PHYSICS OF LIQUIDS AND LIQUID

SYSTEMS, BIOPHYSICS AND MEDICAL PHYSICS

https://doi.org/10.15407 /ujpe68.11.742

0.D. STOLIARYK,! A.A. GUSLISTY,? O.V. KHOROLSKYT?

1 Odesa I.I. Mechnikov National University
(2, Dvoryans’ka Str., Odesa 65082, Ukraine; e-mail: adiabata384@gmail.com)
2 Family Medicine Center Amedika LLC
(108b, Semena Paliya Str., Odesa 65123, Ukraine; e-mail: aguslisty@gmail.com)
3 Poltava V.G. Korolenko National Pedagogical University
(2, Ostrograds’kogo Str., Poltava 86003, Ukraine; e-mail: khorolskiy.alexey@gmail.com)

TEMPERATURE AND CONCENTRATION
DEPENDENCES OF THE ZETA POTENTIAL
OF ALBUMIN MACROMOLECULES

IN THE AQUEOUS-SALT SOLUTION

Using the cellular model, the dependences of the zeta potential of human serum albumin on the
salt concentration in aqueous NaCl solutions have been obtained for two temperatures, 300 and
818 K, and two values of albumin radius, 40 and 45 A It is found that the temperature vari-
ation within the considered interval does not significantly affect the examined parameter. An
increase of the molecular radius by 5 A leads to a noticeable reduction of the zeta potential
from 8 to 10 units depending on the salt concentration. The obtained data can serve as a basis
for interpreting the values of the albumin zeta potential under various pathological conditions.
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1. Introduction

This work is aimed at studying the electrophysical
properties of macromolecules of human serum albu-
min in aqueous salt solutions. By serum albumin, we
mean the globular protein that is one of the main
components of blood plasma [1-3].

Albumin comprises the main fraction (63-65 wt%)
of all proteins in blood plasma [1]. The others are

Citation: Stoliaryk O.D., Guslisty A.A., Khorolskyi O.V.
Temperature and concentration dependences of the zeta po-
tential of albumin macromolecules in the aqueous-salt solu-
tion. Ukr. J. Phys. 68, No. 11, 742 (2023). https://doi.org/
10.15407 /ujpe68.11.742.

Hurysanua: Cromspuk O./1., I'yemicruit A.A., Xopoabsch-
kuit O.B. Temneparypra i KoHIEHTpaIIiHA 3aJ€KHICTD J3e-
Ta-MOTEHIIaly MAKPOMOJIEKYJI aJIbOYMIHY ¥ BOIHO-COJIBOBOMY
pO34mHI 3rifHO 3 KOMIPKOBOIO MOAe/LIO. Ykp. ¢hi3. owcyph.
68, Ne11, 744 (2023).

742

globulins (36.8 wt%) and fibrinogen (0.4 wt%). In
addition, blood plasma also contains lipids, fatty
acids, cholesterol, and so forth. Inorganic substances
in blood plasma include such salts as sodium, potas-
sium, and magnesium chlorides, as well as others;
their total amount is about 10 g/l. Albumin is the
main protein that is responsible for several important
blood functions: transport, regulation, and accumu-
lation [2].

According to work [1], human serum albumin is a
globular protein consisting of a sequence of 585 amino
acids arranged into one polypeptide chain 350 A in
length. The albumin molecule forms the secondary
(the alpha-helix), tertiary, and quaternary struc-
tures. It consists of three domains, each of them con-
sisting of two subdomains. The secondary structure of
the albumin molecule arises due to the formation of
hydrogen bonds between separate parts of the molec-
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ular chain. The tertiary and quaternary structures
arise due to the presence of hydrogen bonds, disper-
sion, and electrostatic interaction between separate
parts of the molecule. In the condensed state, the
macromolecule has an irregular heart-shaped form,
which can be imagined, on average, as a triangular
prism 80 x 80 x 80 x 30 A* in dimensions. Albumin is
characterized by a good solubility in water and aque-
ous salt solutions.

When an albumin macromolecule is brought in an
aqueous solution, the lateral parts of the amino acid
residues of the macromolecule interact with water
molecules, and the macromolecule picks up or loses
hydrogen cations. Only those amino acid residues are
taken into account that are located near the albu-
min macromolecule’s surface. In this case, the aspar-
tic and glutamic amino acids located at the surface of
the albumin molecule lose hydrogen cations, whereas
histidine, lysine, and arginine pick up them. These
processes lead to the formation of a surface charge
and (together with salt ions) a diffusion electric layer
around the macromolecule. They also change the im-
portant property of the solution, the pH value [4-9].

When a molecule moves, the electric double layer
becomes partially destroyed. The place, where the
electric double layer is broken, is called the slid-
ing plane. The zeta potential is the potential of a
molecule located at the sliding plane. The zeta po-
tential parameter evaluates the ability of a molecule
to adjoin and transport molecules of medicinal sub-
stances, hormones, and so forth [6-14].

In dilute solutions, the potential distribution
around an isolated macromolecule can be determined
using the Debye approximation [15]. According to
the result of work [14], the potential created by a
molecule decreases exponentially with the distance
from it. The effective thickness of the electrical layer
around the albumin macromolecule is evaluated in
terms of the Debye radius rp [16,17].

If the distance r between two albumin molecules
is large, r > 2(r, + rp), where r, is the radius of
the albumin molecule, their interaction can be ne-
glected. At higher albumin concentrations, when the
distance between the centers of albumin molecules
satisfies the inequality r < 2(r, + rp), the diffu-
sion layers of neighbor macromolecules overlap, and
the potential distribution, as well as the zeta poten-
tial value, substantially changes. The potential dis-
tribution also considerably changes owing to the in-
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Fig. 1. Model representation of the arrangement of albu-
min macromolecules (circles) in an aqueous solution of albumin
(left) and in blood plasma (right); the ellipses denote v-globulin
macromolecules, and the figure F is a fibrinogen macromolecule
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fluence of all other proteins in plasma, because the
total volume occupied by proteins (except albumin)
is equal to the total fractional volume of albumin
macromolecules. In this case, it is necessary to apply
a new method for the calculation of the zeta poten-
tial, which is known in the literature as the cellular
model [18,19].

Let us briefly dwell on the concentration values
for which the application of the Debye and cellu-
lar models is valid. In Western literature, it is gen-
erally accepted to use two terms: the mass den-
sity p and the number density n = p/mg, where
myg is the mass of a molecule. We will use the def-
inition of the number density n as the number of
molecules per unit volume. It is not difficult to make
sure that, at the maximum dense packing of albumin
macromolecules, the molar fraction of albumin equals
CM R Na/Ny ~ 6 x 1075, where n, = 3/(87r3) is the
number density of albumin molecules at their maxi-
mum packing, and n., is the number density of water
molecules in the solution. Note that, hereafter, we use
the approximate definition of the mole fraction, be-
cause Ny K Ny

The average distance between the centers of albu-
min macromolecules in blood plasma is about (ri2) ~
4r,. If blood contains only albumin macromolecules,
the Debye approximation would be enough. However,
macromolecules of ~-globulin and fibrinogen, whose
volumes are substantially larger, violate the equidis-
tant arrangement of albumin macromolecules and the
conditions for the Debye approximation validity (see
Fig. 1). In this case, a more adequate description can
be achieved making use of the cellular model (see
works [18, 19]).

An important issue in medicine and biophysics
is the elucidation of the dependence of the macro-
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molecule zeta potential on the solution pH, as well
as the simultaneous dependences of the zeta poten-
tial and the pH on the salt concentration. The an-
swer to the first question was obtained in work [20],
where it is shown that the zeta potential takes posi-
tive values in the case pH < pH,, where pH, is the pH
value at the isoelectric point, where the zeta potential
changes its sign, and negative ones, if pH > pH,. Un-
fortunately, the dependence of the zeta potential and
the pH on the salt concentration has not been studied
in detail. The first results were obtained in work [21].

This work had several purposes: 1) to construct
a cellular model for the aqueous solution of hu-
man serum albumin, 2) to calculate theoretically the
charge of the albumin molecule in the solution and
its dependence on the pH, 3) to find the dependences
of the zeta potential of the albumin macromolecule
on the albumin and salt number concentrations,, the
temperature, and the pH, and 4) to analyze the the-
oretical concentration and temperature dependences
of the zeta potential of albumin macromolecules.

2. Application of the Debye Approximation
to Dilute Aqueous-Salt Solutions of Albumin

First, let us consider a dilute aqueous solution of al-
bumin, when the influence of a molecule on another
one is insignificant. To evaluate the zeta potential in
this case, we apply the Debye equation with all stan-
dard approximations [16-19].

The field potential satisfies the Poisson equation

4
A(p = _ﬂa

(1)
where ¢ is the real part of the effective dielectric con-
stant of the electrolyte at zero frequency. The volume
charge density is determined by the expression

p(r) = 7475%. (2)

9

The following boundary condition for the potential is
obeyed at the surface of a spherical particle:

9¢(r)
or

= 4mo, (3)

r=ry

where o is the surface charge density. The other
boundary condition is standard,

o(r) =0,
744

r — 00. (4)

The potential that satisfies Eq. (1) and the formu-
lated boundary conditions can be presented in the
form

o(r) = @o(ra) f(r), (5)
where P
po(ra) = — D (6)

e(ra+mp)

is the potential created by the charged surface in its
vicinity, and the function

F) =" oxp (1212 (7)

r D

describes the potential decrease, as the distance from
the albumin surface grows. If ny, is the concentration
of sodium ions, then the Debye radius corresponding
to the effective thickness of the diffusion layer equals

ekpT \/?
=|— 8
D (87'(’62 nNa) ’ (8)

where e is the elementary charge, kp the Boltzmann
constant, and T the temperature.

The zeta potential is determined by the potential
difference between the surface and an infinitely dis-
tant point. According to Eq. (5), it is equal to

¢ =wo(ra)- 9)

According to the results of zeta-potential studies in
works [22-25], the surface charge of the albumin
macromolecule is within the interval (15+50)e. In the
further calculations of the zeta potential, we will con-
sider the surface charge of the albumin molecule in
the solution to have a constant value of 18e, which
corresponds to the albumin charge at the physiologi-
cal pH value of human blood [2, 22, 24].

In Fig. 2, the dependence of the zeta potential of
albumin macromolecules on the ionic density in the
solution calculated in the Debye approximation at
T = 300 K is shown. One can see that, as the concen-
tration of ions in the solution increases, the zeta po-
tential of the albumin molecule tends to zero, which
corresponds to a complete screening of the macro-
molecule’s charge.

3. Cellular Model

In order to determine the zeta potential of the albu-
min macromolecule, let us apply the method that was
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proposed in works [18,; 19] to describe the electrical
properties of dust plasma. According to research [25],
an albumin molecule in the solution acquires a shape
that depends on the pH value. At pH > 6, its form
can be approximated by an ellipsoid. As a result,
we have an irregularly shaped molecule with a non-
uniform charge distribution. Nevertheless, since an
albumin molecule in the solution has a high rotational
velocity, its shape can be considered as approximately
spherical, so that the average surface charge density
can be estimated (see Fig. 3).

When an albumin molecule finds itself in the so-
lution, a redistribution of electric charges takes place
over the molecule’s surface and in the solution. A lay-
ered cloud of positive and negative charges, an electric
double layer, emerges around the molecule. This layer
completely screens the molecule’s charge. Therefore,
the field potential equals zero at some distance from
the charged particle. Hence, the whole system can be
divided into a set of identical regions, cells, with the
electric field potential vanishing at their boundaries
(see Fig. 4).

Let us determine the field potential in the cell as a
function of the distance from the albumin molecule.
The radius of the cell is determined from the condi-
tion that the cell volume is equal to the fractional
volume per one particle of albumin,

o 3 \1/3
b= 4mn,)

For this model, we use assumptions that are com-
pletely analogous to the Debye approximation (1)—
(4). The first boundary condition is that the field po-
tential equals zero at the cell boundary,

(10)

@)=, = 0. (11)

At the molecule’s surface, the field potential satisfies
the condition

()
or

(12)

= 4ro,

r=rp

where 7, is the radius of the albumin molecule in the
solution.

The solution of the differential equation (1) with
the boundary conditions (11) and (12) looks like

o(r) = po(ra) f(r),
ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 11

(13)
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Fig. 2. Dependence of the zeta potential of albumin macro-
molecules on the normalized density of salt ions in the solution
obtained in the Debye approximation at 7' = 300 K

Fig. 3. Model representation of the albumin macromolecule
as a sphere

Fig. 4. Segmentation of the system into a set of identical cells

where
Ao raTD sinh Le—Ta

po(ra) = — — L, (14)

€ racosh 2= —rpsinh =2t

D TD
: Te—T
r, sinh et

fr) = 7 sinh fe=ta’ (15)

D

Since, according to the definition, the zeta potential
is the difference

(16)
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Fig. 5. Dependences of the zeta potentials of an aqueous so-
lution of albumin molecules on the normalized density of salt
ions at the temperatures T' = 300 (a) and 318 K (b)

Average values
of volume concentrations of main
protein groups in blood plasma

Main protein Volume Total volume
groups in concentration, concentration,

blood plasma w; w

Albumin 0.12

a1-globulin 0.0068

asg-globulin 0.0156 0.25

[-globulin 0.0116

~-globulin 0.0518

Fibrinogen 0.034
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and ¢(r.) = 0, the zeta potential is equal to the po-
tential at the surface of the albumin molecule,

¢ = polra) = 227 rarp sinh %% (17)
= Pol\Ta) = —r N —
€ r,cosh ’a="c — ppyginh Ta=Te
D TD

Hence, the zeta potential is a function of the same
parameters that govern the behavior of the Debye
radius, as well as the surface charge density of the
particle and the dielectric constant of water.

4. Discussion of the Zeta-Potential
Behavior in Aqueous-Salt Solutions
of Albumin and Its Dependence

on the Solution Parameters

To illustrate the effect of the restrictions imposed by
the cellular model, let us consider the dependence of
the zeta potential on the albumin and salt concen-
trations. As is known [1, 2], albumin comprises the
main fraction (63-65 wt%) of all proteins in blood
plasma. The others are globulins (36.8 wt%) and fib-
rinogen (0.4 wt%). Globulins in blood plasma have
been separated into three fractions: -, -, and -
globulins. The volume concentrations of plasma pro-
teins are quoted in Table 1.

Blood plasma also includes the following salts:
1) NaCl with the molar fraction cnaci = PNac1/Tw =
=2.6 x 1073, where nnac1 and n,, are the num-
ber densities of sodium chloride and water, respec-
tively, molecules in the aqueous solution; 2) KCl
with cxkc; = 9 x 1075 3) CaCly with ccaci, =
= 4.55 x 107°; 4) MgSO, with cygso, = 1.82x107°;
and 5) NaHCO3 with cxanco, = 5 x 1074 As one
can see, the influence of sodium chloride on the
blood plasma properties dominates, because its con-
tent exceeds 80% of the total amount of blood plasma
salts. Therefore, in our calculations, we confined at-
tention to the amount of sodium chloride only.

Below, to describe the salt content in the solution,
we use the normalized value of the number density,
which is defined as the ratio between the salt density

and its standard value in blood plasma, ng = ng/ nﬁSt),

where nSSt) = 1.022 x 10%2° ¢cm—3 is the number den-
sity of salt corresponding to its content in the blood
plasma of a healthy person. The albumin density is
described similarly, 7, = na/m(ft) where the stan-

dard value equals n;(ft) =45 x 1017 ¢m—3.
Figure 5 shows the dependences of the zeta-
potential on the sodium chloride normalized den-
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Fig. 6. Dependences of the zeta potential of albumin molecu-
les on the normalized density of salt ions for an albumin radius
of 40 A (a) and 45 A (b)

sity ns for various number densities n, of albumin:
Fig. 5, a corresponds to the temperature 7" = 300 K,
and Fig. 5, b to T" = 318 K. From the obtained the-
oretical dependences, the conclusion follows that a
temperature variation of 10-20 K has almost no effect
on the concentration dependences of the zeta poten-
tial of albumin.

In works [26, 27], it was shown that the size of al-
bumin molecules depends on the pH and concentra-
tion of albumin. The influence of the albumin macro-
molecule size is analyzed in Fig. 6: Fig. 6, a corre-
sponds to an albumin radius of 40 A, and Fig. 6, b to
45 A. As one can see,
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Fig. 7. Dependences of the zeta potential of albumin mole-

cules on the normalized density of albumin for various number
densities of salt ions

125 - T= 300K
r;=42A
1.20 4
115 1
[~
3
1.10 4
1.05 1
1‘00 d T teciiiiiiiiiceteietecetencainotssesnsnsnsnsesesesensnsnsassseses
0.0 0.2 0.4 0.6 0.8 1.0 12 14

Fig. 8. Dependence of the ratio (p /(. on the normalized den-
sity of salt

1) the value of the zeta potential substantially in-
creases, as the albumin density decreases (for r, =
=42 A, ¢ =16 mV at 7, = 1.5 and ¢ = 40 mV at
N, = 1/3, i.e., A( = 23 + 24 mV; when the albumin
radius increases by 2-3 A, the difference A¢ remains
the same);

2) the value of the zeta potential decreases with
the growth of the sodium chloride density (from 25
to 12 mV at the standard concentration of albumin
and r, = 42 A); notice that, as the albumin concen-
tration increases, the salt effect on the zeta potential
diminishes;
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3) it follows from the analysis of Fig. 7 that the
influence of the albumin density becomes less notice-
able, as the salt density increases;

4) if the radius of albumin in the solution of albu-
min macromolecules increases (in our case, by 5 A),
the zeta potential decreases by 8-9 units at all albu-
min densities and n, = 0.01; as the salt density ng
increases, the variation of ¢ diminishes, as the radius
decreases;

5) the value of the zeta potential is almost indepen-
dent of the temperature: the magnitude of the zeta
potential variation is of an order of 107!1+10"2 mV.

Finally, let us consider the ratio between the zeta
potentials in the Debye, (p, and cellular, (., models
as a function of the normalized salt density 7. It is
assumed that (p and (. are determined by formulas
(9) and (17), respectively. The plot of the dependence
¢p/C¢. = f(ns) is shown in Fig. 8. For rather concen-
trated salt solutions, this ratio expectedly approaches
unity. Substantial deviations from unity are observed
only at the densities ns < 0.4. This circumstance is
very important for the interpretation of experimental
data obtained for the zeta potential values.

5. Conclusions

The measurements of the zeta potential provide us
with the information about a) the charge value at
the surface of the albumin macromolecule and b) the
parameters of the diffusion layer. That is why it is
necessary to carefully study the dependence of the
zeta potential on the albumin concentration and the
concentration of salt ions, and to know their aver-
age values for a specific organism. A deviation of the
zeta potential from the average value testifies to a
change in the ion concentration and/or the albumin
concentration.

It should be taken into account that experimen-
tal measurements of the zeta potential give us the
information not only about albumin, but also about
the distribution of charges over other plasma compo-
nents, fibrinogens and globulins.

The study of the zeta potential gives some insight
into the local characteristics of blood plasma, such as
the pH value and the albumin concentration in the
vessels.

The measurements of the zeta potential make it
possible to detect the minimum concentration of
those proteins that appear only in pathological states
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of the organism (hematological diseases, Walden-
strom macroglobulinemia, leukemias, and autoim-
mune diseases). Those measurements can make a sig-
nificant contribution to the early diagnosis of a num-
ber of abnormalities in the genetic apparatus.

The authors express their deep gratitude to Aca-
demician Leonid Anatoliyovych Bulavin for his con-
stant support of the work and stimulation of its imple-
mentation. We would like to sincerely thank Professor
M.P. Malomuzh for his help in solving the tasks and
for discussing the obtained results.
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TEMIIEPATYPHA I KOHIIEHTPAIIITHA
SAJIE2KHICTBH A3ETA-IIOTEHIIAJTY
MAKPOMOJIEKYJI AJIbBBYMIHY

Y BOAHO-COJIBOBOMY PO34YMHI
SI'1rTHO 3 KOMIPKOBOIO MOJEJIJIIO

3a J01moMoro KOMipKOBOI MOzl o0y 1I0BAHO KOHIIEHTPAIHI
3aJIe2KHOCTI 3eTa-IOTEHIialy CHPOBATKOBOIO aJIbOyMIHY JIfO-
IUHUA Yy BOJHO-COJILOBHX DO3YMHAX; 3HANJIEHO TEOPEeTUYHI 3a-
JIE?KHOCTI J[3eTa-IOTEHIialy BOJIHO-COJIBOBUX PO3YMHIB CHPO-
BATKOBOI'O aJIbOyMiHy JIIOAUHU Bin KOHIEHTpanil XJIOpUILY Ha-
TPiIo [Isl Pi3HUX KOHIEHTpaliil ans0yMiny: a) 3a ABOX DI3HHX
Temneparyp, 300 K ta 318 K; 6) 3a pisHux 3HaueHb pajiyca
anbOymMminy, 40 A a 45 A. Busiieno, o 3mina remiieparypu B
PO3IVITHYTHX MeKaX CYyTTEBO He BIJIMBA€ Ha J3eTa-IIOTEHIIiaJl
BOZHO-COJILOBUX PO3UUHIB anbOyMimy; 36inbInenns pagiyca Mo-
Jekymu Ha 5 A npuBOAMTH 20 IOMITHOrO 3MEHIIEHHHA J3eTa-
norenriany Big 3 1o 10 oquHUIE B 3aJI€2KHOCTI BiJ KOHIIEHTDA-
il coni. Orpumani nani € 6a3ucom s iHTEpIpeTalil 3HaYeHb
3eTa-MOoTeHIialy aab0yMiHy 3a HAsBHOCTI PI3HHX IIATOJIOTI-
YHUX CTAHIB.

Katowoei caoea: BOLHANM PO3UNH, ajabOyMiH, XJIOpHJ Ha-
Tpir, A3era-norennian, pH, komipkoBa Mojieib.
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