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CALCULATION OF THE EFFECTIVE
MACROMOLECULAR RADII OF HUMAN SERUM
ALBUMIN FROM THE SHEAR VISCOSITY
DATA FOR ITS AQUEOUS SOLUTIONS

The Malomuzh–Orlov theory is used to analyze the experimental shear viscosity data obtained
for aqueous solutions of human serum albumin (HSA) at pH = 7.0 in wide temperature and
concentration intervals, which allowed the effective radii of HSA macromolecules to be calcu-
lated. It is shown that three intervals of the effective molecular radius of HSA with different
behaviors can be distinguished in a temperature interval of 278–318 K: 1) below the crossover
concentration, the effective molecular radius of HSA remains constant; 2) in the interval from
the crossover concentration to about 10 wt%, the effective molecular radius of HSA in the aque-
ous solution nonlinearly decreases; and 3) at concentrations of 10.2–23.8 wt%, the effective
radius of HSA macromolecules linearly decreases, as the concentration grows. The assumption
is made that the properties of water molecules in the solution bulk play a crucial role in the
dynamics of HSA macromolecules at the vital concentrations of HSA in the solutions. The
role of water near the surface of HSA macromolecules and the corresponding changes of its
physical properties have been discussed.
K e yw o r d s: human serum albumin, aqueous solution, effective macromolecular radius,
Malomuzh–Orlov theory.

1. Introduction
Albumins comprise about 2/3 of the total human
blood plasma proteins. They have the smallest molec-
ular weight among the blood plasma proteins (about
69000 Da) and insert the largest contribution to the
colloid-osmotic blood pressure (75–80%) [1, 2]. The
concentration of albumins in human blood serum
amounts to 35–50 g/l [3]. Albumin has remarkable
properties with respect to water. In particular, 1 g
of albumin is capable of binding 18 ml of water
[2]. Albumins participate in the transport of fatty
acids, hormones, bilirubin, and medical drugs [1].

Human serum albumin (HSA) consists of 585
amino acid residues, which are combined into a single
macromolecular chain with three 𝛼-helical domains
[4]. In the crystalline state, a human serum albumin
macromolecule is coiled into a compact conformation
of a regular triangular heart-like prism with sides
of about 80 Å and a height of about 30 Å [5]. The
structure of an albumin macromolecule significantly
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changes in an aqueous solution owing to the ther-
mal motion of water molecules and conformational
changes in the macromolecular links.

One should expect that the structure and dynamics
of a molecule of human serum albumin depend on the
concentration, temperature, and pH of its aqueous
solutions. It is worth noting that the blood pH is a
rigid constant of the human body and varies within
an interval of 7.36–7.44. The pH deviations modify
the electrochemical properties of proteins and induce
general metabolic disorders. The pH values exceeding
the normal one by 0.4–0.5 invoke irreversible changes
of homeostasis that are incompatible with life [1].

There is a large body of theoretical (see, e.g.,
works [6, 7]) and experimental (see, e.g., works [7–
11]) researches dealing with the structure of the HSA
molecule in aqueous solutions. However, a common
picture of the relation between the structure of albu-
min macromolecule and the pH, concentration, and
temperature of aqueous HSA solutions, as well as
the presence of impurities in them, remains still ab-
sent. Moreover, the specific features in the dynam-

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 4 287



O.V. Khorolskyi

ics of water molecules near the surface of HSA mac-
romolecule remain unclear. In particular, how many
water molecules near the macromolecule surface are
involved into the viscous flow process? Such issues
require further systematic researches, and this work
is one of them.

2. Experimental Part

Experimental data on the shear viscosity of aque-
ous HSA solutions in a temperature interval of 278–
318 K, a concentration interval of 0.82–36.9 wt%, and
at a constant pH value of 7.0 were taken from work
[12]. Measurements in work [12] were carried out, by
using the capillary viscometry method. The relative
error did not exceed 2%.

3. Theoretical Part

Nowadays, the simulation of the shear viscosity in
macromolecular solutions is connected with the ap-
plication of cell models [13]. The latter take into ac-
count that the perturbation of hydrodynamic flows by
particles in the solution is mainly localized in a spher-
ical cell surrounding the particle. It is also assumed
that the normal component of the perturbation veloc-
ity and the tangential component of the strain equal
zero, which means the absence of friction at the ex-
ternal cell surface [13]. In particular, it was shown in
works [13,14] that the viscosity of dilute macromolec-
ular solutions satisfies the Malomuzh–Orlov formula

𝜂 = 𝜂0
𝜓(1− 𝜓)

𝜓(1− 𝜓) + 1−
√︀
1 + 2𝜓2(1− 𝜓)

, (1)

where 𝜂 is the average viscosity of the solution, 𝜂0 the
solvent viscosity, 𝜓 = (𝑅0/𝑅)

3, 𝑅0 is the radius of a
macromolecule, and𝑅 the cell radius. Thus, the prob-
lem of determining the average viscosity in a polymer
solution is reduced to finding a relation between the
model parameter 𝜓 = (𝑅0/𝑅)

3 and the specific vol-
ume 𝜙 = 𝑉0/𝑉 , where 𝑉0 is the total volume occu-
pying by macromolecules, and 𝑉 the total volume of
the system. The parameter 𝜙 can be measured exper-
imentally and means the bulk concentration of macro-
molecules in the solution. The Malomuzh–Orlov for-
mula makes it possible to describe the behavior of the
viscosity of dilute macromolecular solutions in the in-
terval of bulk particle concentrations 𝜙 6 0.5. In ef-
fect, the upper limit coincides with the solution con-

centration, at which all macromolecules in the solu-
tion are in contact with one another [13, 14].

For the Malomuzh–Orlov formula to be useful, it is
necessary to change from the mass solution fraction
𝐶 to the bulk macromolecular concentration 𝜙, which
are connected by the relation

𝜙 =
4𝜋𝑅3𝜌𝐶𝑁A

3𝑀𝑤
, (2)

where 𝑅 is the radius of a macromolecular coil, 𝜌 the
solution density, 𝑁A the Avogadro constant, and 𝑀𝑤

the average molecular mass of the macromolecular
compound.

In order to determine the effective radius of a mac-
romolecule, we use the following algorithm [15]:

1) according to Eq. (2), the effective radius of the
macromolecule is determined by the formula

𝑅eff =

(︂
3𝑀𝑤

4𝜋𝜌𝐶𝑁A
𝜙eff

)︂1/3
, (3)

2) 𝜙eff is the effective concentration of macromo-
lecules in the solution bulk; this value is reached,
when the shear viscosity of the solution 𝜂sol is equal to
the quantity 𝜂MO[𝜙eff ] obtained from the Malomuzh–
Orlov formula,

𝜂sol = 𝜂MO[𝜙eff ]. (4)

Note that 𝜙eff differs from the bulk concentration of
macromolecules, 𝜙, calculated by formula (2).

The experimental data were analyzed, by using
the indicated algorithm and the Malomuzh–Orlov for-
mula. The concentration dependences of the effective
radii of HSA macromolecules were determined at the
points along the aqueous HSA solution isotherms.

In the theory of dilute solutions of macromolecular
compounds, the characteristic viscosity is used as a
criterion for estimating the concentration mode of the
solution:

[𝜂] = lim
𝐶→0

(︂
𝜂 − 𝜂0
𝜂0𝐶

)︂
, (5)

where 𝜂 is the viscosity of the macromolecular com-
pound solution, 𝜂0 the solvent viscosity, and 𝐶 the
mass fraction of the solute in the solution. The so-
lution is called dilute, if the volume occupied by the
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macromolecules is much smaller than the total so-
lution volume. As the concentration of the macro-
molecular compound increases, the solution struc-
ture changes from isolated macromolecules to agg-
regates and, when the critical concentration 𝐶* of
macromolecules, i.e. the beginning of the so-called
crossover region, is reached, to a intermolecular net-
work of links. The critical crossover concentration 𝐶*

can be determined experimentally by the viscometric
method [16]:

[𝜂]𝐶* = 1. (6)

The calculation of the crossover concentration for
aqueous HSA solutions in the whole temperature in-
terval gave the average value 𝐶* = 3.7 wt%.

4. Discussion of the Results Obtained

An analysis of the results obtained making use of the
Malomuzh–Orlov algorithm testifies to a complicated
temperature and concentration dependence of the ef-
fective radii of albumin macromolecules. In this de-
pendence, three regions can be conditionally distin-
guished (Fig. 1). Up to and inclusive the crossover
concentration 𝐶* = 3.7 wt%, which determines the
transition from dilute solutions to semidilute ones and
which was calculated from the characteristic viscosity
by formulas (5) and (6), the effective radii of albumin
molecules remain invariant and equal to 44 Å within
the whole temperature interval. A similar situation
was described by us earlier in work [15] for the effec-
tive radii of polyvinyl alcohol (PVA) macromolecules
in dilute aqueous solutions. In particular, a “plateau”
of effective macromolecular radii was observed in the
region of relatively low temperatures and concentra-
tions, where the effective radii remained constant.

At concentrations of 4.65–9.45 wt%, the effective
radii of albumin molecules in an aqueous solution
diminish nonlinearly to values of about 42 Å. In a
concentration interval of 10.2–23.8 wt% (the upper
limit of this interval, corresponding to 𝜙 ≈ 0.47, is
the applicability limit of the Malomuzh–Orlov for-
mula), the effective radii of albumin macromolecules
decrease linearly with the concentration growth, with
the slope angles of the decreasing dependences being
weakly dependent on the temperature (Fig. 2).

An analysis of the data exhibited in Fig. 2 showed
that the effective radius of an albumin macromole-
cule at concentrations of 0.82–3.65 wt% and 10.2–

Fig. 1. Temperature and concentration dependence of the
effective radii of human serum albumin macromolecules

Fig. 2. Concentration dependences of the effective radii of
human serum albumin macromolecules along isotherms

23.8 wt% remains almost temperature-independent.
The albumin macromolecule becomes the most sensi-
tive to temperature changes in a concentration inter-
val of 4.65–9.45 wt%.

Hence, the effective radius of a human serum al-
bumin macromolecule in the aqueous solution turns
out much more sensitive to the changes in the pro-
tein concentration than to the changes of the solution
temperature. From the viewpoint of the human body
biochemistry, it is a deviation of the protein concen-
tration in blood plasma from the normal value (home-
ostasis) that can result in the emergence of patholog-
ical states and diseases [1–3].
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a

b
Fig. 3. Temperature dependences of the concentration of the
aqueous albumin solutions corresponding to constant radii of
macromolecular coils: 42.53±0.05 Å (𝑎) and 40.35±0.05 Å (𝑏)

In Fig. 3, the temperature dependences of the HSA
concentration plotted for various constant radii of an
albumin macromolecule, 𝐶 = 𝑓(𝑇 )|𝑅=const, are de-
picted. These are characteristic curves that make it
possible to detect changes in the size of an albu-
min macromolecule associated with the water prop-
erties in the solution bulk and near the macromole-
cule surface. It was shown earlier in work [15] that
the characteristic curves for aqueous PVA solutions
can be approximated by two straight lines with dif-
ferent slopes and intersecting each other at a temper-

ature of (315 ± 2) K. A conclusion was drawn that
this is a temperature, at which the microscopic prop-
erties of the liquid system PVA-water change, and
these changes are induced by changes in the proper-
ties of the solvent, i.e. water. As was shown in work
[17], water undergoes a dynamic phase transition at a
temperature of 317 K (42 ∘C), at which the character
of the thermal motion of water molecules significantly
changes, and a redistribution of hydrogen bonds takes
place.

Figure 3, a exhibits the characteristic curve 𝐶 =
= 𝑓(𝑇 )|𝑅=const corresponding to 𝑅eff = (42.53±
± 0.05) Å in a concentration interval of 7.0–10.0 wt%.
This curve has two local minima at the temperatures
𝑇min 1 = (25± 1) ∘C and 𝑇min 2 = (41± 1) ∘C, as well
as one local maximum at the temperature 𝑇max =
= (30±1) ∘C. Note that the temperature interval be-
tween the local minima is an interval within which
the living matter (more precisely, warm-blooded or-
ganisms) exists [18].

Figure 3, b demonstrates the characteristic curve
𝐶 = 𝑓(𝑇 )|𝑅=const corresponding to 𝑅eff = (40.35±
± 0.05) Å in a concentration interval of 14.5–
16.0 wt%. As one can see, the indicated extrema dis-
appear in this concentration interval. Let us try to
interpret such a behavior.

In a concentration interval of 14.5–16.0 wt%, the
role of water molecules located near the surface of
albumin macromolecules increases [19]. Simultane-
ously, the disappearance of the extrema in the char-
acteristic curve is observed. We may assume that this
fact testifies to a change in the physical properties
of water near the surface of an albumin macromole-
cule. Experimental studies of the aqueous solutions of
biopolymers by the NMR method may be a certain
evidence in favor of this assumption.

In particular, it was shown that a signal from “un-
frozen” water is registered from aqueous solutions of
biopolymer molecules frozen down to −35 ∘C, and
the magnitude of this signal is proportional to the
concentration of macromolecules [20, 21]. The cited
authors concluded that 1) “unfrozen” water is in di-
rect contact with the biopolymer macromolecule, and
2) “unfrozen” water is less mobile than in the wa-
ter bulk [21]. The energy of interaction between a
water molecule with the surface of a protein mac-
romolecule is estimated as an energy required to
break approximately one hydrogen bond [21]. But ev-
ery water molecule can form four hydrogen bonds
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with neighbor molecules. In the bulk, it is linked with
neighbor molecules by about three hydrogen bonds
[22, 23]. Therefore, in our opinion, it is incorrect to
say about radical changes in the properties of water
near the surface of an albumin macromolecule. In-
stead, we should consider a certain modification of
water properties. This issue is to be considered in a
separate article.

5. Conclusions

In this work, experimental data on the temperature
and concentration dependences of the shear viscos-
ity in aqueous solutions of human serum albumin
are analyzed making use of the Malomuzh–Orlov for-
mula. The latter allows the shear viscosity of the so-
lutions of macromolecular coils to be modeled up to
bulk concentrations 𝜙 = 0.45 and the effective radii
of macromolecules to be calculated.

The dependence of the effective radii of the hu-
man serum albumin macromolecules as a function
of both the temperature (within an interval of 278–
318 K) and the concentration (within an interval of
0.82–23.8 wt%) at a constant pH value of 7.0 is plot-
ted. It is shown that three concentration intervals can
be distinguished in the examined temperature range,
in which the behavior of the effective radius of HSA
molecules changes.

1. At concentrations of 0.82–3.65 wt%, the effective
radii of HSA molecules remain unchanged.

2. At concentrations of 4.67–9.45 wt%, the effective
radii of albumin in its aqueous solution nonlinearly
decrease.

3. At concentrations of 10.2–23.8 wt%, the effective
radii of albumin macromolecules linearly decrease, as
the concentration grows, with the slope of the de-
creasing dependences being weakly dependent on the
temperature.

An assumption was made that, at vital concen-
trations of human serum albumin, the properties of
water molecules located in the solution bulk play a
crucial role in the macromolecular dynamics. As the
HSA concentration increases, the physical properties
of water located near the surface of albumin macro-
molecules undergo certain modifications, and its role
changes.
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ЕФЕКТИВНI РАДIУСИ МАКРОМОЛЕКУЛ
АЛЬБУМIНУ ЛЮДИНИ IЗ ДАНИХ ПО ЗСУВНIЙ
В’ЯЗКОСТI ЙОГО ВОДНИХ РОЗЧИНIВ

Р е з ю м е

Для обробки експериментальних даних зсувної в’язкостi
водних розчинiв сироваткового альбумiну людини у ши-
рокому температурному та концентрацiйному iнтервалах
при сталому значеннi pH = 7,0 використано формулу
Маломужа–Орлова, яка дозволяє розрахувати ефективнi
радiуси макромолекул сироваткового альбумiну людини.
Показано, що у температурному iнтервалi 278–318 К мо-
жна видiлити три областi концентрацiй з рiзною поведiн-
кою ефективного радiуса сироваткового альбумiну людини:
1) до концентрацiї кросовера ефективнi радiуси альбумiну
залишаються незмiнними; 2) вiд концентрацiї кросовера аж
до концентрацiї ∼10 мас.% ефективнi радiуси альбумiну у
водному розчинi нелiнiйно зменшуються; 3) при концентра-
цiях 10,2–23,8 мас.% ефективнi радiуси макромолекул аль-
бумiну з ростом концентрацiї лiнiйно зменшуються. Вису-
нуто припущення, що при вiтальних концентрацiях сирова-
ткового альбумiну людини провiдну роль у динамiцi макро-
молекул вiдiграють властивостi молекул води, якi знаходя-
ться у об’ємi. Обговорюється роль води бiля поверхонь ма-
кромолекул альбумiну, фiзичнi властивостi якої зазнають
певних змiн.
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