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ABSTRACT. In this paper, the flow of bovine serum albumin (BSA) solutions 
in physiological serum was investigated at different concentrations from 1 to 
10 g/dL and temperatures from 4°C to 80°C. Some peculiar behaviours were 
depicted as a function of thermodynamic and shear conditions. The intermolecular 
interactions, the electroviscous effects, the shear forces as well as the 
temperature influence the shear viscosity of BSA solutions. 
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INTRODUCTION  
 

Serum albumin, as a model for globular proteins, is synthesized by the 
liver in mammals and has a half-life in the circulatory system of approx. 19 
days, being the most abundant globular protein in blood plasma (approx. 60%) 
Its function is to bind and transport small molecules, such as fatty or amino 
acids, metals, dyes, or pharmaceutical compounds [1]. Bovine serum albumin 
(BSA) presents a high stability due to its primary structure of 585 amino acid 
residues and the secondary structure formed by 67% α-helix [1, 2]. 

The protein-protein interactions in solution in different concentration 
regimes attracted a high interest during the last years. Very often, the proteins 
are investigated in dilute solutions (bellow 0.1 g/dL) in order to understand their 
behaviour at molecular level. Efforts were carried out to evaluate the first order 
deviations from thermodynamic ideality in semidilute regime (between 0.1 and 
1 g/dL) [3]. However, in physiological environment the protein content is of 
approx. 3.5–4.3 g/dL [4] or even higher, as for example the concentration of 
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mammalian hemoglobin in erythrocytes can exceed 30 g/dL [3]. A highly 
concentrated protein solution is generally considered the system in which 
more than 10% volume represents the solute (proteins can occupy up to 40% 
of the cellular volume). Usually, such solution is regarded as crowded [5], when 
the behaviour of the protein is influenced by the interactions with other like 
or unlike molecules [6]. Increased concentration leads to a smaller distance 
between the protein molecules and, as a consequence, the probability of 
protein–protein interactions is higher [7]. The resulting interactions are 
influenced by the net charge of the protein [8]. 

In salted solution, the deviation from the ideal behaviour is more 
pronounced as the protein concentration increases, structured aggregates 
appear due to short-range attractive interactions between protein molecules [3]. 

Small-angle X-ray scattering investigations have shown that at high 
protein concentrations, the balance between attractive and repulsive forces, 
controlled by pH, influences the aggregation or extensive morphological changes 
[4]. Under physiological conditions (concentrations of 3.5 g/dL – 5.5 g/dL), 
the globular proteins keep the native structure in neutral and basic environments. 

Globular proteins influence the flow properties, phase behaviour, 
microstructure and transport of biomolecules and biofluids in the mammalian 
body. These proteins are used in different formulations for food, drugs or 
cosmetics and the knowledge of their rheological behaviour is an important 
key in application of the multicomponent materials [9-11]. 

The present investigation is focused on flow behaviour of BSA in 
physiological serum at pH = 7.4, varying concentration from 1 g/dL to 10 g/dL 
and temperatures from 4°C to 80°C. 
 
 
RESULTS AND DISCUSSION 
 
 Figure 1 shows complete flow curves registered for 2 g/dL BSA in 
physiological serum at 4°C. The flow behaviour can be observed either from 
viscosity or shear stress as a function of shear rate. At low shear rates, the 
solution behaves as Newtonian fluid, the shear viscosity (  η ) is independent 
on the applied shear rate (γ ). In this region, the relaxation time of the deformed 
solute is shorter than the characteristic time of the flow, keeping the rest 
structure of the solution which is formed by BSA associates and clusters. By 
increasing the shear rates, the BSA structures have no time to fully relax, the 
intermolecular interactions are in competition with the flow forces and the BSA 
molecules tend to orient along the flow direction. Thus, for shear rates in the 
range 0.0215 s-1 – 100 s-1, the flow becomes non-Newtonian, the viscosity 
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depends on the applied shear rate, varying as  η  ∼ 79.0−γ . At high shear rates 
(γ > 100 s-1), the intermolecular interactions are completely overcomed by the 
shear forces and the behaviour is again Newtonian. 
 

 
 

Figure 1. Viscosity and shear stress as a function of shear rate  
for 2% BSA solution at 4oC 

 
 

The flow curves are very sensitive to temperature as well as shear 
regime. As the temperature increases, the flow is Newtonian from 20°C to 
45°C (Figure 2). For temperatures between 55°C and 65°C and 0.1 s-1 < γ  < 
20 s-1, the curves present maxima due to shear induced aggregation occurring 
between BSA molecules. For γ  > 20 s-1, all curves show Newtonian 
behaviour. The shear induced aggregation was observed previously in dilute 
and semidilute polyelectrolyte aqueous solutions [12,13]. For BSA solutions, 
the electroviscous effects are in competition with Brownian motion, induced 
by temperature increase, and with the shear forces. At low temperatures and 
shear rates, the electroviscous effects are dominant for BSA concentrations 
up to 4 g/dL. The solution viscosity is influenced mainly by the charge of BSA 
molecules and counterions present in solution. Weak attractive interactions 
and long-range interactions exhibited at low concentrations coexist with the 
Coulombic and electroviscous repulsions and determine a shear thickening 
effect for moderate shear forces. High shear forces overcome these effects, 
the clusters and aggregates are destroyed and molecules flow easily and the 
viscosity approaches the second Newtonian region. At high concentrations, 
the contribution of attractive short-range interactions becomes significant and 
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in salted solution the charge-induced repulsions are minimal [7,14]. At high 
temperatures (70°C and 80°C), the predominance of attractive interactions 
induces a self-assembling behaviour of BSA molecules into a transient 
network with high resistance to flow (high viscosity of all systems, regardless 
concentration, Figure 3). Moreover, a heat denaturation with some changes 
in conformation of BSA molecules occurs, some aggregates are formed and 
a large unfolding takes place [15]. 

By following the viscosity at constant shear rate of 1 s-1 (similar to flow 
conditions of proteins in plasma of normal cells [16]) as a function of 
temperature for low BSA concentrations (1 g/dL, 2 g/dL and 4 g/dL), it can 
be observed that a sharp decrease occurs up to 20°C, followed by a region 
where the viscosity slowly decreases as the temperature increases (Figure 3). 
Above 50°C – 60°C one observes a maximum value of viscosity, then a 
decrease and a significant increase at 70°C and 80°C. The full symbols 
represent the maxima from η - γ  curves. 

BSA presents in its structure 17 intrachain disulphide bridges and one 
sulfhydryl group (Cys-34) [2]. The disulphide bonds confer certain rigidity, but 
allow a significant conformational change under different external conditions. 
At neutral pH, the disulphide bridges are hidden in the protein molecule and 
are not exposed to the solvent interactions. 
 
 

 
 

Figure 2. Viscosity as a function of shear rate for 2% BSA solution  
at various temperatures 
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Figure 3. Viscosity as a function of temperature for 2% BSA solution at 1 s-1.  
The full symbols represent the maxima from η - γ  curves 

 
 
 The activation energy of flow (Ea) was determined from the plot of 
logη vs. 1/T (Figure 4), according to the Arrhenius equation: 
 

)/exp( RTEaA=η       (1) 
 
where η is the shear viscosity, A is a pre-exponential factor, R is the universal 
gas constant, 8.314 J/(K⋅mol), and T is the absolute temperature (K). 

In this paper, for calculating Ea, we considered the value of shear 
viscosity at 100 s-1, this being the shear rate encountered in the case of 
hardened cells in solution containing albumin [16], and the range of 
temperatures from 20°C to 60°C. 
 For BSA solutions, Ea varies between 3.96 kJ/mol for 1 g/dL and 7.6 
kJ/mol for 10 g/dL (Figure 5), values similar with those reported for polymer 
systems [17,18]. 

The flow behaviour of the protein solutions is governed by the BSA-
BSA interactions as well as interactions of the protein with the water and co-
solute molecules, the hydrodynamic properties being strongly influenced by 
pH value and ionic strength of the solution [19], as well as the presence of 
other polymers [20]. The pH value is correlated with the charge of protein 
and with the protonation of ionizable amino acids. The presence of ions 
determines a screening of the electrostatic interactions [8].  
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Figure 4. logη vs. 1/T for BSA solutions of different concentrations 
 

 
 

Figure 5. The activation energy of flow (Ea) as a function of BSA concentration 
 
 
CONCLUSIONS 
 

BSA solutions are complex fluids, their behaviour being influenced by 
structural factors as well as by the thermodynamic and shear conditions. 

At low concentrations of BSA solutions, the electroviscous effects 
govern the flow behaviour; at high concentrations, the balance between all 
intermolecular interactions and the shear forces dictates the viscosity value, 
wherein intermolecular attraction at high temperatures leads to a high 
solution viscosity. A heat denaturation of BSA occurs above 70°C. 
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EXPERIMENTAL SECTION 
 
Bovine serum albumin (Sigma-Aldrich) solutions of different concentrations 

(1 g/dL, 2 g/dL, 4 g/dL, 6 g/dL, 8 g/dL, 10 g/dL) were prepared in physiological 
serum (pH = 7.4) and refrigerated. They were warmed up to the working 
temperature and thermostated for 15 minutes before experiments were 
carried out. 

The stationary shear flow investigations were carried out with a MCR 
302 Anton-Paar rheometer equipped with Peltier device for temperature 
control and plane-plane geometry (the upper plate having the diameter of 50 
mm, with a gap of 500 μm). For preventing the water evaporation, it was used 
an anti-evaporation device, which created a saturated atmosphere in the 
vecinity of the sample. 
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