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Abstract. In this paper, we characterized the interactions between two-component liposomal membranes
and monovalent electrolyte ions. Liposomes were formed from neutral (phosphatidylcholine) and anionic
(phosphatidylglycerol) lipids mixed in various ratios. Microelectrophoresis was used to determine the de-
pendence of the membrane surface charge density on the pH of the electrolyte solution. Changes in the
membrane electric charge caused by the adsorption of Na™, C17, H", and OH™ ions were observed, and
the equilibria among these ions and the phosphatidylcholine-phosphatidylglycerol membrane surface were
quantified. We proposed a mathematical model for characterizing these equilibria. Using this model, to-
gether with experimental data of the membrane surface charge density, we determined association constants
characterizing the equilibria. Knowledge of these parameters was necessary to calculate the theoretical
curves of the model. We validated the model by curve-fitting the experimental data points to simulated

data generated by the model.

1 Introduction

Many researchers are interested in the adsorption of ions
in solution onto the lipid membranes [1-7], as this process
not only induces physicochemical and electrical changes in
the membrane (e.g., in its surface charge), but also plays
an important role in its overall functional behavior (e.g.,
membrane fusion and transport). Ton adsorption on the
lipid membrane surface has been explored through vari-
ous techniques, including nuclear magnetic resonance [8,
9], Langmuir method [10-12] microelectrophoresis [13-15]
and computational methods, such as molecular dynam-
ics simulations [16,17]. In particular, microelectrophoresis
can be used to determine membranes surface charge den-
sity values.

The membrane surface charge density is an important
parameter for characterizing equilibria in natural or ar-
tificial membranes. Measured membrane surface charge
density values strongly depend on several factors, includ-
ing the pH and ionic strength of the electrolyte, as well
as the lipid composition of the membrane [18]. The in-
corporation of compounds with a negative charge (e.g.,
phosphatidylglycerol [PG]) or a positive charge (e.g., de-
cylamine) within a membrane bilayer formed of neutral
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lipids (e.g., phosphatidylcholine [PC]) will alter the total
membrane surface charge. However, the membrane surface
charge is seldom studied or used in studies of membrane-
environment interactions. Moreover, there is a noticeable
lack of published studies regarding the equilibria between
charged groups of membrane compounds and surrounding
ions.

PC is the most widespread and dominant of the mem-
brane phospholipids [19]. It forms stable liposomal mem-
branes, and its properties are easily modified by the ad-
dition of other amphiphilic molecules. Whereas PG is
the major anionic lipid component of higher plant and
bacterial membranes [20], animal cells contain little PG
(e.g., only 2% of the membrane phospholipid volume in
animal blood cells is PG) [21]. PG molecules in bacte-
rial membranes play a similar role as cholesterol does in
animal membranes. Specifically, bacterial PG regulates
membrane permeability, lipid packing, and the ordering
of phospholipid acyl chains [22].

In this paper, we analyzed the effect of the mem-
brane lipid composition on its surface charge, using PC-
based membranes that were modified by PG. We stud-
ied the influence of electrolyte ion adsorption on the elec-
tric charge of the PC-PG liposome surface over the pH
range of 2 to 10.5, and we determined the membrane
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surface charge density by microelectrophoresis. We pre-
viously developed a mathematical model to simulate and
characterize interactions between solution ions (e.g., Na™,
Cl~, H*, OH™) and the membrane surface [23]. We de-
termined the association constants of the -PO(~) and
~N)(CHz)3 groups of PC with the HY, OH—, Na*t, and
Cl™ ions (Ka,u, KB,0H, Ka,Na, KB,c1). Here, we provide
a quantitative description of the equilibria between two-
component liposomal membranes and monovalent ions.
We used these values to calculate association constants
of the PO group of PG with HT and Na® ions
(Ka,u, Ka,Na), thereby providing an experimental veri-
fication for the proposed model.

Data presented in this work, obtained in result of
mathematical derivation and confirmed experimentally,
are of great importance for interpretation of phenomena
occurring in lipid membranes. A quantitative description
of equilibria between lipid membranes and solution ions
lets us understand the processes that take place on mem-
brane surface. The equilibria are particularly significant
from the standpoint of cell functioning. Ion-membrane in-
teractions modulate a range of physicochemical and elec-
trical properties of membranes and they are important
in the course of the multiple processes involving mem-
branes in the living cell (e.g.,transport mechanism). So-
lution of even the smallest problem of biological mem-
branes, enriches knowledge of their properties and func-
tioning, thereby moving us to a better understanding of
many processes in a human organism.

2 Experimental
2.1 Materials

L-a-Phosphatidylcholine (PC) from egg yolk and L-
a-Phosphatidyl-DL-glycerol (PG) were purchased from
Sigma-Aldrich. HPLC grade chloroform was purchased
also from Sigma-Aldrich. All solutions and cleaning proce-

dures were performed with water purified using a Milli-Qll
system (18.2, Millipore, USA).

2.2 Preparation of liposomes

Liposomes were prepared by a sonication method. Dry
lipids (neutral PC and negatively charged PG) were
weighed, dissolved in chloroform (10 mgml~1), and mixed
in various molar ratios of PC:PG (40:1, 20:1, 10:1). The
solvent was evaporated under a gentle stream of argon to
obtain dry lipid film. Then, the film was hydrated with
0.9% NaCl. Liposomes were formed by sonicating the sus-
pension using an ultrasound generator UD 20 (Techpan,
Poland). Sonication was applied five times for 90 seconds.
Since during the process heat is liberated, cooling the sus-
pension is necessary. It was carried out by using an ice
bath (container with a mixture of ice and dry sodium
chloride).
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2.3 Microelectrophoretic mobility measurements

The electrophoretic mobility of liposomes was measured
using Zetasizer Nano ZS (Malvern Instruments, UK) ap-
paratus. The measurements were carried out as a function
of pH. The liposomes were suspended in NaCl solution
and titrated to the desired pH using HCIl or NaOH. The
reported values represent the average of at least six mea-
surements performed at a given pH.

From electrophoretic mobility measurements the sur-
face charge density was determined using the equation [24]

_nu
=12, (1)

where 7 is the viscosity of solution, u the electrophoretic
mobility, d the diffuse layer thickness.
The diffuse layer thickness was determined from the

formula [25]
_ Jerg-R-T
A=\~ 7 (2)

where R is the gas constant, T is the temperature, F' is
the Faraday number and I is the ionic strength of 0.9%
NaCl, eegg the permeability of the electric medium.

3 Theory

The adsorption of monovalent ions on a membrane surface
has been mathematically characterized. A six-equilibrium
model has been used to describe the dependence of the sur-
face charge density of liposomal membranes formed from a
PC-PG mixture on the pH of the electrolyte solution. This
model assumes the existence of six equilibria. Four of these
equilibria are associated with negative groups (7PO(*)
of PC and -PO() of PG) and with Ht and Na* ions.
The other two equilibria are associated with positive PC
species, as well as OH™ and Cl~ ions. Previously, we devel-
oped a mathematical formulation of this six-equilibrium
model, which we used to simulate the functional behavior
of the phosphatidylserine membrane-monovalent ion sys-
tem [23] and to determine theoretical membrane surface
charge densities.

The H*, OH~, Na™, and Cl~ ions are adsorbed at the
PC:PG membrane surface, and the adsorption equilibria
can be presented in the following way:

A7 +H" = AH, (3)
A; +H' = AoH, (4)
B + OH™ = B;0H, (5)
A7 +Nat 2 AjNa, (6)
A5 4+ Nat = A,Na, (7)
Bf +CI™ =2 B, (], (8)
where A} is group -PO(7), Bf is group ~N()(CHj)s,

of phosphatidylcholine and A is group ~PO) of phos-
phatidylglycerol.
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The association constants are expressed in the follow-
ing manner:

aAlH
K= —-1, (9)
aA; ag+
A, H
Kan=—", (10)
aAQ— A+
aB,O0H
Kp,on = ——, (11)
aBIr apoH-
aAlNa
KAlNa = ) (12)
G,Al— ANa+
AA,;Na
KaNa = ———, (13)
G’AQ_ ANa+
ag, il
Kp,c1 = —, (14)
aB;r acy—

where KVAIH7 KA2H7 [(AINQL7 KAQN&) KB10H7 KB101 are as-

sociation constants; a, -, aa,H, @A;Na, G~ , GA,H, QA,Na,
1 2

aBT, ap,0H, aB,c1 are surface concentrations of particu-

lar groups on the membrane surface [mol m=2], ag+, anat,
aoH-, acl- are the volumetric concentrations of the solu-
tion ions [molm™3].

Surface concentrations of PC and PG are given by Cpc
and Cpg:

ay- +aaH + aa,Na = Cpe, (15)
ag+ +ag,on + ap,c1 = Cpe, (16)
-+ aa,n + aa,Na = Cpa. (17)

The surface charge density of PC-PG membrane is given
by the equation

6=(aB1+—aA;—aA;)F. (18)

Equations (9)—(18) are treated as a system of equations.
Elimination of the: Gp-» GAH, QA Nay x5 GAH; GANa,
ag+; GB,OH; OB, Cl parameters from the system of equa-
tions yields the following formula:

o Cpc
F 14 Kg,onaon- + Kg,c1ac1-
B Crc
1+ Ka,nam+ + Ka;NaONat+
Cpa

— . 19
1+ Ka,uom+ + Ka,NaONa+ (19)

In order to determine the association constants of particu-
lar ions with functional groups localized at the membrane
surface, a simplification of the above equation to a linear
form at high HY (ag+ — oo) and low HY (ag+ — 0)
concentrations is necessary. The mathematical operations
resulting in two linear equations is presented in detail in
our previous papers [23,26]. Applying the same procedure
to eq. (19) resulted in eq. (20) (correct for high hydrogen
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ion concentrations) and eq. (21) (correct for low hydrogen
ion concentrations):

(5(LH+ CPC a
= +
F 1+ K, ciaci- f
Cpc K K, C C
B [ pcKB, 0H i re | Crc } (20)
(1+ Kp,aac1-)?>  Ka,m  Kam
5 —
FaH+
B [ Cra L Cpc } 1
(1 + KA2NaCLNa+) (1 + KAlNaCLNa+) ag+
n [ Cpc CrcKa,u
Kp,onKy (14 Ka,NaONat)?
K
CpcKau (21)

(1 + KAlNaaNa+)2

The coefficients describing these linear functions can be
easily obtained using linear regression and subsequently
applied to calculate the parameters. Knowledge of the as-
sociation constants Ka,u, KB,on, KA,Na, KB,c1 is use-
ful in determining the association constants Ka,m, and
Ka,Na. Defining the value of these parameters permits
the calculation of the theoretical PC-PG membrane sur-
face charge from eq. (19) for comparison to experimental
data.

A degree of the coverage of the liposomal surface occu-
pied by PG with the Ht, NaT ions was determined from

the equation
ag
9:v = )
Cpa

(22)

where z = A5, AoH, AyNa.

The degree of the coverage of the PC membrane sur-
face with H*, OH~, Na*, Cl~ ions was determined pre-
viously [23].

4 Results and discussion

The surface charge density values of the PC-PG mem-
brane were determined by microelectrophoresis. Elec-
trophoretic mobility measurements were performed from
pH 2 to 10.5, using 0.9% NaCl as a supporting elec-
trolyte. The membrane surface charge densities were cal-
culated by eq. (1). The theoretical values of membrane
surface charge density were determined by using the six-
equilibrium mathematical model described in the Theory
section.

Experimental membrane surface charge densities of
pure PC and PC-PG liposomal membranes were plotted
as a function of HT ion concentration in the solution and
the molar composition of lipids in the membrane (fig. 1).
The isoelectric point of the membrane showed a shift to-
wards lower pH values with increasing PG content in the
membrane, from pH ~ 4 for the PC membrane, to pH
~ 2.5 for a 10:1 PC: PG membrane. The presence of an
anionic lipid (PG) in the PC membrane increased the pro-
portion of negative membrane surface charge density val-
ues between pH 4 and 10.5. For pH values below 4, the
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Fig. 1. Experimental membrane surface charge densities for pure PC and PC:PG liposomal membranes as a function of the

pH of the electrolyte solution.
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Fig. 2. Membrane surface charge density of the PC:PG liposomal membrane (at a molar ratio of 20:1) as a function of the pH
of the electrolyte solution. Points denote experimental values. Continuous line links the theoretical values.

membrane electric charge decreased and showed a change
in sign from positive to negative.

We previously determined the association constants
between PC surface groups and solution ions, as follows
(in m®*mol™1): Ka,g = 7.172 x 10, Ka,na = 0.230,
KBloH = 3.351 x 109, and KB101 = 0.076 [23} Here,
we used the experimental membrane surface charge den-
sities with these constants to define the association con-
stants of the phosphate group of PG with the HT and
Na™ ions. The resulting values were Ka,g = 0.389 and
Ka,na = 1.238 x 1072 m3 mol !, respectively. For these
calculations, it was necessary to know the surface concen-

trations of PC and PG. The surface concentration of PC
was determined previously [23], by assuming that the sur-
face area occupied by a single PC molecule was 70 A2 per
molecule [27]. The surface concentration of PG was deter-
mined by assuming the same surface area occupied by a
single PG molecule [27]. Theoretical values of membrane
surface charge density were determined by using eq. (19).

Figure 2 shows the membrane surface charge densities
of the PC: PG liposomal membrane at a molar ratio of 20:1
plotted as a function of pH. Points denote experimental
values, and continuous lines represent the theoretical val-
ues obtained from eq. (19). Although their experimental
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Fig. 3. Degree of coverage of the PG membrane () with the H" and Na™ ions, as a function of pH of 0.9% NaCl solution.

and theoretical data were not included in fig. 2 (due to
lack of legibility), good fits were obtained between the
experimental and theoretical data points for PC: PG li-
posomal membranes at molar ratios of 40:1 and 10:1, as
in fig. 2. Agreement between the experimental and theo-
retical points across the whole pH range proves that our
six-equilibrium model proposed to description of the stud-
ied PC-PG system is correct.

Figure 3 demonstrates the degree of coverage of the
PG membrane surface by solution ions as a function of
pH. Coverage of the PC membrane surface was presented
previously [23]. The interaction of Na™ ions with the PG
membrane surface had a significant influence on the mem-
brane electric charge. In a strongly acidic solution, the
PO groups of PG were covered by HT ions. When the
number of HT ions began to decrease (at pH > 2), Na™
ions began to associate with the PG surface. Coverage
of the -PO(~) groups by Nat ions remained unchanged
(~ 0.12) for pH values above 4. Thus, the PG surface was
covered to a slight degree, and many free -PO(~) groups
remained. The number of free ~-N(HH; groups also re-
mained unchanged for pH values above 4, with a degree
of coverage of approximately 0.88. In comparison, the PC
surface coverage by free -PO(~) groups was approximately
0.02 [23]. The surface distribution is reflected in the as-
sociation constants of the PC and PG phosphate groups
with Nat ions (0.230 and 1.238 x 1072 m3 mol~?, respec-
tively). This finding implies a higher acidity of the PG
phosphate groups compared to the PC phosphate groups.

5 Conclusions

In this paper, we have presented the influence of the pH
and the membrane lipid composition on the membrane
surface charge. Membrane surface charge density values

of PC:PG liposomal membranes were obtained by micro-
electrophoresis. The interaction between two-component
lipid membranes and solution ions has been well char-
acterized. We developed a six-equilibrium mathematical
model of interactions between monovalent ions and the
PC-PG liposomal surface, and verified the model exper-
imentally. We determined association constants between
the PG membrane phosphate groups and H* and Na™
ions. By setting the values of these parameters, we were
able to calculate model curves, which we compared to the
experimental data to verify our model. To our knowledge,
the values of the association constants between Na™ and
HT ions and the phosphate group of PG have heretofore
not been obtained.
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