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THE EFFECT OF A DYNAMIC PHASE TRANSITION IN WATER
ON THE ELECTROPHYSICAL PROPERTIES
OF AQUEOUS ALBUMIN SOLUTIONS

Introduction. The structure of human serum albumin (HSA) in aqueous solutions
undergoes significant changes depending on temperature, concentration, acid-base balance
(pH), the presence of salts, etc.

Methods. The temperature dependence of the zeta potential of human serum
albumin macromolecules (1 g/1) in a 0.075M (0.45 wt. %) aqueous solution of sodium
chloride in the temperature range (30-75) °C at the initial pH 7.4 was analyzed.

Results. Experimental values of the zeta potential increase sharply from -27 mV at
the temperature of 30°C to zero at around 42°C, and then oscillate near zero up to the
denaturation temperature. In the vicinity of 42 °C a dynamic phase transition in water occurs,
which divides the range of the liquid phase of water into two intervals: in the first interval,
the thermal motion of water molecules has a crystal-like character, and in the second
interval, water molecules move like ones in argon, i.e. the movement of molecules has an
argon-like character.

Conclusions. The analysis shows that the temperature dependence of the zeta
potential of albumin macromolecules in dilute aqueous solutions near the temperature of the
dynamic phase transition in water is similar to the behaviour of magnetization around the Curie-
Weiss critical point for the simplest magnets. Thus, the zeta potential can be considered as an
order parameter for the thermodynamic Landau potential, which has the same structure as for
the simplest magnets near their Curie-Weiss critical points. Further research will be aimed at
studying the peculiarities of the applicability of the revealed analogy for the zeta potential of
albumin macromolecules under different conditions of the solution.
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Introduction
The structure of human serum albumin (HSA) in aqueous solutions undergoes
significant changes depending on temperature, concentration, acid-base balance

(pH), the presence of salts, etc. With a change in the pH value in the solution, the
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charges of amino acid residues of macromolecules also change, and therefore the
total charge of albumin macromolecules. The redistribution of charges on the surface
of the macromolecule leads to a change in the spatial structure of the macromolecule
and contributes to the processes of oligomerization of albumin macromolecules
(Barbosa et al., 2010). Although a significant number of works have been devoted to
the study of the structure of albumin in aqueous solutions, there is currently no
effective model for the relationship between the structure and electrophysical
properties of the albumin macromolecule and changes in the properties of aqueous
solutions. The goal of this work is to clarify the influence of a dynamic phase
transition in water on the temperature behavior of the zeta potential of HSA
macromolecules in an aqueous solution of sodium chloride.

Methods

Experimental data on the temperature dependence of the zeta potential of human
serum albumin macromolecules in aqueous solutions of sodium chloride are taken
from (Bardik et al., 2020, p. 4). Human serum albumin powder was dissolved in
0.075 M (0.45 wt. %) aqueous sodium chloride solution at an initial pH 7.4 at 30 °C
to obtain a protein concentration of 1 mg/ml. The zeta potential of albumin
macromolecules was measured using a Zetasizer Nano ZS (Malvern Panalytical,
UK) in the temperature range 7 = (303-348) K (Bardik et al., 2020, p. 4). We
estimated the relative errors of zeta potential and temperature measurement to be
equal to &({) =5 % and &(T) = 0.3 %, respectively.

Results

The electrophysical properties of macromolecules in solution are closely related
to the value of the zeta potential, which can be measured experimentally. Zeta-
potential ({) as the difference between the potentials of the aqueous medium and the
stationary layer of the liquid surrounding the macromolecule allows us to draw
conclusions about the total charge and stability of macromolecules in solution. One
of the peculiarities of the behavior of the zeta potential of human serum albumin
macromolecules in aqueous solution is the existence of a characteristic point — the
isoelectric point of albumin (pHy), at which the zeta potential of albumin is zero.
This means that the total charge of the macromolecule is close to zero, so there are
no repulsive electrostatic forces between macromolecules, and this can contribute to
the processes of association and oligomerization of albumin macromolecules.

First it is worth noting that in (Bardik et al., 2020, p. 3) it was established that
the addition of NaCl ions changes the value of the hydrodynamic radii of HSA
macromolecules in the range of (5.0 £ 0.3) nm. Nevertheless, the values of the
hydrodynamic radii of HSA macromolecules remain practically constant in the
temperature interval (30-50) °C.

The values of the zeta potential of HSA macromolecules in aqueous solutions
of sodium chloride in the temperature range (30-75) C are presented in Fig. 1. As
can be seen, the value of the zeta potential increases sharply from —27 mV at the
temperature of 30 C up to zero at about 42 C, and then it oscillates near zero up to
the denaturation temperature. It should be noted here that in vicinity of 42 C the zeta
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potential takes a zero value, which is characteristic of the isoelectric point (pHo), and
the liquid system is not particularly stable in this region. In (Bulavin et al., 2020,
p. 795) it was shown that the temperature of 42 C divides the region of the liquid
state of pure water into two intervals: Tj < T<(T,+42) and (T»+42)<T<T,,
where T} is the triple point and 7. is the critical point of pure water. In the first
interval, the thermal motion of water molecules has the crystal-like character, while
in the second interval, water molecules move in the same way as in argon, i.e. the
molecular motion has argon-like character. Therefore, it can be concluded that a
dynamic phase transition in water takes place in the region of 42 C.
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Fig. 1. Temperature dependence of the zeta potential of macromolecules
of human serum albumin in 0.075 M aqueous solution of sodium chloride
at an initial pH 7.4 at 30 °C (Bardik et al., 2020, p. 4)

Here it is necessary to pay attention to the fact that the temperature dependence
of the zeta potential of HSA macromolecules in aqueous salt solutions near the 42 C
is similar to the behavior of magnetization (m.) near the Curie-Weiss critical point
(Tcw) of magnet (Snoke, 2020). Indeed,

0, T>Tuy,
m, = (1)
#0, T<Tg,.
The behaviour of the zeta potential ( £ ) could be reproduced the same:
c 0, T>Ty, 5
Tlz0, T <Ty, @

where 7 =42 C and can be called a peculiar point for the subsystem of ions, which
reflects the peculiarities of thermal motion in water.

Thus, the zeta potential in the aqueous albumin-salt solution near the peculiar
point 42 C behaves similarly to the order parameter near the critical point of the
magnetic system. This allows us to interpret this singular point as one for a dynamic

ISSN 3041-1491 (Print) 257



BiomeanuyHa iHKeHepis

phase transition (Bardik et al., 2020, pp. 1-2). Near this point, thermodynamic
properties, similar to volume properties (the size of albumin macromolecules),
remain practically unchanged, while the electrophysical properties of protein
molecules change very significantly. In particular, this is manifested in the specific
dependence of the zeta potential on pH. Thereby, the dependence of zeta potential
on the difference pH — pHo should be similar to the behavior of the magnetization
(M>), which is considered as a function of the magnetic field strength (H) for the
simplest ferromagnetic:

M, (T,H)~tanhpH , 3)
where B=T./T and T, is so called the Curie-Weiss critical point. Given the

similarity, the zeta potential can be described by a similar expression, where o is
some function of temperature:
&(T, pH) ~ tanh a,(pH — pHy) . 4)

This result is quite surprising and it requires a physical explanation. To
understand the similarity mechanism for zeta potential and magnetization, we have
to apply the thermodynamic Landau potential depending on the order parameter.
Identifying the order parameter with the magnetization in the case of a magnet and
the zeta potential in the case of aqueous albumin solutions, in our next publication
we will construct a thermodynamic Landau potential, assuming a conceptually
similar framework for magnets and solutions.

Discussions and conclusions

The paper analyzes the temperature dependence of the zeta potential of human
serum albumin macromolecules in a 0.075 M (0.45 wt. %) aqueous solution of sodium
chloride at an initial pH 7.4 at 30 °C. The analysis shows that the temperature
dependence of the zeta potential of albumin macromolecules in diluted aqueous
solutions near the temperature of the dynamic phase transition in pure water (near the
42 °C) is similar to the behavior of magnetization in the vicinity of the Curie—Weiss
critical point for the simplest magnets. It is concluded that the zeta potential can be
considered as an order parameter for the thermodynamic Landau potential having the
same structure as the one for the simplest magnets near their Curie-Weiss critical
points. In order to guarantee the similarity of the magnetic and polarization properties,
we conclude that the difference pH — pHp takes the sense of the field conjugate to the
order parameter, i.e. is the analogue of the magnetic field for magnets. Further research
will be aimed at studying peculiarities of applicability of the revealed analogy for the
zeta potential of albumin macromolecules under different conditions.
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visualization, writing — original draft preparation, writing — reviewing and editing; Natalia Fudulei
— investigation, validation, writing — original draft preparation; Oksana Stoliaryk — formal
analysis, investigation, writing — original draft preparation; Wei Zhang — data curation, writing —
original draft preparation.

258 Bunyck 1



MeauyHa ¢izuka - cydacHU# cTaH, Npo6JieMH, HUISIXU po3BUTKY. HoBiTHI TexHoJ1OTii

References
Barbosa, L.R.S., Ortore, M.G., Spinozzi, F., Mariani, P., Bernstorff, S., & Itri, R. (2010). The
importance of protein-protein interactions on the pH-induced conformational changes of bovine serum
albumin: A small-angle X-ray scattering study. Biophysical Jouwrnal, 98(1), 147-157.
https://doi.org/10.1016/j.bpj.2009.09.056
Bardik, V., Fisenko, A.L., Magazu, S., & Malomuzh, N.P. (2020). The crucial role of water in the
formation of the physiological temperature range for warm-blooded organisms. Journal of Molecular
Liquids, 112818. https://doi.org/10.1016/1.molliq.2020.112818
Bulavin, L.A., Gotsulskyi, V.Y., Malomuzh, N.P., & Fisenko, A.L (2020). Crucial role of water in
the formation of basic properties of living matter. Ukrainian Journal of Physics, 65(9), 794-801.
https://doi.org/10.15407/ujpe65.9.794
Snoke, D.W. (2020). Solid State Physics: Essential Concepts (2nd ed.). Cambridge University Press.
OTrpumaHo pegakuier 36ipuuka / Received: 13.08.24
IIpopenenszoBano / Revised: 28.08.24
CxBaseHo 10 Apyky / Accepted: 01.10.24

Ouiekciii XOPOJIbCbKUMY, kaHA, ¢is.-maT. HayK, oL,
ORCID ID: 0000-0001-9272-0395
e-mail: khorolskiy.alexey@gmail.com

Hatanis ®YAY/IEN?, acn.
e-mail: nata.fudulei@gmail.com

Okcana CTOJIAPUK?Z, acn.
Scopus ID: 57988121200
e-mail: adiabata384@gmail.com

Beii Y2KAH?, crya,.
e-mail: zhang.wei@onu.odessa.ua

1[lonTaBCHbKUM HallioHA/IbHUU NeAaroriyauii yHiBepcuret imeHi B. I. KopoJsieHka,
IlosTaBa, Ykpaina
20aecbKuii HaLlioHa/IBLHUM yHiBepcuTeT iMeHi 1. I. MeunukoBa, Oaeca, Ykpaina

BIIV/IMB JUHAMIYHOT'O ®A30BOI'0O IIEPEXOAY Y BOAI
HA EJIEKTPO®I3UYHI BJIACTUBOCTI BOAHUX PO34YUHIB AJIbBYMIHY

BcTtyn. Cmpykmypa cuposamkogozo aab6ymiHy nodunu (YCA) y 60dHuUx po3uuHax
3a3HA€ 3HAYHUX 3MIH 3a/1eX#CHO 8i0 memnepamypu, KOHYeHmpayii, KUC/10mHO-/AYHCHOT
pienosazu (pH), HasseHocmi coseli mouwjo.

MeTtoau. IlpoanasnizoeaHo memnepamypHy 3a/edcHicmv d3ema-nomeHyiany
MaKpoMoJ1eKy/a1 cupoeamko8ozo aasGymiHy aioduHu e 0,075 M (0,45 mac. %) eodHomy
po34uHi xa10pudy Hampiio 8 inmepsaai memnepamyp (30-75) °C 3a nouamkogozo pH 7,4.

PesyabTaTu. EkcnepumeHmaavHi 3HaveHHs1 d3ema-nomeHyiany pi3ko
3pocmaioms 8id - 27 mB npu memnepamypi 30 °C do Hyasa 8 okosai 42 °C, a nomim
K0/1u8aiomscsi no64u3y HyAs axc do memnepamypu denHamypayii. Hys1b06e 3HaYeHH:A
d3ema-nomeHyiajsy XapakmepHo 045 i30e1eKMpU4HOi MOYKU a/Ab6YyMiHy, KOU
3a2a1bHUll 3aps10 MAKpOMOJ1eKyau AOPiBHIOE HYAI0 | Midc MaKpomoieKyaamu mMatidxce
gidcymHi esnekmpocmamuyHi cuau ei0wmoexyeaHHs, W0 Modce cnpusimu npoyecam
acoyiayii ma osnicomepusayii makpomosiekyan anv6ymiHy. 3 iHWIo020 6OKy, 8 O0KoO./i
memnepamypu 42 °Cy 600i 8id6yeaemuscs1 dunamiuHuii hazoeuii nepexid, skuii po3éueae
diana3oH pidkoi hazu eodu Ha dea iHmepeaau: y nepwomMy iHmepeaai menaosuii pyx
MO/1eKy/1 800U Ma€e Kpucmasionodi6Huii xapakmep, a 8 dpyzomy iHmepsaJi moaeKyau

ISSN 3041-1491 (Print) 259



BiomeanuyHa iHKeHepis

800u pyxarmuscsi N0JiIGHO MOJEKYASIPHUM pPyXaM 8 ap20Hi, mo6mo pyxX Mo/1eKy/1 Mae
apz2oHonodi6Hull xapakmep.

B U CcH O BKMU. AHa1i3 nOKasye, o memnepamypHa 3aiexcHicms d3ema-nomenyiany
MAKpOMO/1eKy/1 aabGymiHy 8 po3eedeHUX 600HUX PO34UHAX NO6G.AU3y memnepamypu
duHamiyHo20 ha308020 nepexody y 800i nodiGHa Ao nogediHKu HamazHiueHocmi 8 oKoi
kpumuuHoi mouku Kiopi-Beiica 011 Halinpocmiwiux maeHimie. Ilpu yvomy dzema-
nomeHyian MoxcHa poszasadamu sIK napamemp nopsAdKy 0451 mepmoouHaMi4HO20
nomenyiaay Jlanday, sskuii Mae makKy camy cmpykmypy, 5K i 015 Halinpocmiwiux MazHimie
no6auzy ixuix kpumuuyHux mou4ok Kiopi-Beiica. Ilodasivwi docaidxceHHss 6Gydymb
cnpsAmMoeaHi Ha 8UB4eHHs1 0co6.ausocmeii 3acmocosHocmi suse/aeHoi aHa0zii 015 d3ema-
nomeHyiaay Makpomo1eKy/1 aab6yMiHy 3a pi3HUX yM08 800HO20 OMOY€EHHS.

KnwuyoBi canoBa: duHamiuHuil ¢pazosuil nepexid, cuposamkosuil anb6ymiH
J/1I00UHU, 3ema-nomeHyiaj, 800HI po34UHU.
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