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Abstract

The mechanical stability and deformability of erythrocytes are vital for their function as they traverse
capillaries, where shear stress can reach up to 10 Pa under physiological conditions. Human serum
albumin (HSA) is known to help maintain erythrocyte stability by influencing cell shape, membrane
integrity, and resistance to hemolysis. However, the precise mechanisms by which albumin exerts
these effects remain debated, with some studies indicating a stabilizing role and others suggesting
the opposite. This review highlights that under high shear rates, albumin molecules may undergo
unfolding due to normal stress differences. Such structural changes can significantly alter albumin’s
interactions with the erythrocyte membrane, thereby affecting cell mechanical stability. We discuss
two potential scenarios explaining how albumin influences erythrocyte mechanics under shear stress,
considering both the viscoelastic properties of blood and those of the erythrocyte membrane. Based
on theoretical analyses and experimental evidence from the literature, we propose that albumin’s
effect on erythrocyte mechanical stability depends on (i) the transition between unfolded and folded
states of the protein, and (ii) the impact of shear stress on the erythrocyte membrane’s C-potential.
Understanding these factors is essential for elucidating the complex relationship between albumin
and erythrocyte mechanics in physiological and pathological conditions.

Keywords: unfolding of albumin; extensional flow; discocyte-to-stomatocyte transition; electrostatic
interactions; hydrophobic interactions; blood viscoelasticity

1. Introduction

1.1. Albumin

Human serum albumin (HSA), which is synthesized by the liver, is the most abundant protein
in human blood plasma, making up 50-60% of total plasma proteins [1]. It is the primary fatty acid-
binding protein in plasma, with seven binding sites for fatty acids that have moderate to high affinity
[2]. Under normal physiological conditions, albumin has a half-life of about 20 days.

The molecular weight of this globular protein is approximately 66.4 kDa, while its
hydrodynamic radius measures about 7 nm in diameter. In human blood, albumin primarily exists
as a monomer under normal physiological conditions, with a small fraction (<10%) capable of forming
dimers or higher-order oligomers. This aligns with the fact that the isoelectric point (pI) of HSA is
approximately 4.7 [3]. Consequently, these molecules are anions at the physiological pH of 7.4. HSA
comprises three homologous domains (I, II, and III), each subdivided into two subdomains, which
facilitate ligand binding and provide flexibility for transporting various molecules. The physiological
concentration of albumin in blood is 40 g/L [1]. HSA is an essential marker of nutritional status and
inflammatory response [4,5], as well as the subject’s biological age [6,7]. The physiological functions
of albumin include anticoagulant, antioxidant, anti-inflammatory, and anti-platelet aggregation
activities [8]. Moreover, some studies report that the HSA concentration is inversely associated with
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the occurrence of diseases, dysfunction related to inflammation, oxidative stress, metabolic
regulation, and mortality [9-12]. Albumin levels below 3.6 g/dL are linked to higher mortality rates
among elderly individuals [13].

1.2. Albumin Unfolding

Protein folding remains a key open question in science [14]. Both experimental and theoretical
studies, including numerical modeling, have been carried out to explore this phenomenon. Albumin
unfolding can be triggered by mechanical stress, temperature changes, pH shifts, glycation,
oxidation, or chemical denaturation [15,16]. Understanding the mechanism behind albumin
unfolding is especially important because of the protein’s high biological significance. The processes
of albumin folding and unfolding in solution have been studied using various techniques, such as
NMR [17,18], ultrasonic methods [19], rheological techniques [20], Raman spectroscopy [21], and
circular dichroism [22]. Exposure to certain conditions, like very low (less than 5) or high (greater
than 10) pH, heat, freezing temperatures, or high salt concentrations, can cause different protein
molecules to unfold, exposing their hydrophobic regions [23].

1.3. Serum Albumin Physiological Role

Serum albumin plays several crucial roles in blood: (i) it maintains osmotic pressure, (ii)
transports molecules such as fatty acids, hormones, and cations, (iii) helps sustain blood pH by acting
as a buffer, and (iv) has antioxidant properties that aid in neutralizing free radicals [3,24].
Additionally, albumin is essential for the antioxidant function of blood plasma against reactive
oxygen species [25-27].

The influence of albumin on erythrocyte properties: The presence of HAS in plasma significantly
affects the mechanical behavior of erythrocytes. Interactions between albumin and the erythrocyte
membrane at physiological concentrations are recognized as key factors responsible for the
mechanical stabilization of cells [1]. Some studies indicate that HAS enhances the mechanical stability
of erythrocytes under shear stress [1,2], while others suggest that erythrocyte stability diminishes due
to the presence of HAS [3]. A decrease in the mechanical stability of erythrocytes can be induced by
structural changes of the membrane under higher shear rates. This cause-and-effect relationship
primarily depends on the magnitude of the shear rate. Under normal blood pH, albumin molecules
are negatively charged [4,5] and interact with the similarly negatively charged erythrocyte
membranes primarily through electrostatic forces [6,7]. Two sublayers envelop the negatively
charged erythrocyte’s membrane. The inner layer is the Stern sublayer, which consists of cations,
while the outer layer consists of anions such as albumin. Consequently, albumin contributes to the
zeta potential of the erythrocyte membrane [8]. A higher zeta potential indicates more stable cells [9].
Ions within the sublayers are subject to both electrostatic and hydrodynamic forces, which influence
their mobility and the thickness of the sublayers. The thickness of these sublayers, along with the zeta
potential, decreases with increasing shear stress [10].

Additionally, albumin can induce changes in erythrocyte shape [35,36]. Therefor, supplementing
long-stored erythrocytes with 20% albumin or washing them in an albumin-containing (0.2%)
solution reversed all degrees of echinocytosis towards discocytosis [11]. As Reinhart et al [11]
demonstrated, albumin has the capacity to reverse echinocytosis induced by RBC storage.
Conversely, Jay [3] demonstrated that when healthy erythrocytes are suspended in Ringer’s solution,
less than 2% of the cells are cup-shaped. However, adding HSA to the suspension elevates the
number of cup-shaped cells to 15-50%. Later, Reinhart and Chien [12] confirmed that the presence of
albumin in cell suspension leads to an increase in the concentration of stomatocytes. In other words,
the presence of albumin in the cell suspension makes stomatocytes the preferred erythrocyte shape.

Selevan et al. [13] studied the role of albumin in influencing erythrocyte stiffness. In their study,
the authors employed two techniques: the passage of cells through porous polycarbonate membranes
and the use of optical tweezers. They demonstrated a significant increase in cell stiffness following
an increase in albumin concentration.
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1.3. Role of Shear Stress

Blood flow conditions: In vivo, blood flow refers to the movement of blood through vessels from
the arteries to the capillaries and veins. The heart pumps the blood through a network of branching
blood vessels with gradually decreasing diameters, facilitating microcirculation. The generated level
of pressure determines the force that blood exerts on the vessel walls as it is propelled through the
vessels. Like all fluids, blood flows from areas of high pressure to areas of low pressure. Circulation
and shear flow of viscoelastic fluids, such as blood, in Couette flow can induce instabilities in the
form of secondary flow and can even lead to turbulence at lower Reynolds numbers [14]. These
instabilities can feed back on the unfolding of albumin. However, albumin remains relatively stable
under Poiseuille shear flow within the physiological range of shear rates [15]. In biological settings,
shear stress in blood vessels typically ranges from 0.1 to 1 Pa, but in extreme cases (such as
atherosclerosis or turbulence), shear stress is significantly increased and can exceed 10 Pa [16].
Additionally, shear flow also induces the generation of normal stress components. This aligns with
the fact that blood is an anisotropic and viscoelastic fluid [17]. The viscoelasticity of blood has been
characterized by non-linear upper-convected Maxwell and Jeffreys models, as well as by the
Generalized Maxwell model and the Oldroyd-B model [18,19]. The primary features of these models
include: (i) the ability of stress to relax under a constant strain rate, and (ii) the relaxation of strain
rate under constant stress conditions (applicable solely to the Jeffreys model). The first and second
normal stress differences can quantify the anisotropic behaviour of blood. The first normal stress
difference of blood is positive, primarily caused by the deformability of erythrocytes, while the
second one is much smaller and almost equal to zero [20,21]. Positive normal stress difference
facilitates extension of blood components in the direction of flow. The corresponding tensional stress
is equal to the first normal stress difference, which increases with shear rate [21]. For shear rate of 500
s, the first normal stress difference of blood is equal to N1 =10 Pa [21]. The generation of tensional
stress, as a product of the first normal stress difference, is pronounced for blood flow through
capillaries. The radius of a capillary is about 2-5 um, while the shear rates in capillaries typically
range from 100 s to 1000 s* [22]. Extensional flow, characterized by the strain rate of ~ 1000 s, has a
potential to unfold thermodynamically and kinetically stable globular proteins [23].

Thus, shear stress generated by blood flow reaches tens and hundreds of Pa and can stimulate

changes in plasma components and erythrocytes [16]. Under such conditions, albumin molecules can
unfold.

1.4. Unfolding of Albumin Under Shear Flow

The literature presents conflicting views on the influence of shear flow on the unfolding of
albumin. While Jaspe and Hagen [24] have indicated that globular proteins, including albumin, can
retain their stable conformation even when subjected to high shear rates, some authors have
demonstrated that very high shear stress can initiate protein unfolding [24,25]. Thus, Jaspe and
Hagen [24] suggest that”.. extraordinary shear rates, approximately 107 s, would be required to
denature typical small, globular proteins in water”. At the same time, Briickl et al. [26] conclude that
shear flow cannot induce the unfolding of rhGH and IgG1 at shear rates of at least 104 s

Specifically, for albumin, Bekard et al. [27] demonstrated that under laminar flow (shear rate is
500 s1) it may undergo molecule unfolding. Furthermore, albumin molecules can be unfolded even
by very short (0.36-1.8 ms) exposure of diluted bovine serum albumin (BSA) solution to extensional
flow [23]. Zocchi [28] studied the unfolding of BSA using atomic force microscopy and noted the
stepwise nature of unfolding, with a waiting time of 0.1 s. An increase in osmotic pressure has a
feedback impact on the mechanical stability of erythrocytes. Moreover, Kiese et al demonstrated that
unfolding promotes intermolecular interactions and may result in protein aggregation and sub-
visible particle formation [29]. Additionally, extensional flow has been demonstrated to induce the
unfolding of albumin [23]. Shear stress initiating the process of albumin unfolding is schematically
presented in Figure 1.
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Figure 1. Schematic illustration of albumin unfolding under shear flow that may potentially affect the

mechanical stability of erythrocytes.

1.5. Shear Stress Sensitivity of Erythrocytes

Shear stress generated during blood flow through blood vessels alters the characteristics of red
blood cells. Under the influence of mechanical stress, haemolysis can [30-32], together with changes
in their morphology (i.e., the transition of red blood cells to stomatocytes) [3], an increase in rigidity
[31,33], and an increase in fragility [10]. These changes in cell morphology and stiffness can be related
to (i) ATP depletion [34], (ii) phosphatidyl-serine (PS) externalization [35], (iii) a change in protein
content within the membrane and the activity of mechanosensitive Piezol channels [36,37], (iv) a
decrease in the cell surface charge [10], (v) an increase in erythrocyte aggregation [10], and (vi)
erythrocyte adhesion to the endothelium [35,38]. Our recent review discusses the impact of
mechanical stress on cellular properties and functionality in greater detail [16].

1.6. Factors that Dictate Erythrocyte Mechanical Stability

Mechanical stability of erythrocytes represents their ability to maintain the integrity of cell
membrane under mechanical stress. Less deformable and stiffer cells are prone to mechanical
disruption under higher shear rates [39]. The stiffness of the erythrocyte membrane is closely
connected with membrane viscoelasticity. The viscoelasticity of the membrane depends on the
interplay between: (i) the rearrangement of lipids, (ii) the coupling of the bilayer and actin cortex, (iii)
the rearrangement of band 3, (iv) the intracellular concentration of calcium, and (v) the flexibility of
spectrin filaments [40]. The flexibility of spectrin filaments depends on the persistent length of a given
contour. The effective persistent length of spectrin filaments depends on the number of attached band
3 molecules per single filament. It follows that band 3 molecules can form low-affinity complexes
with spectrin during their lateral diffusion along the membrane [41]. Rearrangement of lipids
influences the bilayer bending and consequently impacts the coupling between the bilayer and actin
cortex [40—42]. The concentration of calcium ions within cells, which is modulated by the function of
mechanosensitive Piezol channels, plays a crucial role in regulating the viscoelastic properties of the
cytoskeleton [43]. The presence of calcium triggers the activation of calpain, a proteolytic enzyme that
cleaves spectrin and various other cytoskeletal proteins, leading to a reduction in cytoskeletal
integrity and an increase in deformability [44,45].
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2. Effect of Albumin on Erythrocyte Mechanical Stability:

The presence of albumin in erythrocyte surroundings is responsible for cell shape changes,
enhances resistance to mechanical stress, protects against hemolysis, and stabilizes the membrane
under osmotic challenges [46].

Kamada et al. [47] were the first researchers to analyze the role of plasma components in RBC
mechanical trauma. Following his pioneering work, numerous studies have demonstrated that
proteins in the medium reduce mechanical stress-related hemolysis [65-68] and that patients
undergoing cardiopulmonary bypass exhibit alterations in erythrocyte morphology, whereas
albumin supplementation weakens the observed effect. Moreover, it has been shown that albumin is
a protective component of the heat-stable extract of fresh-frozen plasma or warmed plasma
supernatant [2,48]. In contrast, ceruloplasmin, y-globulin, a-2-macroglobulin, and haptoglobin
provide only slight protection [2]. Sumpelman and colleagues [49] speculated that this protective
effect can be credited to negatively charged proteins that reversibly attach to the cell membrane.
Later, other authors suggested that plasma proteins coat the erythrocytes” surface and help repair
damage to the cell membrane caused by mechanical stress [48,50].

It is necessary to note that the results of the experiments presented in the previous paragraph
refer to flow conditions where albumin molecules are not unfolded. What will happen when this
threshold is crossed, and the cells are subjected to mechanical stress under conditions when the
albumin molecules have unfolded?

Below, we examine albumin’s influence on the mechanical stability of erythrocytes under higher
shear rates that stimulate the generation of tensional stress, characteristic of the flow of viscoelastic
and anisotropic fluids such as blood. To address this issue, we discuss the impact of shear flow on
the conformational state of albumin molecules, with a focus on the interactions between albumin and
the erythrocyte membrane. Our consideration is based on relevant theoretical analyses and on
accumulated experimental data.

The impact of albumin on structural changes of erythrocytes can be discussed in the context of
two possible scenarios. One scenario is associated with increased osmotic pressure [70], while the
other occurs under constant osmotic pressure, thereby maintaining an isotonic condition. An increase
in osmotic pressure can induce a discoid-to-stomatocyte transition. At the same time, the constant
osmotic pressure scenario is related to the establishment of two charged sublayers around
erythrocytes, which are capable of mechanically stabilizing the cell membranes.

2.1. Scenario 1 of Cell Response

When albumin retains its globular conformation, the interactions between albumin molecules
and the erythrocyte membrane are mainly electrostatic [7]. Conversely, when albumin molecules
unfold, hydrophobic interactions with the membrane become significant. Unfolded albumin
molecules expose hydrophobic regions previously buried within the protein, altering their
interaction with surrounding water molecules and consequently changing the amount of osmotically
unresponsive water (OUW) [51]. OUW refers to the fraction of water within cells or protein solutions
that does not participate in osmotic activities, often due to strong interactions with macromolecules
such as proteins. A decrease in OUW implies that more water molecules are free to engage in osmotic
processes, thereby increasing osmotic pressure [52]. An increase in osmotic pressure affects
erythrocyte volume and shape, the membrane’s stiffness, the rearrangement of lipids within the
bilayer, and the fragility [53,54].

At elevated shear rates, when albumin undergoes unfolding, causing an increase in osmotic
pressure , the blood tonicity changes from isotonic to hypertonic [55]. It follows that normal stress
difference, responsible for the extension of albumin molecules and their subsequent unfolding,
increases with the blood flow shear rate [21]. When erythrocytes are placed in a hypertonic
environment, water exits the cells due to osmosis, leading to decreased cellular volume [56]. These
two facts—(i) an increase in osmotic pressure and (ii) the generation of tensional stress —contribute
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to the mechanical instability of erythrocytes, leading to the discocyte-to-stomatocyte transition. The
discocyte-to-stomatocyte transition under shear flow is shown schematically in Figure 2:

Shear flow

—_——

discocyte stomatocyte

Figure 2. Schematic representation of the discocyte-to-stomatocyte transition under shear flow caused by the

unfolding of albumin.

The normal biconcave shape of the discocyte is transformed into a stomatocyte. These
stomatocytes have the same surface area and cell volume as discocytes from which they originated
[57-59]. However, altered membrane shear and bending modulus were observed during the
erythrocyte’s stomatocyte-discocyte shape transformations [60], leading to the membrane stiffening
caused by structural changes of the actin cortex and lipid bilayer [61]. A stiffer cell membrane caused
by the mobility of cholesterol and phosphatidylserine and the rearrangement of the actin cortex
reduces the activity of mechanosensitive Piezol channels [36]. Piezol activation is responsible for the
influx of calcium. Calcium activates calpain, a protease that cleaves spectrin and other cytoskeletal
proteins, leading to cytoskeletal weakening and increased deformability [45]. On the other hand, it
has been shown that the calcium influx leads to an increase in the amount of membrane-bound
hemoglobin [22], which, in turn, provokes a decrease in the erythrocyte’s deformability [62].

While this scenario (i.e., scenario 1) is closely connected with an increase in osmotic pressure,
scenario 2 considers the possible response of discocytes under isotonic conditions in the presence of
albumin under higher shear rates.

2.2. Scenario 2 of Cell Response

This scenario analyses the electrostatic interactions between the erythrocyte membrane and the
surrounding solution under isotonic conditions. The surface of erythrocytes is negatively charged
primarily due to sialic acid residues on membrane glycoproteins and glycolipids [63,64]. The zeta
potential of the membrane in young erythrocytes is around -15 eV, whereas older cells exhibit a zeta
potential of -12 eV [9]. Younger cells are more stable than older ones [65]. As negative charge plays a
crucial role in maintaining the stability of erythrocytes by ensuring repulsion among cells, it follows
that the zeta potential is correlated with the mechanical stability of the erythrocyte membrane [66]. A
decrease in zeta potential has a feedback impact on: (i) the rearrangement of lipids and, consequently,
on the fluidity of the bilayer, (ii) the coupling between the bilayer and actin cortex, (iii) the clustering
of band 3 proteins, and (iv) the activity of Piezol channels [16]. Silva et al. [86] demonstrated that
during storage, the stiffness of red cells increases simultaneously with a decrease in their zeta
potential. The altered rearrangement of lipids is one of the key factors responsible for reducing the
amount of stomatin. Changes in membrane structure result in increased stiffness and fragility of the
cell [39].

The zeta potential represents a measure of the electrical charge of the two sublayers that
envelope erythrocytes. The inner sublayer (i.e., Stern layer) is primarily composed of small cations,
such as sodium (Na*) and potassium (K*) ions, which interact electrostatically with the negatively
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charged groups present on the cell membrane’s glycoproteins and glycolipids [8]. These interactions
help maintain the structural integrity and electrochemical balance of the erythrocyte membrane [7].
The outer sublayer consists of adsorbed plasma proteins, notably negatively charged albumin. Its net
negative charge facilitates electrostatic interactions with the positively charged Stern sublayer. These
charged sublayers reduce the friction of cells along blood vessels and amortize cell-cell collisions
during blood flow [67]. The presence of albumin in the outer sublayer significantly stabilizes
erythrocytes at lower and moderate shear rates.

However, the thickness of the sublayers, together with the zeta potential, decreases with an
increase in shear rate within a higher shear rate regime when the hydrodynamic force is higher than
the electrostatic force [10]. A schematic presentation of the decrease in the zeta potential with shear
rate is shown in Figure 3:

Two sublayers shell around decreases in shear flow caused by action of
the erythrocyte hydrodynamic force against electrostatic force

Globular HSA

Figure 3. Schematic presentation of the decrease in thickness of the two-sublayer shell around the erythrocyte in

shear flow.

It follows that the distribution of ions represents the result of a balance between electrostatic
force and hydrodynamic force. The hydrodynamic force increases with shear rate, whereas the
electrostatic force is influenced by the membrane’s charge and the distribution of ions in its
surroundings.

3. Conclusions

Erythrocytes’ mechanical stability and deformability are crucial for maintaining their
functionality in the bloodstream. Cells encounter significant shear stress, reaching up to 10 Pa levels
under physiological conditions as they traverse capillaries. In pathological conditions, this shear
stress can be significantly higher. Human serum albumin (HSA) plays an essential role in stabilizing
erythrocytes by influencing their shape, membrane integrity, and resistance to hemolysis. Although
the impact of albumin on mechanical stability has been extensively studied, the underlying
mechanisms by which albumin affects red blood cells remain unclear. Some authors have pointed
out that HSA enhances the mechanical stability of erythrocytes, while others argue for the opposite
scenario; therefore, a deeper theoretical analysis is crucially needed. When considering this
phenomenon, it is essential to note that for healthy cells, hemolysis becomes possible only under flow
conditions at high shear stress levels. Under these conditions, the unfolding of the albumin molecule
becomes feasible. For this reason, here we have explored the potential influence of albumin unfolding
on the mechanical stability of cells.

This review highlights the impact of blood viscosity and anisotropy on the interactions between
albumin and the erythrocyte membrane, which become more pronounced at higher shear rates,
subsequently affecting the mechanical stability of erythrocytes. We base our conclusions/suggestions
on a combination of experimental and theoretical analysis, as follows:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Two possible scenarios of cell response under higher shear stress in the presence of HAS were
considered, depending on the ability of albumin to unfold in shear flow. One scenario discusses
the electrostatic and hydrodynamic interactions between albumin in its native state and the
erythrocyte membrane. The other scenario describes the consequences of hydrophobic
interactions between unfolded albumin and the RBC membrane.

o  Electrostatic interactions between albumin in its native state and the RBC membrane under
isotonic conditions influence the zeta potential of the membrane and may lead to mechanical
stabilization of membranes. An increase in shear rate during erythrocytes’ flow through
capillaries causes an increase in hydrodynamic interactions between various ions and the
membrane, resulting in a decrease in zeta potential. This decrease in zeta potential can
destabilize erythrocytes.

e The ability of albumin to unfold under higher shear rates depends on the anisotropic
viscoelasticity of blood. Shear flow does not have the potential to directly induce the unfolding
of albumin. However, the shear flow of complex anisotropic fluids, such as blood, causes the
generation of extensional flow, quantified by the first normal stress difference, which can
become significant at higher shear rates. Extensional flow can lead to the partial unfolding of
albumin.

e The unfolding of albumin results in: (i) an increase in osmotic stress and (ii) intensive
hydrophobic interactions between albumin and the membrane of erythrocytes. These
interactions can lead to the transition of discocytes into stomatocytes, a cell form that is smaller,
stiffer, and more fragile.

e  Stiffening of the membrane of erythrocytes depends on: (i) the viscoelasticity of the bilayer and
actin cortex, and (ii) the coupling between them. The stiffness depends on the rearrangement of
band 3 in response to membrane fluctuations induced by shear flow and the intracellular
concentration of calcium.

In summary, we suggest a distinction between the influences of albumin on the mechanical
stability of erythrocytes in its folded and unfolded forms. In the first state (a folded molecule), the
presence of albumin stabilizes the cell, while in the second, it destabilizes it. We also propose two
scenarios in which unfolded albumin molecules in a red cell suspension can increase their mechanical
fragility.
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