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Abstract: Natural and synthetic polycations of different kinds attract substantial attention due to an
increasing number of their applications in the biomedical industry and in pharmacology. The key
characteristic determining the effectiveness of the majority of these applications is the number of
macromolecules adsorbed on the surface of biological cells or their lipid models. Their study is
complicated by a possible heterogeneity of polymer layer adsorbed on the membrane. Experimental
methods reflecting the structure of the layer include the electrokinetic measurements in liposome sus-
pension and the boundary potential of planar bilayer lipid membranes (BLM) and lipid monolayers
with a mixed composition of lipids and the ionic media. In the review, we systematically analyze
the methods of experimental registration and theoretical description of the laterally heterogeneous
structures in the polymer layer published in the literature and in our previous studies. In particular,
we consider a model based on classical theory of the electrical double layer, used to analyze the
available data of the electrokinetic measurements in liposome suspension with polylysines of varying
molecular mass. This model suggests a few parameters related to the heterogeneity of the polymer
layer and allows determining the conditions for its appearance at the membrane surface. A further
development of this theoretical approach is discussed.

Keywords: lipid membrane; liposome; lipid monolayer; polycation adsorption; polylysine;
electrokinetic potential; molecular dynamics

1. Introduction

Natural and synthetic charged macromolecules are widely used in industrial and
biomedical applications [1-6]. Positively charged polymers (polypeptides and polycations
of a different kind) are preferred in the latter case, since they interact with high effectiveness
with the negatively charged biological membranes, containing a large amount of anionic
lipids or negatively charged glycocalyx [7]. A number of studies provide evidence of antimi-
crobial mechanism of cationic biopolymers [8,9]. For instance, synthetic linear polymers,
such as polylysine (PLL) and polyethyleneimine (PEI), are used in some targeted gene and
drug delivery systems in complex with DNA and other molecules [10-12]. PEI and PEI-
based nanoparticles (nanoPEI) demonstrate antimicrobial and antibiofilm activity [13,14],
as well as polyvinylamines combined with pharmacologically active agents [15,16]. Some
polycations, such as polyallylamine hydrochloride (PAH) or chitosan, are used as a cush-
ion in the complex models of biomembranes [17-19]. The key factor that determines the
effectiveness of the majority of biomedical and biotechnological applications of charged
polymers is the number of macromolecules adsorbed at the surface of cell membranes,
forming a stable bond with ionized components of their lipid matrix. Therefore, artificial
lipid models of biomembranes composed of charged and electrically neutral components
are of particular interest in the biophysical studies of these systems [20]. The electrostatic
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phenomena are commonly accepted as the most important factor accompanying the in-
teraction of polycations with the charged surface of the membrane [21,22]. This raises
the question about the role of polymer structure, size, and ionization in the interaction
with the membrane. This question is intensively studied on the biomembrane models
represented by liposomes, bilayer lipid membranes (BLM), and lipid monolayers [23-25].
These factors were discussed for antibacterial PEI-PMOX copolymers, and also for model
lipid bilayers [26].

Interaction of large polycation molecules with the membrane surface qualitatively
differs from that of many inorganic cations, as it follows from experimental data and
theoretical analysis for monovalent [27] and most multivalent cations [28]. This discrepancy
primarily owes to the presence of a spatially extended structure of charged macromolecules,
which cannot be considered as concentrated as point-like charges. This factor can lead to the
formation of a laterally inhomogeneous polymer layer [29], expressing as incomplete patch-
like polymer coverage of the surface. For the sake of simplicity, we refer to a similar coating
as the adsorption layer. Here and below, the term “lateral” is related to the distribution
along the membrane surface as opposed to normal direction. Its heterogeneity should
become more prominent when the membrane is composed of the lipid mixture. Because
of the liquidity of the membrane, charged components of the mixture can redistribute in
the presence of the adsorbed polyelectrolyte and thereby facilitate heterogeneity of the
polymer layer [30,31]. A detailed study of related phenomena is complicated because it is
not easy to combine the general physical characteristics of the adsorption layer with the
details of the individual structure of the macromolecule at the membrane surface. In the
review, we systematically analyze the methods of experimental registration and theoretical
description of the laterally heterogeneous structures in the polymer layer published in the
literature and in our previous studies.

There are three different approaches concerning the adsorption of polycations on the
charged surfaces: experimental methods [32-34], those based on the general theoretical
physical models [35-37], and various techniques of the numerical simulations [38-42].
These approaches explore fundamentally different characteristics of adsorption: the av-
eraged characteristics of the adsorption layer measured in the experiments; simplified
physical parameters of the system used by the theoretical models, and the quantitative de-
scription of simulated systems at the molecular level obtained from numerical simulations.
These approaches are complementary and therefore provide a unique opportunity to obtain
an integral picture of the possible inhomogeneities at the membrane surface revealed, or
generated, by polycation adsorption. Electrostatics is well known to play a decisive role
in the interaction of polycations with a charged surface. The physical mechanisms of this
interaction are analyzed in detail by many authors. See, for example, comprehensive re-
views, referenced to many original studies in this field [31,43]. We realize that our analysis
of literature data does not exhaust the variety of effects caused by polymer interaction with
cell membranes. We focus our attention on inhomogeneous structures on the membrane
surface in the presence of a polymer layer.

The review is structured as follows: firstly, we discuss the physical mechanisms
involved in the adsorption of polyelectrolytes closely related to the electrostatic phenomena
at the membrane boundaries. In this section, we briefly describe some bioelectrochemical
methods that enable separating polycation effects on the different components of the
electric potential near the membrane surface and inside of its polar region. Next, the
similarity and fundamental difference between polycations and multivalent inorganic ions
are analyzed in the context of known experimental data and theoretical description of
their adsorption at the lipid membranes. Then, in a concise form, we characterize the
effect of polycations on the membrane surface; in particular, the possibility of segregation
of negatively charged components of the membrane is described. Further, we turn to
the conformations of the adsorbed macromolecules and discuss data indicating their
alterations on the membrane surface. In the final section, we present parameters of the
model developed recently to describe electrokinetic data on polylysine adsorption on
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the surface of liposomes. A simple theoretical approach allows us to form a view about
the lateral heterogeneity of the polylysine layer at the membrane surface, to suggest
parameters characterizing this heterogeneity and to predict the favorable conditions for
their experimental control.

2. Electrostatic Contribution of Polymers’ Interaction with Phospholipids

Adsorption of polycations and charged peptides on the surface of lipid membranes
is a subject of various methods and their quantitative analysis is discussed in detail in a
review [44]. A rich experimental material was obtained by the methods of fluorescence
spectroscopy [45—47], atomic force microscopy [48-50], ellipsometry [43,51], by the tech-
nique of Langmuir monolayers [52,53], and by registration of the electrokinetic mobility
in colloid suspensions [54-56]. In most cases, these methods detect the averaged charac-
teristics of the polymer adsorption layer such as the thickness or potential drop on the
membrane/solution boundary that cannot always be quantitatively related to the amount
of adsorbed substance. Some conclusions about the lateral distribution of polymer on
the surface follow from data of atomic force microscopy (AFM) methods, which allow
estimating the fraction of the surface occupied by the polymer.

Below, we present the most interesting results related to the effect of polycation
molecules adsorption on different components of the electric field at the membrane bound-
ary obtained by electrokinetic and alternative methods. A combination of experiments and
numerical molecular simulations of lipid—polymer systems provide information sufficient
to develop physical models of these systems. Methods of molecular dynamics (MD) in full
atomic resolution are commonly used for numerical simulations of the systems of limited
size. They visualize the membrane and distribution of polymers, providing information
on the hydration state of lipids and the difference between the conformation of macro-
molecules in the bulk and at the charged surfaces [40,57,58]. So-called “scaling theory”
is often used to analyze and summarize the entire data collection of experiments and
numerical simulations [59-62]. This approach provides a realistic estimation of polymer
layer thickness for different modes of its adsorption, depending on the external parameters
of the system and the ionic strength of the solution. However, the layer formation itself is
not considered within the framework of this approach, and the corresponding adsorption
isotherms are not proposed in cited works. There are a few examples in the literature
where proper isotherms have been proposed, taking into account the electrostatic nature of
charged polymer interaction with the surface [32,63].

As follows from the majority of experimental data, adsorption of polycations on the
membranes composed from neutral or zwitterionic lipids practically does not occur. It was
shown by electrokinetic measurements in liposome suspension in the presence of short
peptides with several positively charged subunits [32], by nonlinear optical technique
of second harmonic generation (SHG) [64], and from the analysis of differential scan-
ning calorimetry and Fourier transform infrared spectrometer (FTIR) data in the case of
polylysines of different states of polymerization [65]. However, there is an opposite point of
view on this matter. Adsorption of some natural polycations (chitosans) has been observed
on membranes of zwitterionic lipids (dioleoyl-phosphocholine, DOPC) [66,67]. This lipid
remains uncharged over a wide pH range when exposed to the solution with high ionic
strength, relevant to biological systems [68,69]. Weak negative charge of DOPC is observed
at smaller ionic strength [70,71]. The origin of this charge is disputed, but typically hydrox-
ide ion affinity is used as an explanation [70,72]. In works [66,67], authors provide data
on a change in DOPC liposomes charge with pH, which becomes significantly negative
(—30 mV of C-potential) at high pH values. It is not surprising that positively charged
chitosan molecules can adsorb at such a surface. We may remark that in this specific case, a
significant contribution of the electrostatic factor to their interaction was experimentally
proved. The possible effect of pH on the adsorption of polycations was the subject of
theoretical analysis in the work [73]. According to this analysis, the proton concentration
near the negatively charged surface is increased, which reflects in significantly lowered pH
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value in comparison to the bulk solution. This in turn increases the degree of protonation
and the positive charge of the polymer, which enhances their electrostatic interaction with
the surface. If pH in the bulk corresponds to the isoelectric point of the polymer, then a
decrease in pH nearby the surface can lead to the inversion of the polycationic charge, and
even to the attraction of the polymer, to a positively charged surface. This effect can be
additionally enhanced by the phenomenon of an entropic trap which keeps protons near
the surface and ensures their channeling along the membrane interface, even in the absence
of potent acceptors [74]. This factor should be taken into account in the development of the
theoretical models and adsorption isotherm. Nonelectrostatic hydrophobic interactions
can contribute to the adsorption of polymers to the lipid membranes in some cases, as
mentioned below. In the case of strongly charged polymers such as polyethylenimine (PEI)
and poly-L-lysine (PLL), electrostatic contribution to their interaction with the charged
surface generally prevails over the hydrophobic one.

The details of the electrostatic interaction between polycations and phospholipids are
well illustrated by the molecular dynamics simulations of these systems. According to
the results of [75], positively charged molecules of poly ([3-(methacryloyl amino) propyl]
trimethylammonium chloride (PMAPTAC) interact predominantly with anionic phos-
phatidylserine molecules and practically do not interact with zwitterionic palmitoyl-oleoyl-
phosphocholine (POPC) molecules. Electrostatic interactions also control the adsorption
of linear polymers of another type, polyethylenimine (PEI) and poly-L-lysine (PLL) [40].
The nature of these interactions is largely determined by the degree of polymer ionization,
which is almost equal to unity in the case of PLL, and the presence of relatively long side
groups. These groups can act as a steric factor, preventing the tight contact of molecules
with the membrane. This effect was most clearly demonstrated in the case of PLL [40]. The
same result is described in the work [76] for Lys8 and Arg8 oligopeptides. Polyarginine
molecules turn out to be predominantly inserted into the membrane, while polylysine is
partially exposed to the solution. Due to the large Born radius of arginine, its hydrophobic
side groups in the polymer chain can insert into the region of lipid hydrocarbon tails,
and at high surface density may create transmembrane pores [77]. On the other hand,
lysine molecules demonstrate another type of behavior. Judging by the data of Raman
spectroscopy, short polylysine molecules destabilize the membrane, while long ones can
lead to the opposite, providing a stabilizing effect [78]. During adsorption, protonated
groups of polypeptides form the hydrogen bonds with phosphate groups of anionic lipids,
thus enhancing interaction with the membrane [40,57,79,80]. Alterations in the hydrogen
bonds network in the polar region of the membrane were found even during the adsorption
of individual lysine molecules (Lys;) [81]. During this process, water bound on phosphate
groups is displaced, which contributes to the dipole potential recorded in the experiment.
Quantitative analysis of MD simulations of this system indicates that in the absence of
anionic lipids in the membrane, adsorption of model polymer molecule is driven by hy-
drophobic interaction of its side chains with hydrocarbon lipid tails [77]. The presence
of such side chains leads to deeper insertion of polymer chains into the membrane and
facilitates pore formation.

3. Inorganic Cations and Polycations in the Electric Fields at the Membrane Boundary

Since adsorption of large polycations and inorganic multivalent cations is largely deter-
mined by electrostatic interactions with the charged membrane surface, they demonstrate a
similar shape of {-potential dependence on their contents measured in liposome suspension
of a negatively charged lipid. The electrokinetic data in Figure 1 demonstrate this fact in
the example of adsorption of trivalent cations of Gd** [82] and relatively short polylysine
molecules (12-20 subunits) [83] on the surface of liposomes composed of phosphatidylser-
ine (PS). In both cases, there is a sharp rise of the curve near the point of zero charge where
the surface is neutral, and the electrostatic interactions are minimized. The magnitude of
(-potential reaches its maximal value at the saturation level, which depends on the ionic
strength and polymer length [84]. Note that in the case of multivalent cations, (-potential
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has a maximum and then decreases at high ion concentrations, whereas in the case of
polylysines, this potential saturates. This discrepancy is caused by the fact that inorganic
cations, but not polycations, participate in the screening inside the diffusion layer charac-
terized by the Debye length. It is necessary to note here that electrokinetic measurements
are related to the electric potential ({-potential) at the slipping plane at a certain distance
from the charged surface [85]. Previously, adsorption of polylysine was measured at low
ionic strength, when the -potential becomes close to surface potential [84]. We accepted
this condition to simplify the analysis and to evaluate the surface charge density according
to the Smoluchowski relation and equations of the Gouy—Chapman model. This charge
density was found independent of the ionic strength of the solution for each type of the
polymers, while the surface potential was altered in full accordance with the prediction of
the Gouy—Chapman model. A similar conclusion was drawn in a series of works by Duan
et al. [86,87]. The authors applied the Monte Carlo method for the analysis of the efficiency
of linear model polycation adsorption on the surface of membranes with different content
of anionic lipids. They convincingly showed that increased ionic strength enhances the
screening of the polymer charge and suppresses their adsorption, regardless of the degree
of polymerization.

100 &MY
50 el
V¥ Lys,
0
—50 -
—100
log(C/M)
-6 -5 4 -3 ) -1

Figure 1. Variation of (—potential measured in the suspension of liposomes from anion phospholipids
(PS) in the presence of multivalent cations and polylysines (data for Gd3* and PL are taken from [82]
and [83], respectively). Abscissa axis is presented in logarithm of moles of cation or subunits of
polycation, correspondingly. The Gouy-Chapman theory predictions are presented as the maximal
slope of curves for normal three-valence cations (dotted line). The solid line corresponds to the model
adapted in [28] to the adsorption of Gd®* with the extremely high affinity to phospholipids.

Generally, the application of the Gouy—Chapman model of the electric double layer
in its straightforward simplified form to large polycations in [84] does not stand up to
criticism. First of all, this rather simple model assumes the existence of a diffuse part of
the electric double layer with the charge coinciding in absolute value with the surface
charge of the opposite sign [85,88]. This layer contains mobile inorganic ions whose size
is usually neglected. However, the latter assumption is invalid in the case of polymer
molecules, which cannot be considered as point ions with a formal high “valence”. Then,
a simple model application to electrokinetic measurements supposes that the slipping
plane is located at some distance from the charged surface inside of the diffuse layer, where
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the screening effect of inorganic ions becomes the most significant and sensitive to the ionic
strength of the solution. This fact is especially noticeable in the case of multivalent cations
(see Figure 1) [28].

In any case, it is not possible to describe, within the framework of a simple model,
the steep region of experimental curves observed in the electrokinetic measurements of
adsorption of multivalent inorganic cations with an extremely high affinity to anionic
phospholipids (Be**, Gd3*, and other lanthanides) [28]. The maximal slope of these
curves was calculated for point-like inorganic cations of different valence within the Gouy-
Chapman model. It predicts a decrease of this slope by 60, 30, and 20 mV per decade of
ion concentration for 1-, 2-, and 3-valence ions, respectively [28]. A dotted line in Figure 1
corresponds to the case of trivalent cations. Note that predictions of the model work well
for the small organic molecules and cations, which do not noticeably affect the membrane
structure. It was tested for a set of typical inorganic cations [28] and organic cations with
a single positive charge, lysine [81] and chlorpromazine [89]. In contrast to these cases,
a description of the electrokinetic data for multivalent cations of extremely high affinity to
the membrane has to be modified to account for their depletion in the experimental cell
during adsorption on the liposome suspension [90] (see theoretical curve in Figure 1). Since
macromolecules cannot be considered as point-like charges, their presence in the diffuse
part of the electric double layer has no direct effect on the Debye length, and the nature of
their interaction with the surface fundamentally differs from that of inorganic cations. In
particular, to analyze the participation of these molecules in the electric field distribution
within the diffuse part of the electric double layer, one should solve the Poisson-Boltzmann
equations, taking into account the charges of polymer subunits distributed in the polymer
layer [91]. In this case, the question about the position of the slipping plane of colloidal
particles and liposomes with a polymer layer at their surface remains discussible.

There are some other phenomena qualitatively distinguishing adsorption of polypep-
tides from the case of inorganic ions. Isothermal titration calorimetry (ITC) with DMPS lipo-
somes titrated by high-affinity cations of Gd** reveals their participation in the lipid liquid—
gel phase transition due to their ability to compact several neighboring lipid molecules into
microclusters [90,92]. This fact is reflected in the compression diagrams of lipid monolayers
(Figure 2a). In the presence of Gd>* in water solution, the shape of these diagrams changes
significantly, and the region with a liquid expanded state of lipid disappears [92]. On
the contrary, the same diagram in the presence of polylysine preserves this region and
shows the phase transition of the lipid to the condensed state. Adsorbed polymer only
slightly raises the rigidity of the monolayer towards the compression and increases the
pressure of passing into the condensed state. According to the data of the work [93], pen-
talysine lowers the pressure in the liquid phase and increases it in the gel phase, while the
other peptides only decrease it with a decrease in the effect as the monolayer “solidifies”.
Calorimetric measurements also show qualitative and quantitative differences in the heat
effects induced by polycation and Gd** ions [92]. In both cases, the condensed gel phase
appeared approximately at the point of zero charge. Polylysine adsorption on the DMPS
liposomes in the liquid state demonstrated heat consumption significantly (about 40 times)
lower compared with Gd>* ions. When the measurements are carried out with lipids in
the gel state, the heat release (exothermic effect) is 10 times weaker for monolayers with
adsorbed polycations.

A significant part of the boundary potential falls within the polar region of phospho-
lipids, which makes it inaccessible for electrokinetic measurements. In most cases, it is
associated with the orientation of the dipole moments of water molecules and individ-
ual polar groups of lipids. It is natural to identify it with the dipole component of the
boundary potential. In particular, its changes reflect the influence of multivalent inorganic
ions, charged molecules, and polymers on the state of hydration and lateral packing of
lipids [81,94,95]. To control these changes, we use the combination of electrokinetic data
and two alternative methods, sensitive to a full potential drop at the membrane interface,
i.e., between hydrophobic area of the lipid bilayer and the bulk of the electrolyte. The tech-



Materials 2021, 14, 6623

7 of 22

nique developed in our laboratory uses the intramembranous field compensation (IFC) to
detect the difference of the boundary potentials across the planar BLM or at one membrane
side if another is kept as the reference. A detailed description of this method is presented
in our previous publications and reviews [28,96]. This technique allows registration of
the boundary potential kinetics altered due to the adsorption of any substances at one
membrane side. It can be used to test the reversibility of their adsorption by continuous
perfusion of the experimental cell with a background solution. Particularly, this method
demonstrates the complete reversibility of the studied inorganic cations and small organic
molecules (lysine) adsorption [81,90]. On the contrary, polylysines are not removed from
the membrane by prolonged perfusion because they are bound to the membrane surface
almost irreversibly, though adsorbed without insertion into the membrane. This conclusion
was confirmed by electrokinetic measurements of polymer adsorption in the liposome
suspensions with varied lipid contents [97]. The small amount of lipid leads to a parallel
displacement of the experimental curves towards a smaller amount of polymer required
to reach the zero-charge point, while the limiting value of {-potential at saturation level
remains unchanged. This means that the equilibrium in the suspension is strongly shifted
towards polymer adsorption, which is extremely efficient and irreversibly covers the entire
accessible surface of the liposomes in the suspension. The irreversibility of adsorption of
polycations with a relatively low degree of polymerization (Lysyg) also follows from its
comparison with pentalysine (Lyss), as shown in MD simulations in our recent work [98].
Molecules of Lysy in the simulation remained bound to the membrane during the entire
simulation time, whereas pentalysine was found in a partially desorbed state.

(a) (b)
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< —100 . >
= — 10 Gd', uM =)
£ = = 1501
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Figure 2. (a) Lateral pressure—lipid area diagrams measured by the Langmuir technique on mono-
layers of DMPS at the subphase of 10 mM KCl (black curve) and in the presence of Gd** of varied
concentration or polylysine, shown by lines of different colors. (b) Volta potential of DMPS mono-
layers was measured at the subphase of 10 mM KClI (black line) and in the presence of polylysine
and polyarginine (48 mM of bases) in the water subphase. Abscissa is presented in the scale of lipid
density (1/ nm?).

Applying the method of IFC, we successfully showed the change of the boundary
potential in response to polycation adsorption as complex two-stage kinetics [97]. At the
initial rapid step of kinetics, these changes are positive, as would be expected from elec-
trokinetic data. Then, there is a slow alteration in the opposite direction with a small
magnitude equal for polymers of different lengths. Long-term perfusion of the cell does
not reveal further changes in the boundary potential; therefore, we attributed the second
step not to polymer desorption, but to some alteration in the polar region of the membrane.
The sum of the initial potential jumps quantitatively coincides with the maximal variation
of (-potential at similar conditions. The potential drop in the negative direction is quantita-
tively consistent with a similar effect measured with nonpolymerized lysine molecules [81].
We associate this drop with the effect of lysine on the hydration state of phosphate groups.
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This is illustrated schematically below in Figure 3. This conclusion is also confirmed by
MD simulations [81]). On the contrary, multivalent cations Gd3* [92] and BeZ* [99] show
the dipole effect of the positive sign. It is explained as the reduction of the polar groups
hydration, facilitating the lipid phase transition to the condensed state.

o charged lipids @ polymer charges
o neutral lipids @ inorganic cations

Figure 3. Schematic representation of the effects of polycation adsorption on the membrane structure
(upper row) and components of the boundary potential of exposed membrane side (¢): surface
(¢s) and dipole (¢;) (lower row). (a): Initial state of the membrane; (b): membrane with the
polycation layer.

Since almost all main anionic phospholipids under normal conditions (pH about 7.0)
have a single negative charge, the binding of two- and three-valence inorganic cations
to the polar groups of these lipids not only compensates their charge, but even changes
the sign of surface charge to the opposite and overcharges the surface. In the particular
case of divalent cations, the surface charge becomes zero when half of the binding sites
are occupied by cations [28,100]. The corresponding concentration is equal to the inverse
association constant. The nature of the overcharging substantially differs in the case of
polycation adsorption. During the adsorption of polycations, macromolecular chains tend
to preserve as much configurational entropy as possible, leading to the formation of loops
and tails which are not completely attached to the surface. This leads to the fact that there
are more charged polycation subunits directly or indirectly attached to the surface than the
number of binding sites of the surface.

Overcharge of the surface by polyelectrolytes is a fundamental physical phenomenon.
It is used, for example, for the formation of multilayer films by layer-by-layer adsorption
of polyanions and polycations, for which final complex structure and thickness can be
controlled at the molecular level [101-103]. The same phenomenon largely determines the
process of flocculation caused by the aggregation of identically charged particles [104], and
the adsorption of proteins on identically charged surfaces. Detailed study of these effects
can be found in [105-108], and the theoretical analysis, carried by mean-field methods can
be found in [109]. It was shown that the overcharge phenomenon always occurs at low
ionic strength. In this case, the electrostatic interaction acts at a greater distance, and the
polymers in the solution experience strong attraction from any oppositely charged surface.
Adsorption continues until the effective surface charge acquires the same sign as molecules
of adsorbent. In the high ionic strength limit, the surface electric field is more screened,
and charge inversion occurs when the short-range interaction between monomers and the
surface is not too strong, and the surface charge is not too high.

The value of boundary potential under certain conditions coincides with the Volta
potential measured by the Langmuir lipid monolayer technique. Recently, we carried out
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a series of measurements by compression of lipid monolayers on the water—air interface
exposed to various substances [89]. The changes of Volta potential measured simultane-
ously with compression diagrams usually demonstrate a region with linear dependence on
the lipid density at the water—air interface. The slope of this dependence can be used for
the evaluation of the effective dipole moment [110], according to the Helmholtz relation.
The slope of this region for DMPS monolayer and the corresponding value of the dipole
moment noticeably increases in the process of the adsorption of multivalent cations [92,99],
while the presence of polylysine significantly decreases this value (see Figure 2b). Previ-
ously, we studied the monolayer of DMPS in the liquid and condensed states by small-angle
X-ray scattering and by numerical analysis of molecular dynamics simulations [111]. Water
molecules associated with the polar groups of the phospholipid were found to be responsi-
ble for the changes in Volta potential and the value of the effective dipole moment. Note
that arginine-based polycations in the same region cause deviation from the linearity of
the curve (Figure 2b). We hypothesize that, in this case, the electrostatic interaction of the
polycation with the surface is accompanied with the partial penetration of the polymer
into the monolayer polar region, which disappears upon compression. A similar effect was
observed for adsorption of small positively charged molecules of chlorpromazine, which
inserted into the lipid monolayer upon adsorption [89]. All results presented in this section
indicate a fundamentally different effect on the structure of membranes of polycation
molecules and inorganic ions adsorbed on their surface. These differences become much
more prominent with an increase in the size of the polycation and, accordingly, the charge
introduced to the surface.

4. Polymer Layer at the Membranes of Mixed Composition

An important feature of polycations adsorption is their ability to create clusters of a neg-
atively charged lipid component in the membrane under the polymer layer [112,113]. When
the number of charged groups on the membrane surface is small, large, charged macro-
molecules may form locally heterogeneous structures upon the adsorption. Moreover, if the
charge of the adsorbed polymer greatly exceeds the number of charged lipids in the mem-
brane, the transfer of these lipids from the inner monolayer of the liposome (so-called “flip-
flop”) is possible for further compensation of the polymer charge [114]. Lipid clustering
upon the adsorption of polycations and other related phenomena have been demonstrated
by MD methods in several works, discussed below. This phenomenon has been studied in
several systems and it turns out that it does not depend on a specific polycation or charged
lipid type. For instance, MD simulations show an increase in charged palmitoyl-oleoyl-
phosphoserine (POPS) lipid density in the vicinity of the PMAPTAC polycation at the sur-
face [75]. As aresult, the adsorption of polymers with 20 and 40 units increase the amount of
the charged PS molecules in their vicinity from 20 to 75 mol.%. A similar result was demon-
strated for the adsorption of PEI and polyvinyl alcohol (PVA) on membranes composed of
a mixture of dioleoyl-phosphoethanolamine/dioleoyl-phosphoglycerol (DOPE/DOPG)
lipids [40]. Lateral diffusion and mobility of charged lipids in these membranes decrease
in the presence of a polycation layer, which facilitates their clustering, while the mobil-
ity of zwitterionic lipids remains unchanged. Lipid clustering was also observed in the
Monte Carlo simulations of a model polymer on the membrane from the mixture of phos-
phatidylinositol 4,5-bisphosphate /phosphoserine/phosphocholine (PIP, /PS/PC) [86,115].
Numerical simulations show that charged lipid clusters include mainly PIP, molecules
(4e per lipid), and their aggregation becomes more prominent with an increase in polycation
degree of ionization [86] or polymerization [115]. Single-charged lipids PS aggregate under
polycations only upon the shortage of PIP, molecules needed for neutralization of the
polymer charge. The efficiency of the clustering of charged lipids decreases with increasing
ionic strength of the solution [86,87].

The polymer covering of the surface affects the solution in the diffuse part of the elec-
tric double layer. It has been studied systematically, and in much detail, on the example of
several polycations in the work [40]. The authors showed that the adsorption of polycations
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leads to the reorientation of water molecules and the displacement of inorganic counterions
(Na*) adsorbed on the membrane into the aqueous solution. The orientation of water
molecules was characterized by the average value of the angle between the water dipoles
and the normal to the membrane surface. The adsorbed polymer changes this angle, and
this effect increases with the charge of the polycation molecules. The minimal effect was
observed for the polyallylamine (PAA) polymer (having a charge of +3¢), and the maximal
for PEI and PLL (charge +10e and +20e, respectively). The efficiency of displacement
of inorganic cations increased with the charge of the polycation molecules. Membrane
overcharging becomes possible even if the charge introduced by the polymer to the surface
is lower in its absolute value than the total charges of the membrane surface upon the
polymer. This paradox was explained by the authors as a consequence of the incomplete
displacement of Na* ions from the membrane surface, that is, the overcharging is the result
of the combined action of the charges of the polycations and counterions.

Briefly, adsorption of polycations leads to the following changes in the membrane
(schematically illustrated by Figure 3): (i) dipole potential ¢; decreases and surface poten-
tial ¢ increases; (ii) the hydrogen bond network is partially reorganized; (iii) charged lipids
cluster under the polymer layer due to their partial immobilization and ordering in the
lateral direction; (iv) the membrane surface is overcharged and (-potential changes its sign;
(v) water molecules reorient and counterions partially dislocate from the membrane surface
to the diffuse part of the electric double layer above the polymer molecules. The profound-
ness of these effects is determined by the magnitudes of polycation and membrane charges,
which depend on the degree of polymerization N and ionization f of macromolecules, as
well as the ionic strength I of the solution. The larger the values of N and f, and the smaller
the I, the more pronounced these effects are. Below, we show that the same parameters
affect the efficiency of polycation binding to the membrane. According to data available in
the literature, the presence of anionic lipids in the membrane mainly affects the binding
efficiency of the polycation and its ability to overcharge the surface, while the structural
rearrangements in the membrane are determined by the polymer size, side chains, and
state of ionization of its chain. Steric limitations caused by the presence of large chains
explain the relatively small effect of PLL on membrane properties, despite the significant
charge of the polymer [40].

5. Conformations of Linear Polycation at the Charged Surface

Generally, upon adsorption to the surface, large macromolecules undergo a conforma-
tional transition from a three-dimensional state (random-coil-like) to a two-dimensional
state (so-called “train-loop-tail conformation”) [42,87,116]. The state of train of some poly-
mer’s regions assumes the direct contact of its bases with the surface. The polymer may
have the region of loops, which consists of bases with no contacts with the surface besides
two ends of the loop; and finally, a part of the polymer chain may be free as a tail exposed
to the solution. The number and distribution of these regions along the polymer chain
determine its conformation in the adsorption layer and depend mainly on the degree of its
ionization and the charge density of the surface.

A fraction of train, loop, and tail conformations in a polymer chain depends on the size
of the polymer, N, and ionic strength, as is shown in Figure 4. These data are generalized
by analysis of Monte Carlo simulations presented in the original publication [87]. One can
see that when polymers at low ionic strength are tightly bound to the surface, the train
fraction is about 40% and varies a little with the polymer length. The fraction of loops
slowly increases with increasing polymer length, from 20% at N = 10 to 50% at N = 100.
At high ionic strength, qualitatively different behavior of polymers is observed. A chain
of polymer is bonded to the surface much weaker, and the fraction of trains is <10% for
relatively long polymers (N > 50) and becomes negligible for short polymers. Most of the
bases are exposed to the solution and presented in tails and loops. Similar results were
obtained by the same method in [42], where the adsorption of a polyelectrolyte on small
spherical particles was studied. The most noticeable difference in the conformation of
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adsorbed polycation molecules of different sizes is manifested only at low ionic strength.
In this case, electrostatic interactions between polymer molecules and the surface, as well
as between neighboring polymer molecules, play a significant role. This conclusion agrees
with the results of a series of electrokinetic experiments carried out for several polymers
(poly(tetramethyl-piperidenyloxyl-methacrylate) (PTMA) and poly(trimethylene carbon-
ate) (PTMC)) adsorbed on the surface of latex particles [117-119]. The authors showed
that the adsorption layer becomes much thinner in time at the excess of large polymer
molecules in solution and low ionic strength. At high ionic strength and low molecular
weight of polycation molecules, equilibrium is reached faster and leads to a homogeneous
and thin adsorption layer.

(a) (b)
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Figure 4. The relative fraction of polymer chain presented in train, loop, and tail conformations varied
with a total number of monomer subunits N was calculated from data of [87] for two values of ionic
strength (a) 10 mM, (b) 80 mM. Different states of polymer conformation are shown schematically.
The fraction of unbound monomers is not presented in the plots.

The data presented in the above-cited works show the different states of polycation
molecules at the surface. To analyze and describe these states, many authors developed
theoretical models based on scaling theory [35,37,60,109]. This approach makes it possible
to estimate the thickness of the adsorption layer / at different degrees of polymerization N,
the degree of ionization f, and the surface charge density o, as well as the ionic strength
I. Some authors specify different surface charge densities that may determine different
modes of the adsorption layer [37,59,60]. As it is shown in [60], at a charge density less
than a certain value o < owc = ely 2(fN) 2, the classical Poisson-Boltzmann approach
works well for the description of the polymer near the charged surface (/g is the Bjerrum
length). At densities of ¢ > oy, the distance between charged macromolecules exceeds
their average distance from the surface. In this mode, a strong repulsion between the chains
organizes them on the charged surface in a strongly correlated Wigner liquid [120,121].
The equilibrium thickness is given by the expression h ~ ¢/ (IgfNo). At the density of

Ogef =€/ (al sf - N¥ 2) , this thickness becomes comparable to the statistic two-dimensional

size of the polycations aN1/2, and the adsorption layer becomes more compact. With a
further increase in o, the layer thickness is determined by the balance of the electrostatic
attraction energy and the confinement entropy of the polymer, which decreases due to the
localization of its polymer chains at the surface. In this case, the layer thickness / does not
depend on the degree of polymerization [37,60]:

a2e \'?
== (i) W

The thickness of the adsorbed polycation layer of any degree of polymerization N and
with the typical parameters of the system (f ~ 0.5,a ~ 0.3 nm, Iz ~ 0.8 nm, ¢ ~ 0.7 ¢/nm?)
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is approximately equal to iy = 0.7 nm. o is the charge density defined as 0.5 e related
to the characteristic cross-section area of lipid molecule equal to 70 A%. A further in-
crease in the surface charge density leads to the next change in the adsorption mode at
o = 0, = ef /a?; however, these values are experimentally and biologically irrelevant for
lipid membrane systems. For example, for typical polycations f ~ 0.5 and a ~ 0.3 nm, the
value of o, ~ 18 ¢/nm? is an order of magnitude higher than that of a fully charged lipid
membrane (~1 e/nm?). As a result, this approach makes several verifiable predictions
about the thickness of the adsorption layer. However, experimental data show a more
complex and heterogeneous structure of the adsorption layer [84,97]. For this reason,
a scaling theory approach should be expanded to take into account the structural features
of the adsorption layer.

6. Lateral Heterogeneity of Polymer Layer as It Follows from the Analysis of
Electrokinetic Data

Inhomogeneous features of the polymer layer are most convenient to consider on a
membrane of mixed composition with different fraction « of the charged lipids. In this
case, the structure of the polymer layer may be characterized by two parameters that can
be controlled experimentally. They are a maximum fraction of the surface, 6max, occupied
by the polycation, and the average thickness, &, of the polymer layer. Both parameters
are related to the saturation state corresponding to the plateau discovered by {-potential
measurements at an excessive concentration of polycation in the solution. In this respect,
the most demonstrative are two cases: a neutral and fully charged membrane. At small
fraction of a charged lipid, polycation molecules do not occupy the entire surface of the
membrane and cover some parts of neutral lipids. This effect can be interpreted as the
“spreading” of polycation molecules over the membrane surface. Similar structures of the
adsorption layer were observed on the charged lipid in the membrane with varying of the
fraction & [97]. In this work, the AFM method was used to study the structures formed by
polylysines of different lengths induced by their adsorption on the surface of membranes
with different fractions of anionic (cardiolipin, CL) and zwitterionic phospholipids (PC).
Direct measurements showed that at « = 0.2, the value of 6, increases from 0.3 to 0.45
with an increase in the degree of polymerization N from 5 to ~1000. This effect is more
pronounced for molecules with a higher degree of polymerization. As was expected, the
increased degree of polymerization leads to a thickened polymer layer from 1.5nm for N =5
to 2.5 nm for N ~ 1000. The values of 8ax and & are in good agreement with the data of the
MD simulations of similar systems. Thus, in [64], it was found Omax = 0.12 for Lysg and Omax
= 0.27 for Argg for a membrane made from a dimyristoyl-phosphocholine/dimyristoyl-
phosphoglycerol (DMPC/DMPG) = 9:1 mixture (x = 0.1).

In membranes composed of only charged lipids, their local redistribution is not
essential for polymer adsorption. They have no heterogeneous regions that may affect the
structure of the adsorption layer. These membranes (¢ ~ 1) can be modeled as a surface
with fixed charges. This assumption opens the possibility to consider a large number of
works devoted to the adsorption of polycations on mica and latex particles: e.g., original
studies in [122-125], and a review [126]. In the context of our review, the most interesting
data is related to incomplete coverage of the surface by polylysines of a high degree of
polymerization (N > 100) at a low ionic strength of solution (I ~ 10~2 M). In these series of
experiments, the maximum surface coverage with the polymer 0max varied from 0.5 to 0.6.
Thus, according to [122,123], the saturation in the {-potential measurements occurred at
Omax ~ 0.5. Our experiments show nearly the same values for adsorption of poly-L-lysine
on mica measured by AFM [84]: Omax ~ 0.6 for N =130 and N = 1000. These estimates fit into
the concept of the random sequence adsorption (RSA) model. According to this concept,
adsorbed molecules of large polyelectrolytes are considered as round disks irreversibly
bound to the surface without the possibility of overlapping [126]. In this case, the fraction
of the surface occupied by the polycation has an upper value, named the “jamming limit”,
equal to Ojam = 0.56. It means that even for a ~ 1, the maximal fraction of the surface fmax
occupied by large polycations should also be significantly less than 1. The assumption of
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the fixed shape (e.g., round) of adsorbed molecules can be attributed only to large polymers
with N ~ 100 and higher, while for molecules with a low degree of polymerization, this is
apparently not true. According to electrokinetic data, these molecules are not subjected to
jamming, and may almost completely occupy the accessible surface, thus, for pentalysine,
it produces Omax = 0.9 [84]. The recorded thickness of the adsorption layer also varies with
the value of N, from 1.5 nm for N > 100 to 0.8 nm for N = 5.

The formation of heterogeneous structures by polycation during adsorption is possible
only under certain conditions. In addition to the high degree of polymerization, the
appearance of the inhomogeneities is facilitated by the low ionic strength of the aqueous
environment (~10~2 M). If it is increased, the electrostatic interaction between the surface
and the adsorbed polycations is suppressed [118]. Numerical simulations carried out
in [87,115] support this conclusion: the fraction of polymer chain exposed to the solution
increased at high ionic strength. Moreover, when a certain concentration of background
electrolyte was exceeded, polyelectrolyte molecules did not adsorb at the charged surface.
The results of experiments on mica also demonstrated an increase in the thickness of the
adsorption layer with an increase in ionic strength, suggesting conformational changes of
polymer chains [127].

To investigate local inhomogeneities in the adsorption layer, we carried out a series
of electrokinetic measurements of liposomes of varied compositions at low ionic strength
(102 M) in the presence of synthetic polylysines of different lengths in the suspension [98,128].
To analyze the electrokinetic data, we developed a relatively compact analytical approach
based on the simple Gouy—Chapman equation. It was combined with two analytical rela-
tions: a Langmuir-like adsorption isotherm to evaluate the polymer area coverage, and the
Gouy—-Chapman equation to determine the relationship between the surface charge density
and -potential. Charged and neutral lipids are assumed to be uniformly distributed in the
membrane, in contrast to the polymer layer organized in clusters. The value of {-potential
was calculated as surface-weighted mean considering different potentials above clusters
and free membrane regions [129]. Surface charge density in cluster regions was calculated
as a sum of lipid and polymer charges. For the sake of simplicity, we neglected the influence
of the adsorbed polymer on the slipping plane position, and the charge distribution along
the normal to the surface of the polymer layer was not taken into account. Three groups of
polylysines were identified according to their degree of polymerization, N: short polymers,
N <10; medium-length polymers, 10 < N < 20; and long polymers, N > 20. These groups
are qualitatively reflected in almost-coinciding experimental curves of the dependence of
the {-potential on the amount of added polymer within each group. Quantitatively, these
groups are characterized by values of the binding constants K with their values differing
by almost an order of magnitude between groups: K > 0.5 x 10* M~ for short-length
polymers; K ~ 4 x 10* M~! for medium, and K > 40 x 10* M~! for long ones [98]. The mag-
nitude of these constants means that large polycations with high K value bind to the surface
almost irreversibly, while short polymers remain in dynamic equilibrium with the solution.

We took into account the inhomogeneity of the adsorption layer on the membrane
surface in the form of thickness & and occupied surface area fmax dependence on x. We also
carried out an MD simulation of experiments with pentalysine and polylysine of medium
length (20 units). It was shown that only the assumption of the existence of inhomogeneity
leads to results that agree with the MD data. Particularly, a raised number of polymer
fractions exposed to the solution found in the MD simulation can be interpreted as an
increased average thickness of the polymer layer. This result is in agreement with the data
of numerical simulations carried out by other groups [64,87]. A lower number of polymer
subunits N corresponds to its spreading on the surface and a uniform layer with a minimal
thickness hp, which agrees with predictions of scaling theory [37,60]. The variation of the
fraction Omax with the parameters & and N is also consistent with the previously reported
data [123,126]. In particular, Omax for large polymers at « = 1 equals 0.6, as suggested by
the theoretical RSA model.
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In Figure 5, we combine the literature data with those obtained by our group. In addi-
tion to our recent data of [98], we used results for small (Lyss) and large (Lysy30) polymers
ata =1and a = 0.2, and small (Lyss) polymers at & = 0.4 from [84,97], and for small (Lysg)
polymers at « = 0.1 from [64]. The adsorption becomes more nonuniform for long-polymer
molecules and at a small value of «. At any «, these molecules are unable to occupy the
entire membrane surface (max < 1) and cannot form a uniform layer without loops and
tails (h > hp). At the same time, small molecules of Lyss and Lysg (magenta curves) occupy
the area corresponding to the fraction of charged lipids in the mixture, spreading uniformly
on the membrane surface as a thin layer. Polymers of medium length (red curves) behave
intermediately: at small values of «, they form laterally inhomogeneous structures, since
Omax < 1, while at large «, they occupy almost the entire membrane. Parameters of our
model allow to calculate the ratio of the total charge of the polymer layer to the total
membrane charge at the saturation when the new portion of polymer molecules added to
the water solution cannot bind to the surface. For simplicity, we will refer to this parameter
as a capacity of the membrane to specific polymer, C,. This parameter is expressed as
Cp = Omax-h/ho [98]. It reflects the adsorption efficiency of each type of polymer, and its
ability to overcharge the surface. The values of C, at different a, presented in Figure 6,
were calculated for polymers of different sizes.
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Figure 5. The fraction of the surface occupied by polycations of different sizes at the surface saturation
state 6,4y (a) and the thickness of polymer layer & (b) are presented for the varied content of negatively
charged lipid component. Data for the polymer of different groups are highlighted in color: blue
for long polymers with N > 20, red for medium with 10 < N < 20, and magenta for short ones with
N < 10. The dotted line denotes the minimal thickness of the adsorption layer iy = 0.8 nm, according
to AFM data for pentalysine [84].

The capacity of the membrane to polymers presented here is in good agreement
with the data of [130] for adsorption of poly(N-methyl-2-vinylpyridinium methyl sulfate)
(PVPQ) polymers at a = 0.18. According to these data, for long polymers, C, ~ 2, and for
medium, Cp ~ 1. The found value of Cp is almost independent of « for long and medium
polymers, as can be seen from Figure 6. At the same time, the adsorption layer properties
substantially depend on «; the polymer layer is thick and inhomogeneous at low «, and
thin and homogeneous at high . As was expected, the adsorption efficiency grows with N.
The capacity for pentalysine differs a little from unity even for the membranes completely
filled with a charged lipid. This means that pentalysine molecules uniformly occupy almost
the entire accessible surface, while large polymers form thick domains on the surface. The
results obtained in [131] also indicate a decrease in membrane capacity C, with an increase
in ionic strength I for medium and large polymers. A similar effect of ionic strength on
the adsorption efficiency follows from experimental data [83] and numerical simulation
results [87].
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Figure 6. Calculated values of the membrane capacity C, to long (blue), medium (red), and short
(magenta) polymers at a different fraction of charged lipids in the membrane «.

7. Concluding Remarks and Perspectives

The parameter Cp, supplies important information about the efficiency of polymer
adsorption under various experimental conditions along with other characteristics of the
polymer-membrane system. These are the thickness of the polymer layer i and the value
of Omax, which qualitatively reflects the degree of its heterogeneity. Our current research
focuses mainly on the electrokinetic data where these parameters cannot be measured
directly. The typical adsorption isotherm corresponds to the amount of adsorbed substances
or the fraction of its surface coverage to their concentration in the bulk of solution [132].
It describes adsorption by characteristics averaged over a surface, while fine details of
polymer lateral distribution are of great importance, especially in the case of charged
macromolecules. In our works, we prefer to analyze isotherms in terms of average surface
coverage, since the fraction of the surface 0 max available for polymer adsorption determines
the probability of their binding to the surface. However, this approach is possible only if
the adsorption isotherm accounts for the coating thickness, which can significantly depend
on the conditions and kinetics of polymer adsorption.

Summarizing the above-presented information, we can formulate some conclusions
about polycation adsorption at the membrane surface. (i) There is a discrepancy between
the fraction of negatively charged lipids in their mix with the uncharged zwitterionic
components in the membrane surface, «, and the fraction of the membrane area occupied
by the adsorbed polycation (fmax). Namely, at small values of #, maximal area covered
by polycations Omax > &, and for large value of &, on the contrary, Omax < «. The effect is
more pronounced for polymers with a long chain: in particular, these macromolecules do
not completely cover a fully charged membrane. (ii) The thickness of adsorption layer &
increases with polymer length N. This rather obvious result is expressed in the number and
size of tails and loops regions of the polymer exposed to the solution. (iii) If the fraction
of charged lipid in the membrane « increases, then the thickness of the adsorption layer
decreases, and polymer molecules spread out over the surface with a minimal value of the
thickness hg, which corresponds to dimensions of subunits. Ultimately, both characteristics
of the polymer layer allow reaching definite conclusions about its two possible states:
homogeneous and inhomogeneous. The latter case is realized only at large N and at low
ionic strength, especially at a small value of «, when a charge introduced by the polymer is
much larger than charges located in the membrane. Thus, polymers, adsorbing on weakly
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charged lipid membranes, create clusters of negatively charged membrane component, and,
to some extent, cover some neutral lipids also. On highly charged membranes, the steric
repulsion between polymer molecules prevents them from covering the entire surface and
leading to lateral inhomogeneity of the polymer layer. In the case of short polymers, the
covering of the surface, Omax, is approximately equal to the fraction of charged lipids « in
the membrane, while the thickness & shows the tendency to decrease up to its minimal
value hy. The abovelisted conclusions are schematically illustrated in Figure 7.
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Figure 7. Schematic representation of the conformations of polycations with different degrees of

polymerization N in an adsorption layer of thickness  on the surface of membranes with mixed
composition «. hy reflects the minimum polymer thickness in the train conformation.

We mentioned numerous experimental and theoretical works that convincingly demon-
strate that electrostatic phenomena play the leading role in the interaction of polycations
with a charged surface. This fact is considered by almost all theoretical works that describe
the structure of the polymer layer and its relationship with the characteristics of charged
macromolecules—their primary structure, chain length, presence of side groups, etc. As a
rule, the theoretical approach to such systems implies the presence of negative charges
fixed on the surface and the existence of a bulk positive charge in the adsorption layer.
According to experimental data, the adsorption of polycation and multivalent ions funda-
mentally differ from each other. Under certain conditions, the adsorbed macromolecules
do not occupy the entire available surface and can form polymer-lipid clusters, with each
negative charge of the surface associated with several charges introduced by the polycation.
An adequate description of this fact was quantitatively described by several theoretical
approaches, including scaling theory, RSA, adsorption isotherms, and by direct solution
of Poisson-Boltzmann equations. Theoretical models allow us to obtain the distribution
of adsorbed substance over the surface in the lateral and normal directions, to predict the
conformation of adsorbed macromolecules, and to perform a quantitative data analysis of
electrokinetic measurements.

Solution of the Poisson—Boltzmann equations, as well as the derivation of the equa-
tions of the Gouy—-Chapman model, accounts for the boundary conditions in which the
surface charge density is fixed and assumed to be known, which is not always true for
real objects. Fortunately, the model lipid membranes, such as liposomes, planar BLM, and
lipid monolayers, allow us to control this important parameter with sufficient accuracy and
even to vary it by mixing charged and neutral components. In our studies, we used this
opportunity to assess important characteristics of the adsorption layer—its thickness and
the degree of surface coverage. For this, we built an adsorption isotherm of polycations
within the framework of a simplified model of the electric double layer [98,128,131]. As a
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first approximation, we assumed that charges of the polycation and lipid polar heads
are located at the same plane at the liposome surface. Therefore, the calculation of the
electric potential virtually ignores the adsorption layer dimensions, and the influence of
the adsorbed polymer on the position of the slipping plane is also neglected. Nevertheless,
the adsorption layer thickness defines the contribution of the polymer to the charge surface
density of the liposome. Besides that, our model does not take into account the depen-
dence of the polymer layer thickness on the membrane capacity. On the one hand, these
assumptions simplified the derivation of the adsorption isotherm and allowed us to obtain
a solution in the analytic form. On the other hand, they made analysis of the characteristics
of the polymer layer beyond the saturation state impossible.

The development of experimental techniques greatly contributes to the evolution of
theoretical models and the assessment of more realistic values of their parameters. In the
context of this review, the electrostatic characteristics of the polymer—-membrane system
are of primary interest. Electrokinetic methods applied to different types of colloidal
particles, such as liposomes, latex particles, and vesicles of biological origin, combined
with registration of boundary potentials at planar BLM and Volta potentials of Langmuir
lipid monolayers, allow us to obtain important information at the molecular level about
structural reorganization in the area of polar heads groups induced by polymers. One
example of this kind of data is shown above, in Figure 2. Assessment of the structural
features of the polymer layer is significantly facilitated by direct measurements of surface
structures on supported lipid bilayers by AFM methods as well as the analysis of the lateral
distribution of adsorbent, available from the data of ellipsometry. Unfortunately, to date,
such information is rarely accounted for in the majority of the physical models related to
polymers at the surface of lipid and cell membranes. Our theoretical approach [98,128,131]
contributes, to some extent, to the solution of this problem for electrokinetic data.

Despite the simplicity of the used theoretical approach, it provided a satisfactory
description of the available experimental data. Nevertheless, in some conditions of elec-
trokinetic measurements, i.e., at high ionic strength, this approach should be improved.
While analyzing the inhomogeneity of polymer layer at the surface, we must take into
account certain hydrodynamic effects of the system. For instance, the position of the slip-
ping plane determining {-potential was considered in numerous works, in particular, by
analytical models [133,134] and with a model of polymer chain by ball-like subunits [135].
Another important effect to be considered is distribution of polymer chain charges in the
bulk of the adsorption layer together with its counterions [91,136]. At the same time, a sig-
nificant role in the electrophoretic mobility of liposomes may be attributed to clusters of
charged lipids under the adsorbed polymer. All mentioned corrections seem to be essential
for relationships between the thickness of the adsorption layer and other characteristics of
the system determined by the ionic strength of the solution, the degree of polymerization
of the polycation, and the charge density on the membrane surface. Theoretical approaches
developed by the scaling theory in [35,60] may be fruitful in this direction. This may reduce
the number of independent parameters related to the inhomogeneity of the polymer layer
and facilitate the approximation of experimental data. Finally, the development of the theo-
retical model will move it closer to practical application for a wider range of natural and
synthetic macromolecules, biologically relevant polypeptides, and proteins with a complex
structure composed from subunits of different states of ionization and hydrophobicity in
their chains.
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