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Abstract. Divalent ions, in particular calcium ions, constitute important macroelements in living organisms. They are also found in cell membranes, i.e., ensuring their stabilization or participating in synaptic
transmission of nerve impulses. The aim of this work is to describe the interactions of divalent ions, such as
Ca2+ , Ba2+ , and Sr2+ , in electrolytes with the functional groups on the surface of liposomes formed from
phosphatidylcholine (PC). Microelectrophoresis is used to determine the surface charge density as a function of pH. The interactions between ions found in solution and the functional groups of PC are described
with the use of a seven-equilibrium mathematical model. Using this model along with experimental data
on the charge density of the membrane surface, the association constants characterizing this equilibrium
are determined. These parameters are used to calculate the theoretical model curves. The validity of the
proposed model is conﬁrmed by comparing the theoretically calculated changes in charge density on the
liposome surface with the experimental results.

Introduction
Every cell of a living organism is enclosed by an integral cell membrane that protects the cell interior from the
external environment. The cell membrane regulates the
passage of materials into and out of the cell and, more
importantly, communicates with other cells via surface
receptors. The lipid bilayer constitutes an essential structural element of a biological membrane with numerous
compounds characterized by speciﬁc functions [1].
The main phospholipid that forms eukaryotic membranes is phosphatidylcholine (PC), which accounts for
about 40–60% of the total phospholipid content [2]. The
electric charge of the cell membrane is a basic property
that ensures membrane stability and function. In aqueous
solutions of inorganic ions, ion adsorption to the membrane signiﬁcantly aﬀects the structural and functional
properties of the cell. The exposure of lipid membranes to
ions in solution aﬀects the electric properties of the membrane due to interactions between the charged groups of
the lipid molecules and the surrounding ions. In addition,
equilibria at the membrane surface can be changed by adsorption processes, leading to variations in the membrane
surface charge density [3–8].
The structure of natural membranes is complex; however, the functions of the membrane can be easily explained by using a membrane model. Liposomes are simpliﬁed structures that can be used to model the properties
a
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and functions of natural membranes. The omnipresence
of monovalent and bivalent ions in biological systems requires the implementation of analysis describing the impact that these ions exert on the functioning of individual ions in a living organism. Interactions between ions
and membranes characterize many of the physicochemical
properties of cell membranes [9,10].
Previous studies have described the adsorption of
monovalent ions to the surface of the PC layer [6–8,11].
The aim of this work is to describe the interactions of divalent ions, such as Ca2+ , Ba2+ , and Sr2+ , in electrolytes
with the functional groups on the surface of liposomes
formed from PC. To this end, the eﬀects of monovalent
negative ions should be taken into account, which also
form complexes with functional groups and aﬀect the electric charge on the membrane surface.
Calcium and magnesium are among the many elements
in living organisms. These are important macronutrients
in cell physiology. In particular, the ﬂow of Ca2+ ions into
and out of the cytoplasm constitutes a signal for many cellular processes [10,12]. In addition, the regulated exocytosis of neurotransmitters and neuropeptides is triggered
by the depolarization evoked by calcium entry [12]. Although this process is reasonably speciﬁc for calcium, several divalent cations with similar physicochemical properties, such as Ba2+ and Sr2+ , evoke a transmitter release as
well [13]. For example, barium interacts with potassium,
causing an increase in the active transport of potassium
into the cell and blocking the passive diﬀusion from cells,
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leading to hypokalemia. This scenario results in a disturbance of the depolarized synaptic membranes and leads
to cardiovascular disorders and platelet depolarization in
the myocardium, among other conditions [14–18].
The results of this study will be used to explain the
diverse phenomena that occur at the lipid membrane in
living cells (e.g., transport mechanisms). Interactions between ions and the membrane change a wide spectrum
of physicochemical and electrical properties of the membranes. The obtained results will quantitatively describe
the physicochemical properties of biological membranes.
Solving even the smallest problems aﬀecting biological
membranes will enrich our knowledge on their properties
and functioning.

Microelectrophoretic mobility measurements
The electrophoretic mobility of the phospholipid vesicles
in the suspension was determined using laser Doppler velocimetry and a Zetasizer Nano ZS (Malvern Instruments,
UK). The measurements were conducted as a function
of pH. Each result constitutes the mean of six measurements at a particular pH value. The liposomes were suspended in MeCl2 (CaCl2 , SrCl2 , or BaCl2 ) solution and
titrated to the desired pH with the use of HCl or Me(OH)2
(Ca(OH)2 , Sr(OH)2 , or Ba(OH)2 ). Afterwards, the solutions were placed in the measuring vessel one by one, and
then the electrophoretic mobility was determined. All experiments were conducted at least three times at 25 ◦ C.

Theory

Experimental
Materials
L-α PC from egg yolk (99%) was purchased from SigmaAldrich. Chloroform was of chromatographic standard
grade (Sigma-Aldrich). Inorganic compounds (calcium
chloride, strontium chloride, and barium chloride) were
of analytical grade and purchased from POCH (Gliwice,
Poland). The electrolyte solutions (1 mM CaCl2 , 1 mM
SrCl2 , and 1 mM BaCl2 ) were prepared from water puriﬁed using a Milli-Q system (18.2, Millipore, USA).

The surface charge density, which is calculated from the
determined electrophoretic mobility, is the parameter that
characterizes the liposomal surface. Considering the movement of large particles in an electric ﬁeld, compared to the
thickness of a fuzzy layer, it is possible to think of a particle with its double layer as a parallel capacitor whose
plates are spaced apart by the thickness of the double
layer. The boards have a charge δ per unit area. After
reaching the steady state, in which the particle moves at
a constant velocity through the liquid, the frictional and
electric forces are equal. Based on the deﬁnitions of viscosity, velocity, and mobility, we obtain [19]:
δ=

Preparation of the phospholipid vesicles
Liposome dispersions were prepared by sonication of neutral PC, which is used to obtain the small unilamellar liposome vesicle. Dry PC were weighed, dissolved in chloroform (10 mg/ml). The solvent was evaporated under a gentle stream of argon to obtain dry lipid ﬁlm. Then, the ﬁlm
was hydrated with 1 mM MeCl2 (CaCl2 , SrCl2 , BaCl2 ). Liposomes were formed by sonicating the suspension using
an ultrasound generator UD 20 (Techpan, Poland). Sonication was applied ﬁve times for 1.5 min each time. Since
during the process heat is liberated, cooling the suspension
is necessary. It was carried out by using an ice bath (container with a mixture of ice and dry sodium chloride) [7].
The size of the PC liposomes was measured using a Zetasizer Nano ZS device (Malvern Instruments, UK). This
apparatus uses a process called Dynamic Light Scattering
(DLS) (table 1).

Table 1. Diameter of liposomes formed in solutions containing
Ca2+ , Sr2+ or Ba2+ ions.
dCa2+ (nm)

dSr2+ (nm)

dBa2+ (nm)

pH = 3

56.7 ± 5.9

53.8 ± 5.4

52.6 ± 5.2

pH = 7

62.4 ± 6.0

58.8 ± 5.0

55.5 ± 4.9

pH = 11

65.4 ± 5.1

60.7 ± 6.1

56.0 ± 4.1

η·u
,
d

(1)

where u is the electrophoretic mobility, η the viscosity of
the solution, d the diﬀuse layer thickness.
The diﬀuse
 layer thickness was determined from the
0 ·R·T
formula d = ε·ε
2·F 2 ·I , where R is the gas constant, T the
temperature, F the Faraday number, I the ionic strength
of 1 mM MeCl2 (CaCl2 , SrCl2 or BaCl2 ).
Based on the determined mobility of the PC liposomal
membrane, the surface charge density (δ) can be calculated by eq. (1). On the water solution side, the groups
–PO(−) and –N(+) (CH3 )3 are present on the liposome surface formed from PC.
The surface charge density of the lipid membrane results from equilibria existing between the groups localized
at the membrane surface and solution ions. Assuming that
the Me2+ (Ca2+ , Sr2+ , or Ba2+ ), H+ , OH− , and Cl− ions
are adsorbed at the PC surface, the adsorption equilibria
can be presented as follows:
B+ + OH−  BOH,
−

(2)

B + Cl  BCl,
A− + H+  AH,

(3)
(4)

A− + Me2+  AMe+ ,
A− + AMe+  A2 Me,
AMe+ + OH−  AMeOH,

(5)
(6)
(7)

AMe+ + Cl−  AMeCl,

(8)

+
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where A− is the group –PO(−) , B+ is the group
–N(+) (CH3 )3 .
The association constants are expressed in the following manner:
K1 =
K2 =
K3 =
K4 =
K5 =
K6 =
K7 =

aBOH
,
aB+ · aOH−
aBCl
,
aB+ · aCl−
aAH
,
aA− · aH+
aAMe+
,
aA− · aMe2+
aA2 Me
,
aA− · aMe2+
aAMeOH
,
aAMe+ · aOH−
aAMeCl
,
aAMe+ · aCl−

(9)
(10)
(11)
(12)
(13)
(14)
(15)

where K1 , K2 , K3 , K4 , K5 , K6 , K7 are the
association constants (mol/m2 ) of the groups
–N(+) (CH3 )3 OH(−) , –N(+) (CH3 )3 Cl(−) , –PO(−) H(+) ,
–PO(−) Me(2+) , (–PO(−) )2 Me(2+) , –PO(−) Me(2+) OH(−) ,
–PO(−) Me(2+) Cl(−) , respectively.
aA− , aAH , aAMe+ , aA2 Me , aAMeOH , aAMeCl , aB+ , aBOH ,
aAMeCl are the surface concentrations of the membrane
components, aH+ , aMe2+ , aOH− , aCl− are the volume concentrations of solution ions.
The concentration balances are expressed as follows:
(16)
aB+ + aBOH + aBCl = S,
−
+
aA + aAH + aAMe + 2aA2 Me + aAMeOH + aAMeCl = S.
(17)
The surface charge density of the phosphatidylcholine
membrane is described by the equation
δ = (aB+ − aA− + aAMe+ ) · F,

(18)

where S is the total surface concentration of PC, δ ( mC2 ) is
C
the surface charge density, F = 96487 ( mol
) is the Faraday
constant.
By eliminating from eqs. (16)–(18) concentrations
aAH , aAMe+ , aA2 Me , aAMeOH , aAMeCl , aBOH , aAMeCl using eqs. (9)–(15) the following equations are obtained:
(19)
aB+ (1 + K1 · aOH− + K2 · aCl− ) = S,
2
2K4 K5 · aMe2+ · aA− + aA− (1 + K3 · aH+ + K4 · aMe2+
+K4 K6 · aMe2+ · aOH− + K4 K7 · aMe2+ · aCl− ) = S, (20)
δ
= aB+ − aA− (1 − K4 · aMe2+ ).
(21)
F
By eliminating from eq. (20) aA− , using eq. (21), the
following equation is obtained in the form of a polynomial that can be used to calculate association constants
(K4 , K5 , K6 , K7 ):
y = m1 x1 +m2 x2 +m3 x3 +m4 x4 +m5 x5 +m6 x6 +b, (22)

where
y=


K4 · aH+ −

aB+

2S
− δ · F −1

1
,
K
 4
x1 = 1 + K3 · aH+ −



· a−1
,
OH−

m1 =

S
− δ · F −1


·

1
,
aMe2+ · aOH−

aB+
m2 = K5 ,
2(aB+ − δ · F −1 )
,
x2 =
aOH−
m3 = K4 ,


S
x3 = 1 +
· aMe2+ · a−1
,
OH−
aB+ − δ · F −1
m4 = K4 · K6 ,
x4 = aMe2+ ,
m5 = K7 ,
,
x5 = aCl− · a−1
OH−
m6 = K4 · K7 ,
,
x6 = aMe2+ · aCl− · a−1
OH−
b = K6 .

The solution may have the following reactions between the
ligand OH− and the Me2+ (Ca2+ , Sr2+ , or Ba2+ ) ion:
Me2+ + OH−  MeOH+ ,
MeOH+ + OH−  Me(OH)2 .

(23)
(24)

At such low concentrations of Me2+ ion (1 mM), the reactions described in eq. (24) can be omitted. Me(OH)2
does not precipitate, because [Me2+ ] · [OH− ]2 < Kso
(Kso Ca(OH)2 = 10−5.12 , Kso Sr(OH)2 ·8H2 O = 10−3 ,
Kso Ba(OH)2 ·8H2 O = 10−2.7 ).
The association constants were calculated using the
value aMe2+ , taking into account only the complexation
reaction between the ligand OH− and the Me2+ (Ca2+ ,
Sr2+ , or Ba2+ ) ion (eq. (23)) [20].
The stability constant (KMeOH+ ) is expressed in the
following manner:
KMeOH+ =

aMeOH+
.
aMe2+ · aOH−

(25)

The association constants of the surface groups of PC
m3
,
with OH− , Cl− , and H+ , ions (K1 = 3.351 · 109 mol
3
3
m
m
K2 = 0.076 mol , and K3 = 717.2 mol , respectively) were
determined previously [6]. Similar calculations for a similar model are also described in detail in [7]. The association constants K1 , K2 , and K3 were used to determine
the association constants K4 , K5 , K6 , and K7 .
Equation (22) contains more parameters than necessary for constants to be determined. Thus, the association constants can independently determine more than one
parameter. Constants determined independently of these
parameters give the same or very similar values. The parameters may be used to calculate theoretical points using eq. (21). The surface concentrations of B+ and A− are
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evaluated from eqs. (19) and (20), respectively. The concentration of A− is determined from the quadratic equation (eq. (20)), assuming positive values of the solution
and rejecting negative ones which do not have physical
meaning. The theoretical curves determined in this way
are marked on the ﬁgures with solid lines.
The degree of coverage of the liposomal surface occupied by PC with the H+ , Me2+ , OH− , and Cl− ions was
determined from the following equation:
ax
Θx =
,
CPC
−

+

Fig. 2. Membrane surface charge density of the PC liposomal
membrane as a function of pH of the 1 mM SrCl2 solution (the
experimental values are marked by points and the theoretical
ones by the line).
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Fig. 1. Membrane surface charge density of the PC liposomal
membrane as a function of pH of the 1 mM CaCl2 solution (the
experimental values are marked by points and the theoretical
ones by the line).
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where x = A , AH, AMe , A2 Me, AMeOH, AMeCl, B ,
BOH, BCl.

Fig. 3. Membrane surface charge density of the PC liposomal
membrane as a function of pH of the 1 mM BaCl2 solution (the
experimental values are marked by points and the theoretical
ones by the line).

Results and discussion
The electrophoretic mobility of PC liposome membranes
was measured experimentally at diﬀerent pH values of the
electrolyte solution (1 mM CaCl2 , 1 mM SrCl2 , or 1 mM
BaCl2 ), and the surface charge density was calculated via
eq. (1). The theoretical values of the membrane surface
charge density were calculated via the seven-equilibrium
mathematical model described in the “Theory” section.
The pH dependence of the surface charge density of the
PC liposomal membrane in the MeCl2 solution (CaCl2 ,
SrCl2 , or BaCl2 ) is plotted in ﬁgs. 1–3, with the experimental values marked by points and the theoretical values
(obtained from eq. (21)) marked by solid lines. The theoretical curves are also shown. Good agreement is achieved
between the theoretical and experimental surface charge
density values. This conﬁrms the proposed model of the
phenomenon.
The association constants of the surface groups of PC
with H+ , OH− , and Cl− (K1 , K2 , and K3 , respectively)
were determined previously [6]. The association constants
of the surface groups –PO(−) Me(2+) , (–PO(−) )2 Me(2+) ,
–PO(−) Me(2+) OH(−) , and –PO(−) Ca(2+) Cl(−) (K4 , K5 ,
K6 , and K7 , respectively) were determined by using
eqs. (19), (20), and (22) and are shown in table 2. The

largest decrease of negative charge occurred under the inﬂuence of Ca2+ , and the smallest decrease occurred under the inﬂuence of Ba2+ (ﬁgs. 1–3). The –PO(−) groups
of PC molecules were stronger when covered by Ca2+
and CaOH+ ions compared to when they were covered
by Sr2+ , SrOH+ , Ba2+ , or BaOH+ ions, as evidenced
by the fact that the association constants K4 and K6
for Ca2+ had the highest values (1.24 and 789.6 m3 /mol,
respectively). The OH− -containing ion groups were adsorbed on the membrane surface more strongly than the
free metal cations because the association constants of
–PO(−) Me(2+) OH(−) had higher values than the association constants of –PO(−) Me(2+) (table 2).
Figure 4 presents the degree of coverage of the PC
membrane surface with ions as a function of the pH in
1 mM CaCl2 . We evaluated whether the coverage with
Ca2+ and Cl− ions was large enough, in addition to coverage by H+ and OH− ions, to aﬀect the PC membrane surface charge. Adsorption of Ca2+ ions started at pH > 4.5,
when the amount of H+ ions was low; however, it started
to decrease at pH > 9, when the amount of OH− ions
was high. In a strongly basic solution, the degree of coverage of the membrane with Ca2+ ions was almost zero.
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1,1

Table 2. The association constants and Gibbs free energy
change of the phospholipid functional group with the Me2+ ,
OH− , Cl− ions (T = 25 ◦ C).
Sr2+

Ba2+

m
K4 ( mol
)
0
kJ
ΔG4 ( mol )
m3
K5 (10−2 mol
)
kJ
ΔG05 ( mol
)
m3
K6 ( mol
)
0
kJ
ΔG6 ( mol )
m3
K7 (10−4 mol
)
0
kJ
ΔG7 ( mol )

1.24

1.16

1.08

−17.64

−17.47

−17.30

4.64

3.69

1.95

−9.50

−8.94

−7.36

789.6

73.8

66.4

−33.63

−27.76

−27.50

1.24

0.39

0.31

5.17

8.03

8.60

0,7
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3

0,9
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Fig. 5. The degree of coverage of the phosphatidylcholine
membrane surface, θ, with the H+ , Sr2+ , SrOH+ ions, calculated from eq. (26), as a function of pH of the 1 mM SrCl2
solution.
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Fig. 4. The degree of coverage of the phosphatidylcholine
membrane surface, θ, with the H+ , Ca2+ , CaOH+ ions, calculated from eq. (26), as a function of pH of the 1 mM CaCl2
solution.

Coverage of the membrane surface by Ca2+ ions remained
unchanged at around 0.5 in the pH range of 7–9.
Above pH 7, ACaOH groups began to appear on the
membrane surface. In a strongly basic solution, the degree
of coverage of the membrane with ACaOH was approximately 1 (i.e., the surface was almost completely covered
with these groups). Adsorption of Cl− ions began when
the amount of OH− ions started to decrease (pH < 2.5),
which was presented in our previous work [6]. In a strongly
acidic solution, the degree of coverage of the membrane
with Cl− ions reached 0.02 (i.e., the membrane was very
poorly covered with Cl− ions).
Figure 5 shows that the adsorption of Sr2+ began at
pH > 4, reaching a maximum constant value of 0.46 in
the pH range of 7–8.5. In a strongly basic solution (pH >
11), the degree of coverage of the membrane with Ca2+
ions decreased to almost zero. Above pH 7, ASrOH groups
began to appear on the membrane surface. In a strongly
basic solution, the degree of coverage of the membrane
with ASrOH was almost 0.9.
The degree of coverage of the PC membrane surface
with ions as a function of the pH in 1 mM BaCl2 is presented in ﬁg. 6. Adsorption of Ba2+ began when the

-0,1

0

2

4

6

8

10

12

pH
A-

AH

ABa+

ABaOH

Fig. 6. The degree of coverage of the phosphatidylcholine
membrane surface, θ, with the H+ , Ba2+ , BaOH+ ions, calculated for from eq. (26), as a function of pH of the 1 mM
BaCl2 solution.

amount of H+ ions became low (pH > 4.5), reaching a
maximum constant value of 0.42 at pH 6.5–8. Similar results were obtained with Ca2+ and Sr2+ ions. The degree
of coverage of the membrane with Ba2+ ions decreased to
almost zero in a strongly basic solution. Above pH 7.5,
ABaOH groups began to appear on the membrane surface. In a strongly basic solution, the degree of coverage
of the membrane with ABaOH was almost 0.5.
The system of adsorbed ions is quite complicated.
The individual adsorbent systems are competitive with
each other. The degree of coverage of the membrane with
A2 Me or AMeCl was very low (∼ 0); therefore, it is not
presented in ﬁgs. 4–6. The association constants of the
(–PO(−) )2 Me(2+) surface groups were about 102 times
smaller than those of –PO(−) Me(2+) . Thus, the membrane surface was more complex with –PO(−) Me(2+) than
with (–PO(−) )2 Me(2+) . The A2 Me complex hardly occurs on the surface of the membrane, because it is easier
to attach the OH− ion from the solution to the AMe+
group. This may be due to the high value of the association constant associated with the geometric conditioning.
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The association constant values of the surface groups
of –PO(−) Me(2+) Cl(−) were lower than those of the
–PO(−) Me(2+) OH(−) and –PO(−) Me(2+) groups.
The divalent cation aﬃnities for the PC liposome membranes went in the order of Ca2+ > Sr2+ > Ba2+ , consistently with data in the literature [21]. The majority of research concerns the interaction between liposomal components (i.e., zwitterionic and negatively charged lipids) or
between the ions present in the environment and liposomal
components [3,22–28]. In contrast, only a few reports describe the adsorption of ions in terms of pH [3,4,8,29,30].
The association constants found in the literature were
obtained for solutions characterized by a much richer composition in which other complexes of these ions were also
present; therefore, a comparison of these values with ours
would not be adequate [25,26].

Conclusion
This paper describes the inﬂuence of divalent ions on the
surface charge density of the PC liposomal membrane as
a function of pH through mathematical equations, with
experimental conﬁrmation. The following conclusions can
be made:
1) The association constant of the –PO(−) Ca(2+) group
with the PC membrane has the highest value, whereas
the association constant of the –PO(−) Ba(2+) group
has the lowest value. Therefore, the membrane surface
adsorbs the largest amount of Ca2+ ions and the least
amount of Ba2+ ions.
2) The OH− -containing ion groups are adsorbed on
the membrane surface more strongly than the free
metal cations because the association constants of –
PO(−) Me(2+) OH(−) have higher values than the association constants of –PO(−) Me(2+) .
3) Association constants of the (–PO(−) )2 Me(2+) surface groups with the PC membrane are about 102
times smaller than association constants of the –
PO(−) Me(2+) groups. Thus, the membrane surface is
more complex with –PO(−) Me(2+) than with the (–
PO(−) )2 Me(2+) group.
4) Association constants of the –PO(−) Me(2+) Cl(−) surface groups with the PC membrane are considerably lower than association constants of the –
PO(−) Me(2+) OH(−) and –PO(−) Me(2+) groups.
5) The validity of the proposed models is demonstrated
by the good agreement of the experimental and theoretical charge variation curves of the PC liposomal
membranes.
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