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Abstract 

In this study the formation of water-soluble and water-insoluble complexes between bovine 
serum albumin (BSA) and biocompatible poly(N-vinyl-2-pyrrolidone-co-acrylic acid) (P(VP-co-AA); 
2:1), anionic polymer, was studied at different protein, polymer concentrations and pH values. BSA-
P(VP-co-AA) complexes were studied by turbidimetric, gravimetric and chromatographic methods. 
Stability of the protein-polyelectrolyte complexes is weak in pH>pI (isoelectric pH) when the pH value 
decreases (pH<pI) the stability increase and the stable water-soluble and water-insoluble protein-
polyelectrolyte complexes occur. This work represents that the BSA-P(VP-co-AA) complexes were 
formed by the electrostatic interaction between oppositely charged BSA and P(VP-co-AA) molecules 
depending on variety of parameters, including the system pH, protein/polymer or polymer/protein 
molar ratio. BSA-P(VP-co-AA) complexes are water-soluble at pH 5.0. The system transfers to water-
insoluble form with decreasing pH value. These water-insoluble protein-polyelectrolyte complexes were 
transformed into soluble form by increasing protein concentration. Therefore, such P(VP-co-AA)-BSA 
complex systems may be candidate in development of  medical diagnostic, therapeutic drugs, enzyme 
immobilization, protein purification and biological sensors. 

 
Keywords: Biopolymers, bovine serum albumin, polyelectrolyte-protein complex, turbidity, gel 
permeation chromatography 
 
1. Introduction  
 
 The study on interactions between protein and synthetic or natural polymers has been 
extensively subjected to many researches and promising applications as well as its biological 
aspects [1]. Studies about protein-polyelectrolyte are performed to constract of artificial 
immunomodulators, immunogens and enzyme immobilization. The complexes of synthetic 
polyanions with globular proteins have great importance in medicine, bioengineering and 
basic science [2-5]. Polyelectrolyte complexes systems can be considered as a model of 
antigen-antibody interactions, specific nucleoprotein complexes and nucleotide-protein 
complexes in particular supplying us with novel information on immunogenic compounds for 
synthetic vaccine innovation [4, 6-13]. 
 Polyelectrolytes of a comb-type structure have been proposed for the preparation of 
water-soluble complexes through Coulombic interactions between oppositely charged 
polyelectrolytes and biological macromolecules, like DNA. These interactions occur between 
polyion chain and oppositely charged groups in proteins [12, 14]. 
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It is well known that proteins interact with synthetic polyelectrolyte depending on the ionic 
strength, pH, molar ratio and concentration of components [14-16]. Depending on these 
conditions, macromolecular interactions may be specific or non specific, weak or strong, 
repulsive or attractive [15]. These interactions may result in the formation of soluble 
complexes, coacervates, precipitates, gels and fibers.  
 Polymer–protein complexes form as a result of the electrostatic interaction of polyion 
chains with the oppositely charged groups of the protein molecules [13, 14]. Formation of 
insoluble complexes between oppositely charged entities occur with polyanions at pH lower 
than the isoelectric point (pI) of protein, and with polycations at pH higher than pI [17].  
 Coacervation is useful in a wide range of applications, which includes protein 
separation and purification process, microencapsulation in drug delivery, etc. It is also of 
biological significance as it is involved with protein-DNA interactions. All of these 
applications of protein-polyelectrolyte-based complex coacervation depend on its structural 
details [18]. Water-solubility and stability of protein/polyelectrolyte complexes in a wide pH 
range are important in enlarging their potential applications [19]. Studies carried out by R. V. 
Petrov et al. showed that poly(acrylic acid), (PAA) is a strong stimulant of immunogenesis 
during immunological studies on mice.  However, in view of its high toxicity [20], the 
preparation did not gain wide application in immunological research. To lower the toxicity of 
PAA, a series of copolymers of N-vinyl-2-pyrrolidone with acrylic acid in different 
compositions and molecular weights were synthesized. It was found that the copolymers of N-
vinylpyrrolidone with acrylic acid, just as PAA, give a pronounced immunostimulating effect. 
Based on this, these copolymers were considered as a prospective basis for a future medicinal 
form and decided to study the distribution and paths of elimination from the organism of 
copolymers of PAA with N-vinyl-2-pyrrolidone (1:1, mol. wt. 40.000 and 100.000). The 
information obtained in these investigations was very useful for producing and testing new 
physiologically active compounds [20]. 
 Polymeric materials based on poly(N-vinyl-2-pyrrolidone) (PVP) and its copolymers 
have found wide applications as hydrogels, membranes used in drug-delivery systems. Beside 
of its low chemical toxicity and high solubility in water/organic solvents, PVP’s ability to 
complex with different kind of substrates like dyes, surfactants and other polymers, have 
promoted its use as a protective colloid in pharmaceutical and cosmetics products [21]. 
Bovine serum albumin, a water-soluble globular protein in the plasma of the blood, is suitable 
as a biochemical modifier of protein for its low antigenity and immunogenicity [22, 23].  
The main objective of this study is to investigate the formation of complex between bovine 
serum albumin (BSA) and poly(N-vinyl-2-pyrrolidone-co-acrylic acid) (P(VP-co-AA)). We 
utilized chromatographic, turbidimetric and gravimetric techniques to obtain information 
about the molecular mechanism of interaction between BSA and a negatively charged P(VP-
co-AA). UV spectroscopy was used to analyse water -insoluble complexes and complex 
coacervates. Gel Permeation chromatography was used to demonstrate the presence of BSA-
P(VP-co-AA) complex formation, and pH was adjusted to investigate the extent of the 
electrostatic character of the protein-polyelectrolytes interactions.  
 
2. Materials and Methods 
 
2.1. Chemicals and Reagents 
Acrylic acid (Aldrich, Germany), N-vinyl-2-pyrrolidone (Fluka), THF (Riedel-de Haen), 
ethyl acetate (Fluka), benzoyl peroxide (Fluka) and cobalt naphthenate (Fluka) were of 
analytical grade reagents. bovine serum albumine (BSA) was from Sigma Chemical 
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Company, St. Louis, MO. NaH2PO4, Na2H-PO4.7H2O, NaCl were obtained from Fluka and 
NaN3 was from Applichem. Ultra pure water used through out the study, was obtained from 
Millipore MilliQ Gradient system. 
 
2.2. Synthesis and Characterization of Poly(N-vinyl-2-pyrrolidone-co-acrylic acid) 
Poly(N-vinyl-2-pyrrolidone-co-acrylic acid) in ratio 2:1 (Figure 1) was synthesized and 
fractioned as explained in the literature [24]. Glacial acrylic acid and N-vinyl-2-pyrrolidone 
were polymerized in THF with benzoyl peroxide and cobalt naphthenate at 70 oC under 
nitrogen for 3 hours. The white solid was filtered and dried at 40 oC in vacuum. The obtained 
copolymer was separated and purified by precipitation in ethyl acetate.  
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Figure 1. Schematic diagram of poly(N-vinyl-2-pyrrolidone-co-acrylic acid). 
 
Copolymer was analyzed by using FT-IR, NMR and thermo gravimetric methods. The 
reaction yield was calculated as 95% over the mass of dry copolymer.  Its weight average 
molecular weight (Mw) was determined by Gel Permeation Chromatography (GPC) (with 
online quadruple detection system: UV absorption, refractive index, right angle light 
scattering and viscosity detectors). Mw was found as 120 kDa and polydispersity index was 
calculated as 2,701. 
 
2.3. Preparation of P(VP-co-AA) Constant BSA variable Complex 
BSA and P(VP-co-AA) were dissolved in phosphate buffer (PBS) for pH = 7.0 and acetate 
buffer for pH = 3.0 - 5.0 containing 0.15 M NaCl at 25 °C. To prepare protein-polymer 
complexes at increasing molar ratio of the protein (nBSA/nP(VP-co-AA) = 0,5; 1; 3; 5; 7; 9; 11; 15; 
20; 25; 30; 35; 40; 50), protein solutions were added to polymer solutions. The concentration 
of P(VP-co-AA) was kept constant [cP(VP-co-AA)= 1.0 mg/ml] and cBSA is variable                      
[cBSA = 0,275; 0,55; 1,65; 2,75; 3,85; 4,95; 6,05; 8,25; 11; 13,75; 16,5; 19,25; 22; 27,5 mg/ml] 
for turbidimetric and gravimetric studies.  
For the experiments, nBSA/nP(VP-co-AA) complex ratios were calculated using the equation,         
n = c.NA/M where n presents the number of the molecules in 1 ml, M is the molecular weight 
of the components, NA is Avagadro's number and c represents concentration in mg/ml. 
 
2.4. Preparation of BSA Constant P(VP-co-AA) variable Complex 
BSA and P(VP-co-AA) were dissolved in phosphate buffer for pH = 7.0 and acetate buffer for 
pH = 3.0 - 5.0 containing 0.15 M NaCl at 25 °C. To prepare protein-polymer complexes at 
increasing molar ratio of the polymer (nP(VP-co-AA)/nBSA = 0,0066; 0,0167; 0,033; 0,05; 0,066; 
0,1; 0,2; 0,4), polymer solutions were added to protein solutions. The weight concentration of 
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BSA was kept constant [cBSA = 3.0 mg/ml] and cP(VP-co-AA) is variable [cP(VP-co-AA) = 0,036; 
0,091; 0,18; 0,272; 0,36; 0,545; 1,09; 2,18 mg/ml]  for chromatographic studies.  
For the experiments, nP(VP-co-AA)/nBSA complex ratios were calculated using the equation,         
n = c.NA/M where n presents the number of the molecules in 1 ml, M is the molecular weight 
of the components, NA is Avagadro's number and c represents concentration in mg/ml. 
 
2.5. Turbidity Measurements 
The change in optical density at 280 and 400 nm of aqueous nBSA/nP(VP-co-AA) complexes was 
monitored as a function of the complex composition and wide pH range by using Jasco V-530 
Model UV/vis Spectrophotometer. 
 
2.6. HPLC Gel Permeation 
Water-soluble protein-polymer complexes were estimated by using gel permeation 
chromatography: Shim-Pack Diol-300 (7.9 mm ID x 50 cm) with Shim-Pack precolumn Diol 
(4.0 mm ID x 5 cm) at room temperature. A Shimadzu model LC-6AD pump was run in 
different buffers at a flow rate of 1.0 ml/min. All solutions were filtered through 0.45-µm 
Sartorius RC-membrane filters before injections. A 20 µl sample volume was injected for 
analysis. The eluate was monitored at 280 nm with Shimadzu SPD-10 AV VP model UV-VIS 
detector.   
PBS was prepared from Millipore MilliQ Gradient system, and consisted of 0.05 M phosphate 
and 0.15 M sodium chloride for studies at pH 7.0. Acetate buffer with 0.01 M acetic acid and 
0.15 M sodium chloride were prepared for studies at pH 5.0. Mobile phase solutions were 
filtered through a 0.45-µm Sartorius RC cellulose nitrate filter and degassed before use. 
The standards used to calibrate the column were Aldolase (150 kDa), Human Serum Albumin 
(66 kDa), Food and Mouth Dissease Virus Synthetic peptide (2,97 kDa). 
 
3. Results and Discussions 
 
The formation of complexes by the interaction of oppositely-charged polyelectrolytes and 
proteins is well known. A variety of polyelectrolytes complexes can be obtained by changing 
the chemical structure of component polymers, such as molecular weight, flexibility, 
functional group structure, charged density, hydrophilicity and hydrophobicity balance, stereo 
regularity and compability, in addition to reaction conditions such as pH, ionic strength, 
concentration, mixing ratio, temperature [25].  
 
3.1. Turbidimetric Study of BSA-P(VP-co-AA) Complexes 
Static classical light scattering (turbidity) is proportional to both the concentration and 
molecular weight of the scattering particles in a system; therefore, turbidimetric analysis as a 
powerful technique in monitoring the protein-polyelectrolyte complex and coacervates [1, 
26]. In this study, the information about interactions of complexes was obtained by 
turbidimetric titrations. 
The optical density profiles (280 nm and 400nm) as the function of pH at different molar 
ratios (0,5≤nBSA/nP(VP-co-AA)≤50) of BSA/P(VP-co-AA) components in mixtures are shown in 
Figure 2 and 3. 
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Figure 2.  Optical density (OD 280 nm) at pH= 7.0 (■), pH 6.0 (•), pH 5.0 (▲) for nBSA/ nP(VP-co-AA) (0,5; 1; 3; 5; 
7; 9; 11; 15; 20; 25; 30; 35; 40; 50) mixtures. [cP(VP-co-AA)= 1.0 mg/ml and cBSA = 0,275; 0,55; 1,65; 2,75; 3,85; 
4,95; 6,05; 8,25; 11; 13,75; 16,5; 19,25; 22; 27,5 mg/ml]. 
 
 Figure 2 shows the pH-dependence of the optical density of complexes between BSA 
and anionic copolymer of N-vinyl-2-pyrrolidone-acrylic acid (P(VP-co-AA)). In all mixtures, 
the concentration of P(VP-co-AA) was constant, whereas the concentration of the BSA 
protein varies. The UV analyses between pH 5.0 and 7.0, the pH is higher than isoelectric 
point of BSA (pIBSA=4.9) [27], BSA-P(VP-co-AA) mixtures seem to be soluble in all molar 
ratios. Additionally, at pH 5.0 OD 280 shows a small decrease, because water-soluble 
complex formation occurs at pH near the isoelectric point of BSA. Mustafaev and his 
colleagues [12, 13] have investigated the interaction of PAA with bovine serum albumin and 
their results are consistent with obtained results in present study.  

 
 
Figure 3.  Optical density (OD 400 nm) at pH= 4.0 (▲) 5.0 (■) 6.0 (•) 7.0 (♦) for nBSA/n P(VP-co-AA) (0,5; 1; 3; 5; 
7; 9; 11; 15; 20; 25; 30; 35; 40; 50) mixtures. [cP(VP-co-AA)= 1.0 mg/ml and cBSA = 0,275; 0,55; 1,65; 2,75; 3,85; 
4,95; 6,05; 8,25; 11; 13,75; 16,5; 19,25; 22; 27,5 mg/ml]. 
 
Figure 3 shows the optical density of BSA-P(VP-co-AA) mixture depending on the protein 
amount at constant concentration of polymer solution. We observed that BSA-P(VP-co-AA) 
mixture solution is transparent at pH higher than pH 4.9. At pH 5.0, the protein is weak 
negatively charged and the polyelectrolyte is negatively charged. Because of this reason, there 
is weak interaction between BSA and anionic P(VP-co-AA).  



Poly(N-Vinyl-2-Pyrrolidone-co-Acrylic Acid)- Bovine Serum Albumin  
Complex Formation Studied by HPLC and UV/Vis Spectroscopy 

 

Romanian Biotechnological Letters, Vol. 17, No. 4, 201 7413 

At pH 6.0-7.0, the protein is negatively charged and the polyelectrolyte is negatively charged. 
Arising from electrostatic repulsive forces between two macromolecules prevents the 
formation of stable polycomplex particles and transparency of the solution is occurring. 
As seen, the solutions of the BSA-P(VP-co-AA) mixtures turn into strongly turbid when pH 
(pH=4) was lower than the isoelectric point of BSA. High turbidity indicated the formation of 
the water insoluble BSA/polyelectrolyte complex, and phase separation occurs. These results 
are consistent with the results obtained for the mixtures of BSA with anionic graft copolymers 
[19] poly(sodium acrylateco-sodium 2-acrylamido-2-methyl-1-propanesulfonate)-graft-
poly(N,N-dimethylacrylamide) (Poly(NaA-co-NaAMPS)-g-PDMAMx).  

 
 
Figure 4. Variation of the precipitates amount obtained for nBSA/nP(VP-co-AA) = 0,5; 1; 3; 5; 7; 9; 11; 15; 20; 25; 30; 
35; 40; 50 mixtures on the ratio of components at pH=4.0 (■).[cP(VP-co-AA)= 1.0 mg/ml and cBSA = 0,275; 0,55; 
1,65; 2,75; 3,85; 4,95; 6,05; 8,25; 11; 13,75; 16,5; 19,25; 22; 27,5 mg/ml]. 
 
The amount of precipitation of BSA/P(VP-co-AA) complex graphic in Figure 4 is similar to 
the OD 400 of BSA/P(VP-co-AA) complex graphic in Figure 3. Precipitate amount increased 
as protein concentration was increased and reached a maximum value at nBSA/nP(VP-co-AA) 11. 
There is plateau between 11< nBSA/nP(VP-co-AA) < 30. After nBSA/nP(VP-co-AA) has reached to 30, 
the precipitate amount decreased as protein concentration was increased which leads the 
system to convert from insoluble form into soluble form.  

 
Figure 5. Variation of the turbidity with pH of BSA (1 mg/ml) (♦), P(VP-co-AA) (1mg/ml) (▲), nBSA/nP(VP-co-

AA) =1 mixture [cP(VP-co-AA)= 1.0 mg/ml and cBSA = 0,55 mg/ml] (■) and 1/5 dilution of nBSA/nP(VP-co-AA) =1 (•). 
 
Turbidimetric curves and images of the acid titrated BSA-P(VP-co-AA) mixtures are shown 
in Figures 3, 5 and 6 versus pH. It is observed (Figure 5) that BSA-P(VP-co-AA) mixture has 
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about zero turbidity between pH 5.0 and 7.0 and there is no change in turbidity including pH 
5.0. Additionally, both BSA and P(VP-co-AA) solution did not exhibit any change in 
turbidity between pH 3 and 7. The mixtures between BSA and P(VP-co-AA) show weak 
interactions above pH 5.0. These transparent and homogeneous mixtures were obtained with 
no precipitate formation when these two components were mixed above this pH (pH 4.9). 
Because of the formation of weakly polyelectrolytes complexes and free components coexists 
in solution in a wide range of ratios of this pH. Insoluble complexes between BSA and P(VP-
co-AA) occurred pH dependently (below pH 4.9). Further decrease in pH leads to an increase 
in turbidity, which is an indication of some aggregation occurring between protein 
polyelectrolyte complexes. The aggregation of complexes can be understood based on the 
change in electrostatic interaction as a function of pH. Change in the color of BSA-P(VP-co-
AA) mixture was observed as the pH was decreased, it was translucent at pH 4.5 and finally  
color changed into white at pH 4.0. This observations indicate that interaction of protonated 
amino groups of the protein with the deprotonated carboxyl group of the polyelectrolyte can 
be confirmed by the increase of the turbidity in the mixtures.  
 Many previous studies have been carried out between protein and synthetic/natural 
polymers, especially involving the BSA [4, 5, 12, 13, 15, 17-19, 28, 29] in aqueous solution at 
low ionic strength and pH lower than 4.9. Chodankar and his colleagues have studied with 
BSA and sodium polystyrene sulfonate (NaPSS) and their results are consistent with the 
present study [18].  

 
Figure 6. Variation of the turbidity with pH of nBSA/nP(VP-co-AA)  =1 [cP(VP-co-AA)= 1.0 mg/ml and cBSA = 0,55 
mg/ml]. 
 
3.2. HPLC Study of BSA-P(VP-co-AA) Complexes  
The chromatograms of BSA control alone and P(VP-co-AA) alone at pH 5 are presented in 
Figure 7a.  BSA shows one major peak, along with minor peak due to dimeric form. Beside to 
major BSA peak is eluted around 17. minute and P(VP-co-AA) displayed a character like 
baseline in Figure 7a.  
 

(a) (b) 
Figure 7. Comparative HPLC chromatograms of BSA, P(VP-co-AA) 120 kDa (UV detector with 280 nm) at pH 
5.0. [cP(VP-co-AA)= 1.0 mg/ml and cBSA = 3 mg/ml] (a), HPLC chromatograms of BSA and P(VP-co-AA) mixture 
[nP(VP-co-AA)/nBSA = 0,1, cBSA = 3.0 mg/ml and cP(VP-co-AA) = 0,545 mg/ml] at pH 7.0 (UV detector with 280 nm) (b). 
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As it is shown in Figure 7b, the chromatogram of P(VP-co-AA)-BSA mixture at pH 7 is 
practically same as pure BSA in solution. Thus at pH 7.0 coulombic repulsive forces between 
the net negatively charged protein and the negatively charged polyelectrolyte prevent the 
formation of stable polycomplexes.  
 

 
 
Figure 8. Comparative HPLC chromatograms of BSA [cBSA = 3.0 mg/ml] and nP(VP-co-AA) /nBSA = 0.4 (1), 0.2 (2), 
0.1 (3), 0.066 (4), 0.05 (5), 0.033 (6), 0.0167 (7), 0.0066 (8) complexes at pH=5.0 UV detector with 280 nm 
[cBSA = 3.0 mg/ml and cP(VP-co-AA)= 2,18; 1,09; 0,545; 0,36; 0,272; 0,18; 0,091; 0,036 mg/ml]. 
 
In Figure 8, BSA-P(VP-co-AA) complexes (peak I) and free BSA in system (peak II) are 
labeled at the chromatograms of BSA and P(VP-co-AA) mixtures. In all mixtures, the 
concentration of BSA was constant, whereas the concentration of the P(VP-co-AA) varied. 
When increasing P(VP-co-AA) amount in the mixture (Figure 8), there was a reduction in the 
peak II and an increase in the peak I that were eluted between 9.5 and 16.5 minutes and 
detected by UV detector. This indicates that the addition of P(VP-co-AA) leds to a decrease in 
free BSA peak and an increase in the formation of intramolecular complexes between BSA 
and P(VP-co-AA). Although both P(VP-co-AA) and BSA carries the net negative charge at 
pH 5.0, P(VP-co-AA) could interact with positive groups on BSA molecules and form 
complexes.  

(a) (b) 
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Figure 9. Peaks areas (a) and area percentages (b) of complexes (•) and free BSA [cBSA = 3.0 mg/ml] (■) 
depending on nP(VP-co-AA) /nBSA = 0,0066; 0,0167; 0,033; 0,05; 0,066; 0,1; 0,2; 0,4 ratios at pH 5.0. [cBSA = 3.0 
mg/ml and cP(VP-co-AA) = 0,036; 0,091; 0,18; 0,272; 0,36; 0,545; 1,09; 2,18 mg/ml]   
The peak areas were calculated from the HPLC chromatograms of complexes (peak I) and 
free BSA (peak II) as they are shown in Figure 8. The addition of P(VP-co-AA) led to a 
decrease in free BSA peak areas and an increase in complex peak areas (Figure 9a). For the 
first complex (nP(VP-co-AA)/nBSA = 0.0066 molar ratio) BSA peak area is 81.6 % while the 
complex peak area is 18.4 %.  When nP(VP-co-AA)/nBSA molar ratio reached to 0.4, complex area 
increased to 89.2 % and the free BSA peak area decreased down to 10.8 % (Figure 9b). This 
is compatible with the results reported [4, 13, 17-19, 25] previously. 
 
4. Conclusions 
 
In this study we investigated the complex formation between BSA and P(VP-co-AA) by 
turbidimetric, gravimetric and chromatographic methods. The interaction between BSA and 
the anionic P(VP-co-AA) copolymers is to demonstrate the formation of water-soluble 
complexes through coulombic interactions at pH 5. The coacervation was observed by 
decreasing the pH of the protein-polyelectrolyte mixture (lower than pI of BSA), where the 
turbidity was maximum. When pH was decreased down even to lower pH values that 
described above, the system transformed into soluble form and turbidity decreased. This is 
attributed to lower pKa value (2.5) of the carboxylic groups (COO−) on protein globules.  
Insoluble BSA-P(VP-co-AA) complex amount increased until the system was saturated with 
BSA at nBSA/nP(VP-co-AA)=11. Then BSA-P(VP-co-AA) complexes in this system transformed 
into soluble state after nBSA/nP(VP-co-AA) is equal to 30. According to these results, gravimetric 
results verify turbidimetric experiments.  
In addition to the formation of large molecular weight of BSA-P(VP-co-AA) complex, we 
observed two types of peaks on the chromatograms. With the increasing P(VP-co-AA) 
concentration, more BSA molecule attends into the complex and leads to an increase in 
complex formation. Experimental results indicate that the solubility of the system depends on 
pH and molar ratio of the components. Therefore, non-toxic, water-soluble and biocompatible 
BSA-P(VP-co-AA) complexes obtained from this study can be candidate molecules for 
diagnosis and treatment in medicine, drug delivery systems, enzyme immobilization, protein 
purification and biological sensors.  
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