LCST was observed at 32 oC for PNIPAAm. This is consistent with previous studies that 

reported a LCST between 31- 35oC (Dong, 1986; Heskins, 1968; Hill & Gomes, 2014b; Ullah, 

2015).  Ullah (2015) reported a LCST of 34.3 oC for PNIPAAm in pure water and Plummer 

(2006) reported a LCST of 35 oC for linear PNIPAAm. Absorbance readings were constant at 

0.05 until a sharp increase at 33oC was observed. At this temperature, the absorbance reading 

increased to 2.52. This phase change was also confirmed visually. At 0.05 absorbance the 

samples were transparent, which corresponded to the polymers being below the transition 

temperature, while at 0.7 and above, the samples were opaque, consequently phase change has 

occurred. Similar phenomenum was observed with PNIPAAm-co-PEI. The LCST was observed 

at 35 oC with absorbance increase from 0.6 to 2.0. This increase in LCST was expected when 

grafting PEI unto the PNIPAAm. The hydrophilic nature of a polymer such as PEI should 

increase the LCST when grafted onto PNIPAAm (Klouda, 2008; Ullah, 2015). Similar behavior 

was observed when combining PNIPAAm and N,N-dimethylacrylamide, which showed a LCST 

of 40 oC (Nakayama, 2006). PEI was also evaluated and no LCST was observed.  
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Figure 8: Lower Critical Solution Temperature of PNIPAAm, PEI, and PNIPAAm-co-PEI. 

Error bars represent standard deviation (n3). 

 

 

4.1.2 Fourier Transform-Infrared Spectroscopy (FT-IR) 

The FT-IR spectrograms for PNIPAAm, PNIPAAm-COOH and PNIPAAm-co-PEI all 

showed both amide I and amide II peaks at 1660-1670 cm-1 and 1540-1550 cm-1. These peaks are 

indicative to PNIPAAm chemical structure and are shown in Figure 2 (Zareie, 2002). A peak at 

1715 cm-1 indicated a carboxyl termination of PNIPAAm, which was used to form a complex 

with PEI (Zareie, 2002). This peak is shown in Figure 9 and is not present in the FTIR spectra of 

linear PNIPAAm. PNIPAAm-co-PEI revealed an absence of the peak at 1715 cm-1, which was 

due to the bond formed by chemical reaction of the carboxylic acid terminated PNIPAAm 

activated with EDC and amine end groups of PEI. This spectrum is presented in Figure 2. This 

spectrogram also showed both imine groups at 3274 cm-1 and amide groups at 1088 cm-1 visible 

on the structure’s backbone which are indicative to PEI’s chemical structure (Zareie, 2002). 
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Figure 9: FTIR Spectra of PNIPAAm (black), PNIPAAm-COOH (red), PEI (blue), and 

PNIPAAm-co-PEI (green). 

 

 

4.1.3 Zeta potential 

Surface charge was examined to determine the density of charge of the particles, proteins 

and polymers. This data helped confirm surface charge correlation with the pI point of the 

proteins and pKa of the polymers. The flocculation of BSA was evaluated at pH 6.0, which is 

above the pI. Above the pI, the charge of a protein should be negative (Sillero, 1988). Below the 

pI point, a protein should have a positive surface charge (Sillero, 1988). The surface charge for 

BSA is shown in Figure 9.   
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Figure 10: Surface charge of A) BSA and B) LYZ over various pH values. Means labeled 

with different letter are significantly different (P<0.05). Error bars represent standard 

deviation (n3). 

 

  

The results revealed that a significant difference (p<0.0001) existed, therefore Tukey post 

hoc test was used to determine where the difference lies. This test showed that there was 

significance difference between all pH values, except pH 5.0 vs. pH 6.0 (p<0.5672).  

Similarly, the surface charge of lysozyme was analyzed. The flocculation of LYZ was evaluated 

at pH 7.0, which is below the pI point (Wan, 2006). This would suggest that the surface charge 

would be positive at this pH. The surface charge of LYZ at various pH values is shown on Figure 

3. ANOVA and Tukey post hoc tests revealed a significant difference between all pH values 

(p<0.0001).  

Surface charge of polymers used in experiments were also evaluated. Closer to the pKa 

value of a polymer, surface charge approaches neutrality. Similarly, to a protein, surface charge 

is positive below the pKa and negative above pKa (Sillero, 1988). Surface charge for CHI, PEI, 

ALG and PNIPAAm are shown on Figure 11.   
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Figure 11: Surface charge of A) PEI, B) CHI, C) PNIPAAm, and D) ALG over various pH 

values, a Means that are not followed by a common superscript are significantly different 

(P<0.05). Error bars represent standard deviation (n3). 
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Surface charge of ALG was considerably negative at pH 7.0. The pKa of ALG is 3.2 

therefore this is expected (Gu, 2004; Hill & Gomes, 2014b). In an attempt to evaluate the surface 

charge below the pKa of ALG, pH 3.0 was tested but the polymer became insoluble. Hydrogel 

formation occurs when the pH of the alginate solution is lowered below the pKa of mannuronic 

acid and guluronic acid (Ruso, 2017). Below this pH, alginate becomes insoluble as a result of 

hydrogen bonding between the hydroxyl and carbonyl chains (Atkins, 1971).  

Surface charge of PNIPAAm was determined to be close to zero over pH values 3.0, 7.0, and 

9.0. Statistical analysis revealed no significant difference between the pH values (p=0.6459). 

Consequently, attachment of a pH-sensitive biopolymer to this heat-sensitive polymer was 

performed to obtain a dual-stimuli biopolymer. Addition of a charged polymer would allow for a 

greater precipitation yield due to the addition of another flocculation mechanism to the primary 

method. The surface charge of particles for each step of the bioseparation process was also 

evaluated and it is shown in Figure 5. At the mixing step of PEI and BSA, the zeta potential was 

observed at 6.76 ± 0.32 mV. This is a decrease in surface charge from the parent molecule. 

When protein and polymer interact, the net charge goes near to zero. This was confirmed using 

surface charge measurements. The original surface charge of BSA at pH 7.0 is -11.5 ± 0.89 mV 

and the surface charge of PEI at pH 7.0 is 26.5 ± 0.73 mV. The surface charge of the pellet 

resolubilization step was 32.2 ± 1.08 mV at pH 4.0. This suggests that the charge on PEI is 

dominant because the surface charge of PEI polymer at pH 4.0 is 32.3 ± 0.83 mV. This also 

confirms the positive surface charge of BSA at pH 4.0. The surface charge of the final BSA 

recovered from this process at pH 4.0 was -3.70 ± 1.18 mV, which is slightly negative and close 

to zero. At pH 4.0, the surface charge of BSA is 3.17 ± 0.62 mV. Due to the close proximity of 

the pH tested and the pI of BSA, a negative or positive surface charge could possibly result. At 
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pH 5.0, the surface charge of BSA is measured at -7.56 ± 0.26 mV. This value is closer to the 

surface charge of the final BSA recovered, which suggests that a predominantly BSA solution 

resulted from the bioprocess. Lastly, because the final BSA solution was recovered using salt, 

one can expect interference in the readings.  

At the mixing step of CHI and BSA, the surface charge of the particles was observed as 

28.6 ± 1.93 mV. The surface charge on CHI at pH 6.0 is 15.6 ± 2.26 mV while the surface 

charge of BSA is -8.77 ± 1.28 mV. This shows that the charge on the polymer takes precedence 

in this phase of flocculation. After resolubilization of the pelleted material at pH 4.0, the surface 

charge was recorded at 30.1 ± 3.64 mV. At pH 4.0 the surface charge of BSA is -3.70 ± 1.18 mV 

while the surface charge of CHI is 51.0 ± 1.63 mV These results suggest, similarly to the 

biopolymer process of BSA and PEI, that at the resolubilization step the polymer’s surface 

charge takes precedence. The final surface charge of BSA recovered from the optimized 

bioprocess was 6.16 ± 0.36 mV. Similar to the PEI process, the charge on the BSA recovered is 

slightly positive. As mentioned above, this could be due to salt interference or the close 

proximity to the pI point of BSA at pH the sample was suspended.  

At the mixing step of ALG and LYZ at pH 7.0, the surface charge of the particles was 

observed at -22.8 ± 0.70 mV. The surface charge of ALG is -64.0 ± 1.7 mV at pH 7.0, while the 

surface charge of LYZ is 7.75 ± 0.65 mV. This confirms that flocculation is occurring due to the 

reduction in surface charge once mixed due to charge neutralization. Theoretically, the surface 

charge would approach zero for complete charge neutralization if there were equal particles 

numbers of both LYZ and ALG. Once the polymer and protein were resolubilized at pH 12.0, the 

surface charge observed was -20.43 ± 0.93 mV, indicating that there is no significant difference 

in surface charge from mixing (p<0.7507). This suggests that the flocs might not have fully 
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unbound in the resolubilization step even though ALG surface charge is -29.3 ± 1.8 mV and 

LYZ is -7.51 ± 0.94 mV at pH 12.0 when suspended separately. Another theory is that ALG is in 

excess in this bioprocess step, and consequently the surface charge observed is reflecting its 

negative value. The final surface charge of the LYZ recovered from the bioprocess was -16.43 ± 

2.07 mV. It is unclear to say whether the surface charge at the final recovery step is due to free 

LYZ or free ALG due to similar surface charge of individual particles at pH 12.0.   
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4.2 Optimization of Bioseparation Process 

4.2.1 PEI as a Flocculant 

A model for precipitation using PEI and ammonium sulfate (AS) was presented 

by(Burgess, 2009b), which focused on the use of these compounds for a two-step precipitation 

method for rapidly clarifying lysed cells. Based on this previous work, in the current study PEI 

was used as the initial precipitant for BSA and AS was used as the precipitant for BSA to be 

recovered from PEI.  The optimization of BSA precipitation using PEI was focused on three 

factors: polymer dosage, resolubilization pH, and salt concentration. The selected pH for the 

flocculation of PEI and BSA to occur was pH 7.0, and it was chosen based on the pKa of the 

polymer and pI of the protein. BSA precipitated using 0.1 %(w/v) until 0.8% (w/v) PEI showing 

a direct concentration relationship until precipitation began to plateau at 0.9% and 1.0 % (w/v), 

as shown in Figure 6. Amongst the ten dosages tested, PEI at 1.0% (w/v) showed the highest 

BSA precipitation with 71  0.26 % protein precipitation compared to 0.8% (w/v), which 

precipitated 65 2.09 % BSA. The optimal working concentration was decided as 0.8% (w/v) 

due to the plateau observed. A 0.8% (w/v) polymer concentration had a 6:1 protein: polymer 

molar ratio and corresponded to 950 mg PEI/g BSA. There was no significant difference among 

0.8%, 0.9% and 1.0% (w/v) polymer dosages (p=0.6993). It was decided that utilizing an 

additional 6.35 mg (0.3% (w/v)) of PEI was not necessary for a maximum of 6% protein 

precipitation increase. 



 

 44 

 

Figure 13: Optimization of polymer dosage over the tested range of 0-1.0% (w/v) for PEI 

polymer. Error bars represent standard deviation (n3). Error bars not shown indicates 

standard deviation is smaller in size than symbol.  
 

 

4.2.2 Recovery of Precipitated BSA 

Ammonium sulfate was evaluated for its recovery of BSA from the BSA and PEI 

complex. Burgess (2009b) suggests recovering BSA from PEI using AS precipitation for several 

reasons. Firstly, AS precipitation has shown to be effective in precipitating acidic proteins 

(90%) (Englard, 1990). Moreover, AS has useful properties that promises robustness, such as 

solubility, cost effectiveness, abundance and a low density (Burgess, 2009b). The addition of 50 

mM, 60 mM, 70 mM and 80 mM of salt to a 6 mg/mL BSA solution resulted in approximately 

58  0.71%, 90  0.24%, 92  2.29%, and 94.5  0.18% of BSA; respectively, to remain in 

solution. Consequently, 60 mM was chosen as the optimal amount of salt to use in the 

precipitation. BSA recovery was also dependent on the pH. Subsequently, pH 3.0 and 4.0 were 

evaluated simply because the polymer and protein would be at similar charges, and consequently 

resulting in  a repulsion effect (Kantor, 1991). Furthermore, the pH effect would assist with the 
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BSA release from the PEI, thus leaving it free or partially free in solution and providing easier 

access interaction with salt for the precipitation. At pH 3.0, approximately 10  0.24% of BSA 

remained in the supernatant after ammonium sulfate precipitation in comparison to 

approximately 48  0.68% remaining in the supernatant at pH 4.0. Based on these results, pH 3.0 

was chosen as the recovery pH, which is presented in Figure 7. For the final optimized 

biopolymer precipitation process, 0.8% (w/v) (0.381 mL, 950 mg PEI/g BSA) of PEI was added 

to 2 mL of BSA at 10 mg/mL at pH 7.0. Samples were then mixed end on end for 30 minutes. 

Once mixing and centrifugation were complete, it was revealed that 3.46 0. 21 mg/mL (35  

0.21%) of BSA was not precipitated down using PEI. Fresh 50 mM glycine buffer, pH 3.0, was 

added to the 65% of precipitated BSA that were pelleted down during centrifugation. Samples 

were allowed to equilibrate to pH 3.0 and adjusted using 1 M HCl, if necessary. Once 

equilibration was complete, 0.582 g (60 mM) of ammonium sulfate was added to the solution, 

thus precipitating the BSA and theoretically leaving PEI in solution. Once flocculation and 

centrifugation were complete, final protein recovery was evaluated as 5.86  0.07 mg/mL. 

Therefore, overall protein recovery was 59  0.07 % and recovery of precipitated proteins was 

approximately 85%. Holler et al. (2007b) reported that 800 mg PEI/g total protein was required 

to precipitate 85% of recombinant -glucuronidase from tobacco seed in similar conditions to the 

bioprocess mentioned above. This is approximately 25% more protein precipitated and 150 mg 

PEI/mg protein than the bioprocess developed. PEI was used to precipitate recombinant -

glucuronidase at pH 7.0 with 10 mg/mL PEI stock solution. The initial protein concentration was 

1.6  0.23 mg/mL and the total volume was 0.6 mL, final concentration was 800 mg PEI/g 

protein. Recombinant -glucuronidase has a pI of 5.5 and molecular weight of 68.2 kDa, which 

shows it has similar properties to BSA (Holler et al., 2007b). Higher precipitation yield could 
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have resulted from the higher pI of recombinant -glucuronidase than BSA. This could have 

caused an increase in electrostatic interactions. Similarly, PEI precipitation of an initial -

glucuronidase concentration of 1.37 0.54 mg/mL resulted in a 63.9 5.6% protein recovery 

(Holler & Zhang, 2008). This precipitation recovery is similar to our bioprocess described above. 

In comparison, our bioprocess requires less steps, time, and equipment which should decrease 

costs. Finally, for recovery, the pellet was suspended in a buffer solution of NaCl, -2-

mercaptoethanol and polyvinyl polypyrrolidone to alleviate interferences from native plant 

proteins, nucleic acids and alkaloids. This buffered solution is also used in the next bioprocessing 

step and does not impact protein precipitation. Lastly, chromatography was used as a final 

recovery step, which differed from our bioprocess. Use of a hydroxyapatite resin is known to be 

specific to acidic proteins (Holler & Zhang, 2008). Because our bioprocess recovered similar 

protein concentrations to previous studies, it could serve as a base method for the purification of 

acidic proteins. In order to recover 100% of recombinant -glucuronidase protein from 

Escherichia coli, a total of 125 mg PEI/g total protein was required, while total precipitation of 

-glucuronidase from soy and canola seed required only 65 and 25 mg/g total protein, 

respectively (Menkhaus et al., 2002a). This polymer/protein ratio is significantly lower than our 

optimized bioprocess. These results demonstrate that biological substances vary in native 

proteins and the characteristics of each host can affect the amount of polymer concentration 

needed.  
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Figure 14: Percentage of BSA remaining in supernatant after each centrifugation step of 

bioseparation. Precipitation yield is considered BSA concentration after precipitation using 

PEI. Protein recovery is considered BSA concentration after precipitation using 

ammonium sulfate. A) BSA remaining in the supernatant, and B) BSA precipitated into 

pellet. It is desired to have a low precipitation yield on the supernatant plot and a high 

protein recovery on the pelleted material plot. Error bars represent standard deviation 

(n3). Error bars not shown indicates standard deviation is smaller in size than symbol. 

4.2.3 Chitosan Used as a Polyelectrolyte Flocculant  

The optimization of chitosan was focused on three factors: pH, stock solution 

concentration and dosage, while molecular weight of chitosan was held constant at 

approximately 342.5 kDa (high molecular weight) for experiments. The pH was evaluated at pH 

5.0 and 6.0 due to the pKa of chitosan (pka = 6.5) and the pI of BSA (pI = 4.7). There is a 

narrow window where the charges of both molecules would be complementary, pH values about 

4.7 and below 6.5. The maximum recovery of BSA obtained for pH 5.0 was 30  1.0% and 45  

1.8% at pH 6.0 using 0.5% (w/v) dosage, which is shown in Figure 8. Therefore, the pH selected 

was 6.0. 
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Figure 15: Optimization of polymer dosage over the tested range of 0-0.5% (w/v) for CHI 

polymer at pH 5.0 and 6.0. Error bars represent standard deviation (n3). Error bars not 

shown indicates standard deviation is smaller in size than symbol.  

 

 

 

A 1% (w/v) chitosan stock solution allowed for a maximum precipitation of 59  1.3% of 

soluble BSA present in solution at pH 6.0 at a dosage of 0.8% (w/v), 2000 mg CHI/g BSA. 

Although comparable to PEI in protein precipitation, the volume of chitosan needed for removal 

was 4 mL compared to 0.381 mL of PEI stock solution, which equates to using 1050 mg/g BSA 

additional CHI in comparison to PEI (950 mg/g BSA). For these reasons, 2% (w/v) chitosan 

stock solution was then evaluated; however, this solution was too viscous. Thus, a 1.5 % (w/v) 

solution was then evaluated at pH 6.0 to compare with 1.0% (w/v) stock solution and the 

resulting data is shown in Figure 9. Ultimately the 1.5% (w/v) CHI stock was chosen which 

showed to be able to precipitate 63  1.6% of BSA in solution at 0.8% (w/v) polymer dosage or 

1312 mg CHI/g BSA (Figure 10). This result is comparable to both PEI (to 950 mg polymer/g 

protein, 0.381 mL) and 1% (w/v) CHI (2000 mg polymer/g protein, 4 mL), with a significantly 

less volume required, 1.75 mL.  
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Figure 16: Optimization of polymer dosage over the tested range of 0-1.0% (w/v) for CHI 

polymer using stock solution of 1.0 and 1.5% (w/v). Error bars represent standard 

deviation (n3). Error bars not shown indicates standard deviation is smaller in size than 

symbol. 
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Figure 17: Final Optimization of polymer dosage over the tested range of 0-1.0% (w/v) for 

CHI polymer at pH 6.0, 1.5% (w/v) stock solution. Error bars represent standard deviation 

(n3). Error bars not shown indicates standard deviation is smaller in size than symbol. 

 

 

Optimized chitosan flocculation was chosen at pH 6.0, 1.5% (w/v) CHI stock solution 

and 0.8% (w/v) polymer dosage (1312 mg CHI/g BSA). Briefly, 1.75 mL of 1.5% (w/v) CHI 

was added to 2 mL of BSA at 10 mg/mL for 30 minutes. Once mixing step was complete, 

solution was then centrifuged for 45 minutes. Once mixing and centrifugation were complete, it 

was shown that 3.82   0.16 mg/mL of BSA was not precipitated down using CHI, equating to a 

61% precipitation yield, as shown in Figure 11. Fresh 50 mM glycine buffer, pH 3.0, was added 

to the precipitated BSA that was pelleted down during centrifugation.  Samples were then 

allowed to mix for 30 minutes. Once mixing was complete, 0.582 g of ammonium sulfate was 

added to the solution, thus precipitating acidic BSA. Final protein recovery was 23  0.15%. CHI 

optimization was developed as a natural alternative to PEI. Although, both polymers precipitate 

the same amount of BSA, the use of chitosan is more energy intensive and final recovery of BSA 

is not the most efficient and economical bioprocess for the precipitation of BSA because 
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centrifugation time is increased by 20 minutes and volume of polymer is increased by 1.5 mL 

(PEI only required 0.381 mL). In comparison to PEI, an additional of 362 mg polymer/g BSA is 

needed to precipitate BSA protein when using CHI. Lastly, CHI does not offer a robust method. 

Literature has shown that chitosan could precipitate microalgae at higher precipitation yields. 

Riske et al. (2007) observed a 100% reduction in turbidity when flocculating NS0 antibodies 

(pI~6.2-6.8) with 0.02% (v/v) chitosan solution, 30 minutes, pH 5.5. Similar results were found 

by Divakaran (2002), who reported 90% decrease in turbidity of freshwater algae using 15 mg/L-

1 of chitosan at pH 7.0. It was shown that Chlorella vulgaris also had a precipitation yield of 

90% at 30 mg/L chitosan. It was also noted that about pH 7.0, the chitosan was not effective 

(Gerchman, 2017). Lastly, Rashid (2013) reported a harvest efficiency of 99% of Chlorella 

vulgaris using 120 mg/L chitosan concentration, pH 6.0 and settling time of 3 minutes. The pH 

values tested in our bioprocess were appropriate due to the similarities in the literature. However, 

concentration for our bioprocess was evaluated at 15 g/L, which is higher than the concentrations 

reported. Garzon-Sanabria (2013) reported the use of 10 g/L CHI stock solution that allowed for 

80-90% of precipitation of Nannochloropsis salina resulting in a final optimal concentration of 8 

mg/L CHI. Interaction time of protein and polymer varied throughout the literature, with 3 

minutes being the shortest; however, for most studies 30 minutes was chosen as the optimal 

amount of time for flocculation to occur and also for our developed bioprocess. For the 

flocculation data presented, electrostatic interactions were not the primary method of 

flocculation. Charge neutralization was also a key component with high reductions in turbidity 

observed due to charge neutralization that was confirmed using zeta potential measurements. 

Lower dosages of CHI should be tested in future studies to determine if higher precipitation yield 

can be achieved. 
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Figure 18: Percentage of BSA remaining in supernatant after each centrifugation step of 

bioseparation. Precipitation yield is considered BSA concentration after precipitation using 

CHI Protein recovery is considered BSA concentration after precipitation using 

ammonium sulfate. A) BSA remaining in the supernatant, and B) BSA precipitated into 

pellet. It is desired to have a low precipitation yield on the supernatant plot and a high 

protein recovery on the pelleted material plot. Error bars represent standard deviation 

(n3). Error bars not shown indicates standard deviation is smaller in size than symbol. 

 

 

 

4.2.4 Alginate Used as a Polyelectrolyte Flocculant 

The optimization of alginate was focused on several factors: molecular weight, dosage, 

recovery pH, and concentration of calcium chloride, while the pH was held constant at 7.0 and 

stock solution concentration was constant at 2% (w/v) for both high and low molecular weight 

alginates. High molecular weight alginate revealed maximum protein recovery at a dosage of 

0.4% (w/v), 500 mg ALG/g LYZ to give 78  1.4% protein precipitation. Meanwhile, protein 

precipitation was maximum at a dosage of 0.3% (w/v) of low molecular weight, 353 mg ALG/g 

LYZ to give an 87  0.66% recovery. This recovery concentration corresponded to a 1:1 protein: 
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polymer molar ratio and was chosen as the optimized molecular weight and dosage used in 

subsequent tests, as shown in Figure 12. 

 

 

Figure 19: Optimization of polymer dosage over the tested range of 0-1.0% (w/v) for high 

and low molecular weight ALG polymer. Error bars represent standard deviation (n3). 

Error bars not shown indicates standard deviation is smaller in size than symbol. 

 

 

Advantages to using low molecular weight alginate are that it is readily available for 

purchase in comparison to higher molecular weight alginates, non-toxic, and food grade (Jain, 

Mondal, & Gupta, 2006). Recovery pH was evaluated at pH 3.0 and pH 12.0. At these pH 

values, the charges of protein and polymer are complementary to each other. Due to the stimuli 

responsive property of alginate, below pH 3.0, alginate aggregates, therefore pH 12.0 was chosen 

as the recovery pH since polymer and protein solution were completely soluble (Jain, Mondal, & 

Gupta, 2006). The concentration of calcium chloride was evaluated at 20 mM or 30 mM. 

Literature suggested working with a 1:3 (Teotia, 2000) and 1:5 (Sardar, 1998; Sharma et al., 
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2000b) molar ratio of CaCl2: ALG for recovering ALG, which corresponds to the CaCl2 

concentrations chosen. At 20 mM of CaCl2, 43 ± 0.81% of lysozyme was recovered in the final 

process, while at 30 mM CaCl2, 58 ± 3.35% mg/mL of lysozyme was recovered in the final 

process. Consequently, the optimized ALG precipitation was chosen at pH 7.0, 2.0% (w/v) ALG 

stock solution and 0.3% (w/v) polymer dosage (353 mg ALG/g LYZ). Briefly, 0.36 mL of 2.0 % 

(w/v) low molecular weight ALG was added to 2 mL of LYZ at 10 mg/mL for 30 minutes. Once 

mixing step was complete, solution was then centrifuged for 45 minutes. This centrifuge time 

was similar to chitosan precipitation which also required longer than 30 minutes (45 minutes) to 

pellet all material in comparison to PEI, which required only 30 minutes. Once mixing and 

centrifugation were complete, it was shown that 1.28   0.65 mg/mL (87% precipitation yield) of 

LYZ was not precipitated down using ALG (Figure 13). Fresh 1X PBS buffer, pH 7.0, was 

added to pelleted material, and samples were allowed to mix for 30 minutes. Once mixing was 

complete, 9 mg of CaCl2 was added to gel ALG. Final protein recovery was approximately 51 

0.15%. ALG optimization was developed as a natural flocculation method for basic proteins. 

Even though centrifugation time was increased by 15 minutes, ALG required significantly less 

polymer than both PEI and CHI bioprocesses to precipitate basic proteins. Using 353 mg ALG/g 

LYZ, approximately 87% of LYZ was initially precipitated. This allows for a higher initial 

product in the primary recovery step. In comparison to the bioprocesses optimized above, 

approximately 600 mg PEI/g protein and 1000 mg CHI/g protein in excess of polymer is needed 

to precipitate proteins at a similar precipitation yield (87%, 353 mg ALG/g LYZ). Purification of 

-amylase from biological substances using alginate also produced high precipitation yields 

(74%-92%), similar in value to our precipitation work with lysozyme. According to Sharma et al. 

(2000b), 74%, 86%, 88.7% and 87% of -amylase from starchzyme, BAN 840L, porcine 
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pancreas, and wheat germ, respectively; was precipitated using 1.0% alginate concentration. -

amylase from wheat germ was then recovered at pH 5.6 using 60 mM of CaCl2 for final protein 

recovery of 77%. Recovery of precipitated -amylase was done using 1 M maltose. Incubation 

time for precipitation of -amylase was one hour compared to 30 minutes in our bioprocess; 

however, there was no difference in precipitation yield. Comparing final protein recovery, an 

additional 25% of protein was recovered with four hours incubation time of the bound alginate 

and -amylase with 1 M maltose. Further optimization of our bioprocess could evaluate time as 

a factor of protein recovery. It was also shown by Teotia (2000) that -amylase from sweet 

potato could be precipitated at a 80% yield using 0.5% alginate concentration. SDS-Page showed 

a high purity and affinity for -amylase due to an increase in band intensity and isolation of only 

-amylase in SDS gel lane. Recovery of precipitated -amylase had ~ 80% eluted activity using 

1M maltose at 4C for 12 hours. Purification of endo-polygalactouronase using alginate resulted 

in a 92% precipitation yield. Recovery of endo-polygalactouronase from Aspergillus niger was 

performed using 0.5% (w/v) alginate solution at 0.5 M NaCl, 0.2 M CaCl2 at pH 3.8. The pH 

used was slightly lower than our bioprocess and salt was not used, however, the final protein 

recovery was not reported (Gupta, 1993). Phospholipase D was precipitated from peanut, 

cabbage, carrot and wheat germ using alginate solution. However, only precipitation yield and 

final recovery of peanut was reported at ~ 61% (Sharma et al., 2000c). Precipitation using 

alginate was higher yielding than using ammonium sulfate as well as specific and effective in 

purification of enzymes. Alginate is very useful as a flocculation because it is readily available, 

pH sensitive, and food grade.  
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Figure 20: Percentage of LYZ remaining in supernatant after each centrifugation step of 

bioseparation. Precipitation yield is considered LYZ concentration after precipitation using 

ALG. Protein recovery is considered LYZ concentration after precipitation using CaCl2. A) 

LYZ precipitated into pellet and B) LYZ remaining in the supernatant. Final protein 

concentration is considered LYZ in supernatant.  It is desired to have a low precipitation 

yield on the supernatant plot and a high protein recovery on the pelleted material plot. 

Error bars represent standard deviation (n3). Error bars not shown indicates standard 

deviation is smaller in size than symbol 

 

 

4.2.5 PNIPAAm used as a Polyelectrolyte Flocculant  

The optimization of PNIPAAm was focused primarily on polymer dosage, while pH 7.0 

was held constant due to the pI of the proteins. PNIPAAm was synthesized according to Inomata 

(1989) so the molecular weight (~16 kDa) and stock solution (7.3% (w/v)) was held constant. 

Moreover, for inverse transition cycling, pH was not a primary factor, and flocculation was 

induced using temperature sensitivity instead of electrostatic interactions contrary to the 

bioprocesses mentioned above. Samples were not mixed but heated for 30 minutes to induce 

flocculation. After heating, samples were centrifuged under heat and the supernatant was 
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evaluated to determine precipitation yield. The optimal polymer concentration was the first step 

in optimizing the use of PNIPAAm as a flocculant. Over a range of 0.1-1.0 (% w/v), 0 ± 1.36% 

(w/v) of BSA and 3 ± 3.6% (w/v) of LYZ of were recovered (Figure 14 and 15).  

 

 

Figure 21: Optimization of polymer dosage over the tested range of 0-1.0% (w/v) for 

PNIPAAm polymer. Error bars represent standard deviation (n3). Error bars not shown 

indicates standard deviation is smaller in size than symbol. 

 

 

Data suggests that PNIPAAm is not charged at pH 7.0 due to a low precipitation yield 

and also zeta potential further confirms that PNIPAAm is not charged with a surface charge of 

1.77 ± 0.85 mV. Due to the observed results, a copolymer was designed to add a charged 

polymer in order to increase the protein precipitation. PNIPAAm is not widely used as a 

flocculant mainly due to the neutral charge. However, PNIPAAm was conjugated to Protein A to 

precipitate human IgG (Chen, 1990), immunoglobulin Fv fragment to precipitate hen egg white 

lysozyme (Fong, 2002), streptavidin to precipitate biotin (Ding, 1999) and monoclonal 

antitbodies (Kumar, 2001). Use of PNIPAAm has been shown to be effective in precipitation 
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acute myeloid leukemia cells from human T lymphoma cells was 93% at the optimal 

concentration of 40 g anti-CD34/mg PNIPAAm. Antibodies (anti-CD34 and anti-CD2) 

conjugated to PNIPAAm were specific to the cell surface receptors (Kumar, 2001). Similarly, 

Chen (1990) synthesized a target specific copolymer using PNIPAAm. Protein was attached to 

PNIPAAm to bind human immunoglobulin. Although no protein recovery was reported, research 

showed that PNIPAAm was not able to precipitate human immunoglobulin; therefore, 

eliminating the theory of non-specific binding (Chen, 1990). Also, it was shown that less human 

immunoglobulin was precipitated when using the copolymer in comparison to the use of Protein 

A solely. These phenomena are similar to our work with PNIPAAm and also in accordance with 

Fong (2002) who reported no significant interaction between hen egg white and PNIPAAm, thus 

proving that a biorecognition agent specific to the target protein conjugated to PNIPAAm chain 

would be required for precipitation. It was also reported that a 20-fold molar excess of Fv 

fragment-PNIPAAm copolymer was needed to precipitate 70-80% of hen egg white. Such 

biorecognition elements help to justify the higher recovery yields (>50%) when using 

PNIPAAm. Similarly, to our work, PNIPAAm was not an effective standalone precipitant. In 

lieu of using PNIPAAm and PNIPAAm conjugates with biorecognition agents, elastin like 

peptides are used (ELP). ELPs are very similar to PNIPAAm because they are also temperature 

sensitive, but they allow for specific amino acids to be encoded into the amino acid sequence 

(Christensen et al., 2007). 

4.2.6 Protein Capture Using PNIPAAm-co-PEI Copolymer 

PNIPAAm-co-PEI was evaluated as a dual-stimuli flocculating agent. While electrostatic 

interactions were the primary protein–PEI interaction mechanism, any residual protein that is left 
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in solution could be captured by triggering the heat sensitive polymer. PNIPAAm is not charged 

therefore the primary capture mechanism for PNIPAAm would be nonspecific sweep 

flocculation (Bratby, 1980). PNIPAAm-co-PEI was synthesized according to Zareie (2002); 

therefore, the molecular weight and stock solution was held constant. The copolymer was 

evaluated at the optimized working concentration of PEI (950 mg PEI/g BSA) for comparison, 

and PNIPAAm offered an additional 571 mg PNIPAAm/g BSA to flocculation. Samples were 

mixed at pH 7.0 for 30 minutes to facilitate polyelectrolyte precipitation, but also heated for 30 

minutes at 35C (LCST) to induce flocculation using PNIPAAm for a total of one hour. pH 7.0 

was determined to be the optimal pH for PEI flocculation in previous experiments. Results 

showed that 58 ± 0.25% of BSA was recovered by use of this copolymer, while PEI precipitated 

65  2.09% BSA at identical mixing time and polymer concentration. Therefore, PNIPAAm was 

not efficient in precipitating additional BSA as there was a 7% decrease in protein recovery 

when using the copolymer. Kim et al. (2005) mentioned that chemically coupling PNIPAAm to 

PEI could reduce the affinity of the polymers to the proteins due to a decrease in attachment 

sites. It was also hypothesized that insufficient polymer concentration could also decrease 

precipitation yield (Fong, 2002).  

 

4.2.7 Precipitation of Proteins Using PNIPAAm and Other Polymer Blends 

PNIPAAm blends were evaluated in order to compare the precipitation yield 

effectiveness with the synthesized copolymer of PNIPAAm and PEI (PNIPAAM-co-PEI). 

Synthesizing a copolymer can be cumbersome, requires the use of organic solvents and 

knowledge of polymer synthesis methods (Kim et al., 2005). Moreover, purification of 

copolymer also proved to be inefficient and did not provide a robust procedure. Due to these 
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reasons, research was expanded to include PNIPAAm – PEI, PNIPAAm – ALG and PNIPAAm-

CHI blend. PNIPAAm-PEI blend was able to precipitate 7.09 ± 0.10 mg/mL (70% precipitation 

yield) of BSA in comparison to 6.53 ± 0.21 mg/mL (66%) of proteins precipitated by PEI solely. 

This blend resulted in an 8.5% increase in precipitation by increasing the temperature of the 

sample to induce heat sensitivity of the PNIPAAM. PNIPAAm-CHI blend precipitated 6.23 

mg/mL ± 0.16 mg/mL (63% precipitation yield) in comparison to 6.17 ± 0.11 mg/mL (61% 

precipitation yield) for CHI alone. There was no significant difference (p = 0.9952) between 

these values, which suggests that PNIPAAm is not effective for sweep flocculation of acid 

proteins. Lastly, PNIPAAm-ALG blend precipitated 8.09 ± 0.24 mg/mL in comparison to 8.87 

0.66 mg/mL proteins precipitated by ALG polymer. This 9% decrease in protein precipitation 

was not significant (p = 0.8902) and further discouraged the idea of using PNIPAAm for non-

specific flocculation when recovering basic proteins.  

 

4.2.8 Precipitation of Milk Proteins Using PEI 

Goat milk was chosen as a model biological system to evaluate the efficacy of the 

optimized PEI bioprocess, in particular the precipitation yield. The bioprocess was tailored to fit 

the amount of BSA present in goat milk measured using imageJ software (NIH, Bethesda, 

Maryland). Bradford standards 25-1000 g/mL were placed in lanes on SDS gel and a standard 

curve was developed using protein band area given by imageJ. The areas of total milk protein 

bands and BSA protein band of the SDS gel were then put into the equation given by the 

standard curve. Total milk proteins were determined to be approximately 1.5 mg/mL and BSA 

was determined as approximately 0.265 mg/mL. PEI was added to goat milk at an increasing 

concentration to determine the optimal polymer/protein ratio to flocculate BSA. PEI was added 
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in polymer amounts needed to flocculate goat milk at four protein concentrations: 1.5 mg/mL (58 

L PEI from stock solution at 5% (w/v)), 10 mg/mL (0.381 mL PEI), 50 mg/mL (1.9 mL PEI) 

and 100 mg/mL (3.81 mL PEI). Concentrations presented are based on the optimized protein: 

polymer ratio developed for BSA-PEI bioprocess discussed above. Corresponding polymer 

concentrations were added to 2 mL of milk sample. The same milk sample was used for every 

concentration so the protein content was held constant. Precipitation yield is considered milk 

protein concentration in pelleted material after precipitation using PEI. An increase in polymer 

concentration was used to determine if all BSA or acidic proteins could be precipitated. PEI and 

goat milk were mixed for 30 minutes at pH 7.0 and centrifuged for 30 minutes. The bioprocess 

that was optimized for the precipitation of BSA using PEI, was used for goat milk to determine 

whether the bioprocess was effective in precipitating the targeted protein, BSA. An SDS gel was 

developed to illustrate how the protein concentration changed with the increase in polymer 

concentration, shown in Figure 15. Once the precipitation occurred, the supernatant (first lane) 

and resolubilized pellet (second lane) was evaluated at polymer concentrations mentioned above. 

Preliminary tests demonstrated that more polymer would be needed to flocculate BSA due to the 

variety of acidic proteins inherent in goat milk. Milk proteins consist of casein (removed using 

isoelectric precipitation, pI~4.5, ~80% of milk proteins), -lactaglobulin (~18.4 kDa, 

pI~5.2,~50% of whey proteins), - lactaglobulin(~14.4 kDa, pI ~ 4.2, ~20% of whey proteins), 

lactoferrin (~80 kDa, ~20-200 g/mL) and BSA(~62 kDa, pI ~ 4.7,~10% of whey proteins, 0.4 

mg/mL) (Jenness, 1980; Jovanovic, 2007). These proteins are shown in Lane 2 of the SDS in 

Figure 15. Based on SDS gel results, it was demonstrated that BSA is not precipitated at the 

polymer concentration (193.33 mg PEI/g protein, based on the optimized ratio determined in 

PEI-BSA bioprocess discussed above) needed to flocculate 1.5 mg/mL of total milk protein, 
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which would correspond to 100% flocculation. However, only 11.0 ± 0.30% of total milk 

proteins were precipitated. This is shown in Lane 3 and 4 of the SDS gel. In Lane 4, there is no 

visible protein resolubilized. As the polymer is increased to a polymer concentration that would 

precipitate 10 mg/mL of protein (1270 mg PEI/g protein, based on the optimized ratio 

determined in PEI-BSA bioprocess discussed above) , it is concluded that the polymer 

concentration is also not sufficient in precipitating 100% of BSA (Figure 15, Lane 5: supernatant 

and Lane 6: pellet) with a precipitation yield of 37.3 ± 0.13%. Moreover, in Lane 6, BSA and -

lactaglobulin are shown in the pellet, concluding that they were precipitated by PEI. Lanes 7 to 

10 revealed that when adding a concentration of polymer to precipitate 50 mg/mL (6,333 mg 

PEI/g protein) and 100 mg/mL (12,666 mg PEI/g protein) of proteins, a direct concentration of 

proteins is not precipitated at these high concentrations of polymer. At 50 mg/mL polymer 

concentration, flocculation did not fully occur. The samples showed a slightly clear appearance 

in comparison to an opaque color when mixed at lower concentrations, as shown in Figure 16. 

Lanes 7 and 8 reveal that BSA is precipitated, but salting in is taking place. Salting in occurs 

when the solubility of a protein is increased at a high salt concentrations(Zhang, 2012). Figure 16 

shows that BSA-PEI flocs become more soluble as salt (PEI) concentration is increased. The 

salting in effect was evident at 100 mg/mL and a very small pellet was formed at this 

concentration. Overall, BSA is not fully precipitated using PEI. As shown in Figure 15, there is 

still a significant amount of BSA and total proteins left in the supernatant. It was shown that 

BSA and -lactaglobulin were fractionated at pH 4.0 using carboxymethylcellulose from a whey 

protein sample (Hidalgo, 1971). This pH is much lower and closer to the pI of BSA and milk 

proteins; however, pKa of the polymer is approximately 4.2-4.7 (Zhivkov, 2013). The studied 

process does not offer a high purity of BSA based on the SDS gel and initial milk concentration 



 

 63 

bands are still similar in band color intensity. Optimization of polymer concentration needed to 

precipitate milk sample could be further studied between the ranges of 10-50 mg/mL; however, 

we have concluded that PEI is not an effective flocculant for milk proteins at the conditions 

optimized for the recovery of BSA, with 1270 mg PEI/g protein polymer/protein ratio was 

shown to be the most effective at precipitating 37.3 ± 0.13% of milk proteins (Figure 16). This 

value, however, does not meet a standard of  50% precipitation yield. Separation of milk 

proteins could be achieved using heat or chemical precipitation. A study by Cluskey (1969), 

reported that the use of sodium carboxymethyl cellulose precipitated 70% of total milk proteins, 

mostly casein. Isoelectric precipitation is commonly used to separate milk proteins; however, 

separation of whey proteins by precipitation is not widely practiced (Santos, 2012). Range in size 

of whey proteins allows for simple separation using filtration (Maubois, 1984). Also, majority of 

milk proteins are acidic, close in pI values, so precipitation targeting a specific whey protein 

would be challenging, as shown in our work above. Separation of whey proteins could be 

achieved based on electrical charge or difference in molecular size by use of micro or 

ultrafiltration or chromatography (Maubois, 1984).  
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Figure 22: Percentage of milk proteins precipitated after centrifugation step. Error bars 

represent standard deviation (n3). Error bars not shown indicates standard deviation is 

smaller in size than symbol used. 

 

 

 

 

Figure 23: SDS gel detailing milk protein profile in supernatant and pellet. Precipitation 

was evaluated using a 5% (w/v) PEI stock solution. Lane 1: Protein Marker Lane 2: Goat 

Milk Sample 3: Supernatant (1.5 mg/mL protein, 58 L of PEI added) 4: Pellet (1.5 mg/mL 

protein, 58 L of PEI added) 4: Pellet (1.5 mg/mL) 5: Supernatant (10 mg/mL, 0.381 mL of 

PEI added) 6: Pellet (10 mg/mL) 7: Supernatant (50 mg/mL, 1.9 mL of PEI added) 8: Pellet 

(50 mg/mL) 9: Supernatant (100 mg/mL, 3.8 mL of PEI added) 10: Pellet (100 mg/mL).  
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Figure 24: Visual representation of goat milk flocculation with 5% (w/v) PEI stock 

solution. Concentration in parenthesis refers to protein concentration used to determine 

PEI dosage. Samples from left to right are 1: Goat milk 2: Goat milk with 58 L of PEI 

added (1.5 mg/mL), 3. Goat milk with 0.381 mL of PEI added (10 mg/mL), 4. Goat milk 

with 1.90 mL of PEI added (50 mg/mL), and 5. Goat milk with 3.8 mL of PEI added (100 

mg/mL).  
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CHAPTER V 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

5.1 Conclusions 

This study has shown that polyelectrolyte precipitation has the potential to serve as a 

primary step in bioseparation processes. In order to optimize the bioprocesses, a complete 

analysis of protein, flocculant, and flocculation mechanisms was required. This study attempted 

to investigate variables affecting protein recovery of model proteins, BSA and LYZ, using both 

natural and synthetic polymers. The importance of surface charge in flocculation was apparent. 

Electrostatic interactions drove flocculation and a differential in surface charge increased 

attraction of particles. pH was a significant factor and was further confirmed by surface charge 

analysis. Polymer concentration was also significant in this work. A direct relationship was 

shown between polymer concentration and precipitation yield. Precipitation yield was increased 

as polymer concentration was increased until a plateau was reached. The use of PEI to recover 

BSA (model acid protein) resulted in an initial precipitation yield of 65% at a concentration of 

950 mg PEI/g BSA, and the final protein recovery at the end of the bioprocess was 59%. The use 

of ammonium sulfate proved to be efficient as a recovery step due to only ~6% loss of BSA 

proteins in this step. The optimized bioprocess had the following conditions: 950 mg PEI/g BSA 

concentration, pH 7.0, 5% (w/v) stock solution, 60 mM ammonium sulfate, and pH 3.0. In 

comparison, the use of chitosan to recover BSA resulted in an initial precipitation yield of 61%, 

which is a 4% decrease in precipitation yield when using PEI. This preliminary data supported 

the use of chitosan as a natural alternative to PEI as a flocculant. The optimized process had the 

following conditions: 1312 mg CHI/g BSA, 1.5% (w/v) stock solution, 60 mM ammonium 

sulfate, pH 3.0, and pH 6.0 Similarly, the use of ALG to recover LYZ (model basic protein) 
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resulted in an initial precipitation yield of 87%, and the final protein recovery at the end of the 

bioprocess was 51%. The optimal polymer: protein ratio was 353 mg ALG/g LYZ, which was 

less than the other two bioprocesses that used PEI and CHI. Therefore, the use of alginate as a 

flocculant for basic proteins is promising due to the high precipitation yield. Contrarily, 

PNIPAAm was not effective as a flocculant with less than 10% protein recovery. Synthesis of 

PNIPAAm-co-PEI copolymer was successful; however, the copolymer also proved to be 

ineffective in precipitating proteins, only increasing precipitation yield by 8.5%. This process 

required an additional 30 minutes of heat incubation and also required a cumbersome synthesis 

process. Lastly, use of PNIPAAm-polymer blends were also not effective in increasing 

precipitation yield with less than 70% protein recovery. Precipitation of milk proteins showed 

that PEI is not specific to BSA only. BSA and LYZ served as great model proteins in the 

development of our bioprocesses for acidic and basic proteins, respectively. In the goat milk 

study, we were able to see that among other acidic proteins, our bioprocess did not work as well 

as the model study. Although most milk proteins are acidic, as polymer concentration was 

increased, a plateau was reached where not all proteins were precipitated. The optimized 

conditions for the recovery of BSA in goat milk were 1270 mg PEI/g protein polymer/protein 

which precipitated 37.3 ± 0.13% of milk proteins. Based on these results, we can conclude that 

biopolymers should be employed as a primary purification step for bioseparation processes for 

several reasons. It has been demonstrated that a precipitation yield greater than 50% can be 

achieved with their use in precipitation of both BSA and LYZ. We have also concluded that 

natural biopolymers (alginate and chitosan) can produce a precipitation yield above 60%, 

similarly to the model precipitation method using PEI to precipitate acidic proteins. Optimization 

and further investigation of natural biopolymers could show a decrease in cost, time, and also 
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reduce the need for removal of polymer from protein. Overall, the use of biopolymers as an 

initial purification step in a separation process is feasible, however; this should not be the entire 

process. More specific recovery methods should be used subsequently to offer a high purity of 

the desired protein. In conclusion, this work has illustrated that natural biopolymers can offer a 

precipitation yield comparable to known precipitation methods using PEI. It has also 

demonstrated the need to further investigate natural polymers in order to develop a robust 

method for both the precipitation of acidic or basic proteins. By developing a robust method 

using natural biopolymers (non-toxic and readily abundant), this would add a standard operating 

procedure for clarification of basic and acidic proteins. 
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5.2. Future Recommendations 

Based on the findings in this study further improvement on polyelectrolyte precipitation and 

inverse transition cycling should include: 

 Expand pH values above pH 7.0 for flocculation of PEI in hopes to increase to an initial 

precipitation yield of 90%. 

 Further optimize chitosan precipitation of acid proteins in hopes of increasing 

precipitation yield to 90%: 

o Evaluate stock solutions of lower concentrations. 

o Expand to evaluate other acidic proteins with varying isoelectric points that show 

clear difference with pKa of chitosan. 

o Optimize, if necessary, separation of protein and polymer by use of pH sensitivity 

of chitosan (gelling) or alternative methods to ammonium sulfate precipitation. 

 Optimize separation of alginate and lysozyme, and other basic proteins.  

o Use of calcium chloride should be expanded to a wider range of concentrations 

(0-100 mM) to form alginate gel. 

o Alternative method for precipitating lysozyme instead of alginate, similarly to 

ammonium sulfate precipitation used in the bioprocess developed for precipitation 

of BSA using chitosan. 

 Evaluate alternative natural polymers for flocculation of both acidic and basic proteins 

such as, 

o Pectin 

o Xanthan gum 

o Guar gum 
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 Optimize inverse transition cycling with use of PNIPAAm or other temperature sensitive 

polymer. Evaluate and/or develop temperature sensitive polymers that can induce 

flocculation.  

o Evaluate the surface charge at varying pH values initially to determine optimal 

pH. Ideally, optimal pH would have the largest surface charge value.  

o Conjugation of a specific biorecognition agent for targeted protein. This addition 

should increase specificity of the polymer and increase protein precipitation yield; 

however, it will likely increase its costs.  

 Optimize precipitation of goat milk by use of PEI 

o Study flocculation at polymer concentrations 1270 mg PEI/g BSA- 12,666 mg 

PEI/g BSA.  

o Evaluate other pH values, pH 6.0-8.0 

o Develop and optimize bioprocess with more than one acidic protein, possibly a 

protein cocktail to better suit flocculation for milk proteins which is more 

complex. 
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APPENDIX 

Table 2: Surface Charge of BSA at different pH values. 

Suspension pH Surface Charge (mV) 

pH 3.0 10.14 ± 1.32 

pH 4.0   3.17 ± 0.62 

pH 5.0 -7.56 ± 0.26 

pH 6.0 -8.77 ± 1.28 

pH 7.0 -11.5 ± 0.89 

 a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 

 

Table 3: Surface Charge of LYZ at different pH values. 

 Surface Charge (mV) 

pH 3.0 13.2 ± 2.68a 

pH 7.0  7.75 ± 0.65b 

pH 12.0 -7.51 ± 0.94c 

a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 
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Table 4: Surface Charge of CHI at different pH values. 

 Surface Charge (mV) 

pH 3.0 42.9 ± 2.14a 

pH 4.0 51.0 ± 1.63b 

pH 5.0 34.8 ± 2.48c 

pH 6.0 15.6 ± 2.26d 

a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 

 

Table 5: Surface Charge of PEI at different pH values. 

 Surface Charge (mV) 

pH 3.0 31.2 ± 3.15a 

pH 4.0 32.3 ± 0.83a 

pH 7.0 26.5 ± 0.73b 

pH 12.0 -13.0 ± 2.54c 

a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 

 

Table 6: Surface Charge of ALG at different pH values. 

 Surface Charge (mV) 

pH 3.0 INSOLUBLE 

pH 7.0 -64.0 ± 1.7a 

pH 12.0 -29.3 ± 1.8b 

a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 
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Table 7: Surface Charge of PNIPAAm at different pH values. 

 Surface Charge (mV) 

pH 3.0 0.93 ± 1.57 a 

pH 7.0 1.77 ± 0.85 a 

pH 9.0 1.76 ± 1.19 a 

a Means within a column that are not followed by a common superscript are significantly 

different (P<0.05). Numbers represent mean +/- standard deviation (n3). 

 

 

 

 




