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The influence of electrostatic conditions (salt concentration of the solution and vesicle surface charge density)
on the size distribution of self-assembled giant unilamellar vesicles (GUVs) is considered. The membranes
of GUVs are synthesized by a mixture of dioleoylphosphatidylglycerol and dioleoylphosphatidylcholine in a
physiological buffer using the natural swelling method. The experimental results are presented in the form of
a set of histograms. The log-normal distribution is used for statistical treatment of results. It is obtained that
the decrease of salt concentration and the increase of vesicle surface charge density of the membranes increase
the average size of the GUV population. To explain the experimental results, a theory using the Helmholtz free
energy of the system describing the GUV vesiculation is developed. The size distribution histograms and average
size of GUVs under various conditions are fitted with the proposed theory. It is shown that the variation of the
bending modulus due to changing of electrostatic parameters of the system is the main factor causing a change
in the average size of GUVs.
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I. INTRODUCTION

Lipid molecules dispersed in an aqueous solution form
spontaneously a large variety of different bilayer aggregates
[1]. If the lipid concentration in the solution is above a
threshold level, they self-assemble into aggregates of varying
sizes and shapes [2–4]. After some specific manipulations [5]
they form closed spherical constructions named unilamellar
vesicles (each vesicle has one lipid bilayer) with different
vesicle size distributions, depending on the specific conditions
of manipulation. The unilamellar vesicles usually are divided
into three groups depending on their sizes: small unilamellar
vesicles (SUVs) of size 25–50 nm, large unilamellar vesicles
(LUVs) of size 50 nm to 10 μm, and giant unilamellar vesicles
(GUVs) of size 10 μm or more. The unilamellar vesicles
have attracted particular attention of researchers due to their
scientific, industrial, and clinical significance. They are con-
sidered promising systems for a vast range of industrial and
medical applications. In particular, currently they are exten-
sively investigated by medical researchers as tools which can
deliver a drug to assured specific body organs [6–8]. On the
other hand, the presence of vesicles and vesiclelike structures
in a number of biological systems (e.g., those similar to the
lipid frame of a cell membrane) has attracted the interest of
numerous researchers and scientists studying the biological
life processes. This is the reason why, among other things,
lipid vesicles are used as model systems to investigate the
biophysical principles behind their action as biomembranes
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[9]. So, as one can see, a clearer understanding of vesiculation
processes is an industrially and scientifically relevant prob-
lem. In each specific case of vesicle preparation, a population
of vesicles with different sizes arises in a lipid solution. The
analysis of the vesicle size distribution in this population
provides important information about the vesicle formation
process and about lipid bilayer characteristics. There have
been a number of experimental and theoretical studies dealing
with this problem (see, e.g., [10,11] and references therein)
which elucidated the basic principles of the spontaneous lipid
vesiculation. In particular, it was shown that the membrane
stiffness and bilayer thickness are two important factors that
mediate vesicle size distributions. In particular, the essential
role of the higher-order terms in the membrane bending
energy for vesiculation of nanoscale vesicles has been demon-
strated [12]. Currently, it is more or less commonly accepted
that the equilibrium size distribution of a vesicle population
and the stability of each vesicle in the population are de-
termined by a competition between the total curvature free
energy of all vesicles and the various sources of entropy of
the system, such as vesicle translation and bilayer undulation.

The size distribution of nanometer vesicles such as SUVs
and LUVs was investigated by varying the salts, salt con-
centrations, and surface charge density [13,14]. It was shown
(using self-consistent-field calculations) that the size of vesi-
cles depends on the membrane bending modulus [13]. Among
the unilamellar vesicles of various sizes, GUVs have attracted
particular interest because, due to their size and shape, they
can be visualized using optical microscopes [15–21]. The
size of the GUV provides the opportunity to investigate the
phenomena occurring at the surface and also inside a single
separate vesicle. As a mimic of cells [22], such GUVs were
used to investigate quite a few biophysical characteristics
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and phenomena, particularly the elasticity of lipid mem-
branes [23,24], rupture of vesicles [25–28], molecular trans-
port through a pore [29], etc. It is worth noting that for the
preparation of GUVs, the natural swelling method (which we
use here in our research) is very popular because it makes it
possible to obtain oil-free GUVs of different sizes [15–20,25–
28]. We emphasize that the main aim of the present study
is devoted to the size distribution of GUVs obtained by this
method. Additionally, we consider the influence of electro-
static conditions (salt concentration of the solution and vesicle
surface charge density in the membranes) of the system on
the GUV size distribution, which is relevant for the following
reasons. It is well known that electrostatics plays an important
role in the functioning of real biological systems. For exam-
ple, electrostatic effects control the proteins binding to cell
membranes, structural changes of membranes, and stability
of membranes [30–33]. As we mentioned above, the lipid
vesicle is considered as a mimic of the biological membrane
of a real cell; hence it is interesting to consider the behavior
of such artificial vesicles in conditions corresponding to real
biological conditions. In addition, there is the engineering
question in industrial and medical industries, namely, how to
manage the vesicle size in the process of their production. We
suppose that just the electrostatic characteristics of the system
can be the proper tool for controlling the distribution to get the
specific vesicles size. Therefore, it is necessary to check this
assumption.

The structure of the paper is as follows. The biochemical
materials and the experimental methods used are described
in Sec. II. The electrostatic interaction effects are varied by
changing the salt concentration C in buffer solution and the
dioleoylphosphatidylglycerol molar fraction X in the mem-
branes of GUVs. The experimental results are presented in
Sec. III. To analyze the experimental results statistically, we
use the log-normal distribution [34]. In Sec. IV the physi-
cal theory is developed to explain the experimental results
obtained. The theory based on the Helmholtz free energy of
the system is the modification of the approach developed to
describe the formation of nanoscale vesicles [12]. In Sec. V A
comparison of our theory with the experimental results is pre-
sented. Based on these considerations, we conclude that the
electrostatic effects are important parameters in determining
the sizes of GUVs, and hence they really can be a factor in
the manipulation of the formation of GUVs to get the specific
size of vesicles.

II. MATERIALS AND METHODS

A. Chemicals and reagents

1,2-dioleoyl-sn-glycero-3-phosphotigycerol (sodium salt)
(DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL). Bovine serum albumin (BSA);
piperazine-1,4-bis (2-ethanesulfonic acid) (PIPES); and
O, O′-bis(2-aminoethyl)ethyleneglycol-N,N,N′,N′-tetraacetic
acid (EGTA) were purchased from Sigma-Aldrich (Germany).
All the chemicals and reagents were used without further
purification.

B. Synthesis and observations of lipid membranes of GUVs

DOPG and DOPC lipids were used to synthesize the GUVs
by the natural swelling method [15–17,28]. To investigate the
effects of salt concentration C, 40%DOPG/60%DOPC GUVs
(where % indicates mol %) were prepared in a buffer (10 mM
PIPES, pH 7.0, 1 mM EGTA) containing various concentra-
tions of NaCl with 0.10 M sucrose. The conductivity of this
buffer is very similar to that used in our recent experiment on
the electrical impedance technique for probing deep organs in
the human body [35]. For experiments on surface charge den-
sity effects, GUVs of a DOPG and DOPC mixture containing
various molar fractions of DOPG, X , were prepared in a buffer
containing 150 mM NaCl with 0.10 M sucrose. A mixture of
1 mM DOPG and DOPC (total volume 200 μl) was placed
in a glass vial and dried with a gentle flow of nitrogen gas to
produce a thin homogeneous lipid film. The remaining chloro-
form in the film was removed by placing the vial in a vacuum
desiccator overnight. Then 20 μl Milli-Q water was added to
the glass vial and then prehydrated for 8 min at 45 ◦C. After
prehydration, the sample was incubated with 1 ml of buffer
containing 0.10 M sucrose for 3.5 h at 37 ◦C to produce a
GUV suspension. At first, 280 μl of buffer containing 0.10 M
glucose (external solution) was transferred into a handmade
microchamber. Then 20 μl aliquot of the GUV suspension
(0.10 M sucrose in the buffer as the internal solution) was
mixed into the buffer of the microchamber. DOPC GUVs were
synthesized in Milli-Q water using the same procedure. To
visualize the GUVs in the suspension, a sugar asymmetry be-
tween the inside and the outside of the GUVs was created. The
GUVs settled down at the bottom of the microchamber due to
the density difference of the sugar solution. The difference in
refractive indices of the sugar solution enhanced the contrast
of GUVs during the observation. To remove the strong attrac-
tion between the glass surface and the GUVs, the microcham-
ber and the glass surface were coated with 0.10 wt./vol %
BSA dissolved in a buffer containing 0.10 M glucose. After
settling down the GUVs in the microchamber, we hold them
for 20–25 min to get the equilibrium state of the suspension
and then we started the measurements. This time is enough to
get the equilibrium distribution as observed before [15–20,25–
28,32,36]. The GUVs were observed using an inverted phase
contrast microscope (Olympus IX-73, Japan) with a 20×
objective at 25 ± 1 ◦C. The GUVs were recorded using a
charge-coupled-device camera (Olympus DP22, Japan).

III. RESULTS

A. Effects of salt concentration on the size distribution of GUVs

To investigate the effects of salt concentration C on the
size distribution and the average size of GUVs, vesicles
were analyzed for the case of X = 0.4 using various C. The
vesicles with X = 0.4 were prepared in a buffer without NaCl
(total salt concentration C = 12 mM and Debye length 1/κ =
2.8 nm) [25]. Figure 1 shows the experimental results for
C = 12 mM and C = 312 mM. Figure 1(a) shows a typical
experimental result of the phase contrast image of GUVs in
the suspension for C = 12 mM. After measuring the diame-
ters D of 329 GUVs (i.e., number of measured GUVs N =
329) from the several phase contrast images in the case of
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FIG. 1. Effects of salt concentration on the size distribution of
GUVs containing X = 0.4. (a) Phase contrast image and (b) size
distribution histogram at C = 12 mM. (c) Phase contrast image and
(d) size distribution histogram at C = 312 mM. The bar in the images
corresponds to 50 μm. Here N is the number of observed GUVs. The
dotted lines show the best-fitting curves corresponding to Eq. (1).
The parameters are (b) μ = 2.89 and σ = 0.46 and (d) μ = 2.26
and σ = 0.38. The values of R2 for the fitted curves are (b) 0.94 and
(d) 0.95. The solid lines show the theoretical curves corresponding
to Eq. (9). The fitting parameters are (b) Kben = 36.0 kBT , Dfreq =
9.5 μm, and L = 1240 and (d) Kben = 16.0 kBT , Dfreq = 6.8 μm, and
L = 1061. The values of R2 are (b) 0.66 and (d) 0.75.

C = 12 mM, a histogram of the distribution of GUVs was
obtained [Fig. 1(b)]. As can be seen from this figure, the
histogram is asymmetrical in shape, i.e., a large number of
GUVs with diameters greater than 15 μm and a small number
of GUVs with diameters 4–14 μm are observed. A similar
result was also obtained in a second independent experiment
(i.e., the total number of experiments was n = 2). The result
of experiments in the same buffer containing 300 mM NaCl
(C = 312 mM and 1/κ = 0.54 nm) is shown in Fig. 1(c). The
histogram of the GUV’s size based on the observation in this
case of N = 330 is shown in Fig. 1(d), where a small number
of GUVs with diameters greater than 15 μm and a large num-
ber of GUVs with diameters 4–14 μm are shown. A similar
result was also obtained in another independent experiment.
From a comparison of these histograms one can conclude that,
with an increase of C, the size distribution of GUVs shifted to
the left, i.e., in the range of small vesicles. In other words,
the histogram becomes more asymmetrical. We then analyzed
the GUV size distribution for X = 0.4 for six other concen-
trations in the range from C = 12 to 400 mM and the proper
histograms were obtained. To analyze the experimental results
one needs a mathematical description of the histograms ob-
tained. Here we use a well-known log-normal distribution [34]

f (D) = 1

D

1

σ
√

2π
exp

[
−{ln(D) − μ}2

2σ 2

]

= 1

D

1

σ
√

2π
exp

[
−{ln(D/ρ)}2

2σ 2

]
, (1)

FIG. 2. Average size of GUVs containing X = 0.4 at various C
obtained from histograms in accordance with Eq. (2). Average values
and standard errors of the size for each C were determined from two
independent experiments using 300–400 GUVs for each experiment.
The solid line shows the theoretical curve corresponding to Eq. (14)
with Eq. (15) using Dfreq0 = 12.0 μm, Kben0 = 17.0 kBT , and
γ = 2 mM3/2.

where f (D) indicates the frequency of GUVs with diameter
D (probability density function), the dimension median ρ

(or dimensionless μ = ln ρ) and σ 2 are the distribution
parameters, and μ is the mean of the distribution of ln D.
From Eq. (1) the average value of the distribution Dave is [34]

Dave =
∫ ∞

0
D f (D)dD = exp

([
μ + 1

2
σ 2

])

= ρ exp

(
σ 2

2

)
. (2)

The histograms of Figs. 1(b) and 1(d) were fitted with Eq. (1)
and the average diameter of the GUVs was obtained using
Eq. (2). Using Eq. (2), the average diameter of the GUVs,
Dave1, was calculated as 20.0 μm at C = 12 mM and as
10.3 μm at C = 312 mM.

Similar experiments were done for the second time and
the average diameters of GUVs, Dave2, were calculated; we
obtained 19.1 μm at C = 12 mM and 11.4 μm at 312 mM.
The average size (average diameter) of the GUVs, Dave =
(Dave1 + Dave2)/2, was calculated from two independent ex-
periments (i.e., n = 2) using N = 300−400 GUVs in each
experiment. The Dave of (19.6 ± 0.4) and (10.8 ± 0.6) μm (±
indicating the standard deviation) were obtained for X = 0.4
at C = 12 and 312 mM, respectively. The dependence of Dave

on C obtained in this manner in the whole range of NaCl
concentration from C = 12 to C = 412 mM for X = 0.4 is
shown in Fig. 2. It can be seen that as the salt concentration in
the buffer increases, the average size of the GUVs decreases.
The values of Dave at various C are presented in Table I.

As we mentioned above, our results demonstrate the asym-
metrical distribution of GUVs by size, which is well described
by the log-normal distribution. Note that the approach based
on this distribution was previously used for the description
of the distribution of a purified GUV suspension [36]. It was
also applied to fit the histogram of the persistence length of
the endoplasmic reticulum found from a combination of fixed
and live cells (human MRC5 lung cells) [37].
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TABLE I. Values of the average size of GUVs and the bending modulus of membranes under various conditions.

Effects of salt concentration for X = 0.40 Effects of surface charge for C = 162 mM

C (mM) Dave (μm) Kben (kBT ) X Dave (μm) Kben (kBT )

12 19.6 ± 0.4 35.9 ± 0.1 0.0 (in Milli-Q) 10.9 ± 0.1 17.0 ± 0.2
62 16.6 ± 0.2 31.3 ± 0.3 0.10 11.9 ± 0.9 18.5 ± 0.5
112 15.0 ± 1.0 27.8 ± 0.4 0.25 15.4 ± 1.4 21.1 ± 0.1
162 13.4 ± 0.6 24.4 ± 0.2 0.40 13.4 ± 0.6 24.4 ± 0.2
212 11.4 ± 0.7 20.5 ± 0.4 0.55 15.0 ± 0.8 26.7 ± 0.3
312 10.8 ± 0.6 16.3 ± 0.3 0.70 16.5 ± 0.3 28.5 ± 0.4
362 11.2 ± 0.3 13.3 ± 0.2 0.90 17.9 ± 0.1 30.1 ± 0.1
412 9.2 ± 0.3 11.1 ± 0.4

B. Effects of vesicle surface charge on the size
distribution of GUVs

The effects of the vesicle surface charge (determined by
X ) on the GUVs size distribution were investigated. We have
analyzed the system under varying X from X = 0.1 to 0.9 in
the buffer containing C = 162 mM (i.e., 1/κ = 0.76 nm [25]).
Figure 3 shows the experimental results for two specific values
of X , namely, X = 0.1 and 0.9. Figure 3(a) shows a typical
experimental result of the phase contrast image of the GUV
suspension for X = 0.1. The histogram of the distribution of
GUVs using N = 331 in the case of X = 0.1 is shown in
Fig. 3(b). It can be seen from the histogram that there is a

FIG. 3. Effects of DOPG molar fraction on size distribution of
DOPG and DOPC GUVs at C = 162 mM. (a) Phase contrast image
and (b) size distribution histogram of the GUV suspension for X =
0.1. (c) Phase contrast image and (d) size distribution histogram of
the GUV suspension for X = 0.9. The bar in the images corresponds
to 50 μm. Here N is the number of observed GUVs. The dotted lines
show the best-fitting curves corresponding to Eq. (1). The parameters
are (b) μ = 2.34 and σ = 0.34 and (d) μ = 2.81 and σ = 0.39. The
values of R2 are (b) 0.90 and (d) 0.97. The solid lines show the
theoretical curves corresponding to Eq. (9). The other parameters are
(b) Kben = 18.0 kBT , Dfreq = 7.0 μm, and L = 1209 and (d) Kben =
30.0 kBT , Dfreq = 11.0 μm, and L = 1094. The values of R2 are (b)
0.67 and (d) 0.84.

small number of GUVs with diameters greater than 14 μm and
a large number of GUVs with diameters 4–14 μm. A similar
result was also obtained in other independent experiments.
A typical phase contrast image of the GUVs in the same
buffer in the case of X = 0.9 is shown in Fig. 3(c) and
the corresponding histogram is shown in Fig. 3(d). In the
histogram, a large number of GUVs with diameters greater
than 12 μm and a small number of GUVs with diameters
4–10 μm are observed. A similar result was obtained from
other experiments. Therefore, with an increase of X the his-
togram of the distribution shifted to the right, i.e., in the region
of larger GUVs. The histograms of Figs. 3(b) and 3(d) were
fitted with Eq. (1) and the average values of the GUVs were
obtained [using Eq. (2)] as (11.7 ± 0.9) and (17.9 ± 0.1) μm
for X = 0.1 and 0.9, respectively.

The effects of X on the average size of DOPG and DOPC
GUVs in the whole range of X for C = 162 mM is shown in
Fig. 4. It can be seen that with an increase of X the average
size of the GUVs increases. The values of Dave at various X
are presented in Table I.

Thus, our results show that the size of a self-assembled
GUV is a function of the fraction of charged lipids in
the lipid bilayer and the ionic strength of the solution.

FIG. 4. Average size of DOPG and DOPC GUVs for various
X at C = 162 mM obtained from histograms in accordance with
Eq. (2). Average values and standard errors of the sizes for each X
were determined from two independent experiments using 300–350
GUVs for each experiment. The solid line shows the theoretical curve
corresponding to Eq. (14) with Eq. (15) using Dfreq0 = 10.5 μm,
Kben0 = 17.0 kBT , and γ = 2 mM3/2.

012404-4



ELECTROSTATIC INTERACTION EFFECTS ON THE … PHYSICAL REVIEW E 101, 012404 (2020)

Generalizing these results, one can conclude that with an
increase of electrostatic interaction (decrease of C or increase
of X ) the fraction of large GUVs in the solution increases. As
we discuss below, this is a result of the electrostatic effects
on the bilayer bending modulus. It is known that at low ionic
strength, the curvature energy of a charged lipid bilayer is
considerably lower than that of a bilayer carrying lower or
no electric charge [13,38,39].

IV. THEORY

A. Free energy of the GUV population

A few theories based on different physical principles have
been proposed to explain the process of spontaneous forma-
tion of lipid vesicles [12,38,40,41]. It should be noted that
these theories mainly considered small vesicles. Here we
follow the approach introduced for the formation of nanoscale
vesicles [12]. This theory describes the vesiculation of the
lipid molecules as interplay between the bending energy of all
vesicles and the entropy of the system. Furthermore, the state
of the system is determined by the Helmholtz free energy. We
modify this approach to describe the formation of micrometer-
size GUVs. The molecular dynamics simulation demonstrates
that the vesiculation of lipid vesicles starts from small ag-
gregations of lipid molecules, which transform into disklike
bilayer structures and then associate with one another and
fuse with individual molecules [42,43]. The x-ray-scattering
experiments also demonstrated similar phenomena [44]. It
was accepted that there is a set of quasistable states of the
system with some intermediate structures during the vesicle
formation process [45–47]. Hence, before reaching the final
equilibrium state (with the final GUV size distribution) the
system passes a set of different states with different aggregate
size distributions [12]. So our model is based on the following
scenario.

We assume that the system (population of lipid molecules)
passes a set of states with various size distributions of lipid
structures before reaching the final equilibrium state with the
final GUV size distribution. Furthermore, we do not con-
sider in detail the full process of GUV formation from lipid
molecules; rather we are interested in the last step from some
near-final distribution of aggregates (we refer to it as the initial
population) to the final GUV distribution. For simplicity,
we treat this initial population as a population of Ninit lipid
supramolecular structures. It can be bilayer fragments, SUVs,
LUVs, or some curved disklike aggregates [12]. We assume
for simplicity that all aggregates in this initial population
are exactly the same and we describe it by two parameters:
the total number of initial aggregates Ninit and the surface
area of one aggregate Sinit (which we call the initial vesicle).
This assumption means that we describe the real initial pop-
ulation (consisting of lipid structures of different sizes) by
the apparent population of some effective structures of equal
size. Moreover, the latter corresponds to average size of these
structures Dinit = √

Sinit/π . The initial vesicles transform into
different size GUVs due to some process by which the final
equilibrium distribution of GUVs by size is achieved. Each
GUV in this population is described by a number of initial
aggregates m, which compose it. Taking into account that the

total surface of m initial aggregates is mSinit , one determines
the diameter of m GUVs as Dm = √

mSinst/π . We also assume
that each GUV has a spherical (or quasispherical) shape and
consists of lipids with zero spontaneous curvature. Generally,
the state of such a system under consideration is determined
by the Helmholtz free energy G as [12]

G(nm, m)

kBT
=

Ninit∑
m=1

nm

[
4πKben

(
1 + l2

c

D2
m

)
− α

2
ln

(m

2

)]

−
[

Ninit ln(φNinit ) −
Ninit∑
m=1

nm ln(mnm )

]

≈
(

4πKben

Ninit∑
m=1

nm

)
−

[
Ninit ln(φNinit )

−
Ninit∑
m=1

nm ln(mnm )

]
, (3)

where m is the number of initial aggregates that compose m
GUVs, nm is the number of m GUVs in the system, Kben

is the bending modulus of the membrane in kBT unit, kB is
the Boltzmann constant, and T is the absolute temperature.
The parameter lc denotes the nonlinear component of Kben,
α is the vesicle membrane fluctuation effect on the bending
energy, and ϕ is the volume fraction of the initial vesicles
in solution. We simplify Eq. (3) by taking into account that
α ∼ 6 and lc ∼ 10 nm [12] (while Kben ∼ 20kBT [23]) and
that the characteristic size of GUVs is of the order of 10 μm
in our experiments. This is the simplified form of the equation
we will use below.

The first term in Eq. (3) describes the bending energy of all
vesicles (see [48]) in the GUV population and the second term
is the contribution of the configurational entropy. Our theory,
based on Eq. (3), determines the vesicle size distribution as
a result of the interplay between the bending energy of all
vesicles and the entropy of the system. It is worth emphasiz-
ing that the entropy plays the key role in the determination
of the GUV size distribution. A few words about the entropy
term of Eq. (3) are in order. The bigger the vesicle size,
the smaller the number of vesicles Nves (in the case of fixed
Ninit = const). Therefore, the number of probable placements
of Ninit (initial aggregates) by the final number of vesicles
Nves [i.e., CNves

Ninit
= Ninit!/Nves!(Ninit − Nves)!] in the case of the

population of big vesicles (i.e., smaller Nves) is less than in
the case of the population of the small ones. This means
that the configurational entropy (determined just by CNves

Ninit
)

of the first population is less than that of the second one.
Hence, the entropy promotes decreasing of the vesicle size.
However, the bending energy of small vesicles is higher than
that of big ones. There is a competition between these two
free-energy terms: The bending energy aims to increase the
vesicle size, but the entropy aims to decrease it. The final
size distribution in the equilibrium population is determined
by the interplay between these contributions in free energy. It
is the reason why the population of lipid vesicles is sometimes
called the entropically stabilized population of vesicles [49].

Note the specific role played by the entropy due to the
mutual spatial orientation between the initial aggregates in
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each vesicle forming this GUV (we call it the orientational
entropy for simplicity). It is obvious that these aggregates
are more mutually spatially ordered in big vesicles than in
smaller ones (in the limit case of the flat bilayer, where
all molecules are almost parallel to each other, the spatial
ordering is maximal and hence the entropy of such a struc-
ture is minimal). The bigger the vesicle size the smaller its
orientational entropy contribution in the total free energy of
the system. Our previous estimations showed that the main
contribution is due to just the configurational entropy. We
show below that Eq. (3) describes sufficiently well each
specific distribution as well as the histogram transformations
upon a change of the electrical parameters (C and X ). This
is why we do not take into account here the orientational
entropy, in order not to overload the theory with secondary
cumbersome mathematical expressions.

The following question may arise: How is the electrostatic
contribution presented in the expression (3)? The reply is that
we put all electrostatic effects in the bending modulus of the
membrane. Hence, in our model Kben is a function of salt
concentration in solution C and vesicle surface charge density
X , i.e., Kben is Kben(C, X ).

We have one more remark dealing with Kben in Eq. (3).
Because the vesicle size is not presented in this equation
explicitly, one can mistakenly conclude that Kben does not
influence the size distribution of vesicles; however, that is not
correct. We will show below that the bending modulus Kben

affects the total number of vesicles in the system Nves. Thus it
affects the vesicle size distribution and hence the average size.
We will return to this point in Sec. V.

Equation (3) determines the free energy of the system
under consideration for any arbitrary set of {nm, m}, i.e.,
the free energy of the system G is a function of many
variables {(m1, m2, m3, . . . , Ninit ), (nm1, nm2, nm3, . . .)}. The
equilibrium state of the system is determined by the
equation

∂G(nm, m)

∂nm
= 0 for (nm = nm1, nm2, nm3, . . .) (4)

under the condition

Ninit∑
m=1

nmm = Ninit. (5)

The solution of (4) and (5) is

nm(m) = Ninitφ

m
exp

[
−4πKben

m

]
. (6)

This equation describes the distribution of GUVs in the
population by the number m of initial aggregates which
compose specific GUV. To use this equation to interpret our
experimental results it is necessary to replace in Eq. (6)
the nonmeasurable parameter m by the measurable one. In
order to do this one first replaces m by Dm = √

mSinit/π as
follows:

nm(Dm ) = Ninitφ
Sinit

πD2
m

exp

[
−4Sinit

D2
m

Kben

]
. (7)

Then using the condition ∂nm
∂Dm

= 0, one obtains from Eq. (7)
the size of the most frequent GUVs in the system (i.e., the
mode of the distribution or, in other words, the most frequent
diameter Dfreq)

Dfreq = 2
√

SinitKben, (8)

which can be obtained also from experimental histograms. Us-
ing Eq. (8), we replace the nonmeasurable parameter Sinit by
the measurable one Dfreq in Eq. (7) and obtain the theoretical
probability density function f (Dm ),

f (Dm ) = nm(Dm )

�Dm
=

(
L

Kben

)(
Dfreq

Dm

)2

exp

[
−

(
Dfreq

Dm

)2
]
,

(9)

where �Dm is the step of the experimental histogram (i.e.,
�Dm = 2 μm in our case) and L = Ninitφ/4π �Dm. Accord-
ing to Eq. (9), with the increase of Dm the size distribution
shows a sharp increase immediately above the minimum
critical size and then follows a long tail as the Dm increases.
Such a positively skewed distribution was observed also in
other work [50,51] (see the solid line in Fig. 1). Equation (9)
has two fitting parameters Dfreq and Kben (L is normalized
parameter). It is necessary to underline that, among other
things, one can estimate the values of Kben at different C
and X by a comparison of the theoretical Eq. (9) with the
experimentally obtained histograms.

B. Average size of GUVs

Generally, the average size of GUVs from Eq. (9) is defined
as [52]

Dave =
∫ ∞

0
Dm f (Dm )dDm

=
(

L

Kben

) ∫ ∞

0

(
D2

freq

Dm

)
exp

[
−

(
Dfreq

Dm

)2
]

dDm

= −
(

LD2
freq

2Kben

)
Ei

[
−

(
Dfreq

Dmax

)2
]
, (10)

where Ei(z) is the exponential integral function and Dmax is
the size of the greatest vesicle obtained in the experiment.
Equation (10) determines the average size of the GUVs in
each specific experiment. However, this equation is not con-
venient for a generalized analysis of the system parameters’
influence on the size distribution of vesicles. The integral
in Eq. (10) is diverging. Therefore, it is worth presenting
Eq. (10) in a form that will make it relatively easy to consider
and analyze the influence of the system parameters on the
distribution of vesicles by size.

This is why it is worth approximating the integrand in
Eq. (10). Taking into account that Eq. (9) gives the posi-
tively skewed distributions, we approximate this equation by
a log-normal distribution [see Eq. (1)], which also gives the
positively skewed distributions whose average value is well
defined and known [see Eq. (2)]. By comparing Eqs. (1) and
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(9) we obtain(
L

Kben

)(
D2

freq

D2
m

)
exp

{
−D2

freq

D2
m

}

≈ P

Dmσ
√

2π
exp

{
− (ln Dm − μ)2

2σ 2

}
. (11)

The parameters of the proper log-normal distribution (P, μ,
and σ ) were obtained from the following conditions: (a) the
modes of both distributions have to be the same and (b) the
distribution widths at high 1/e have to be the same. It was
found according to these conditions that μ = lnDfreq + σ 2 and
σ = arcsin h(0.87)/

√
2 = 0.56 approximate the distribution

(10) well and determine its average value Dave as

Dave = exp

(
μ + 1

2
σ 2

)
= exp(μ) exp

(
σ 2

2

)

= Dfreq exp

(
3

2
σ 2

)
= Dfreqb, (12)

where Dfreq = exp(μ − σ 2) and b = exp( 3σ 2

2 ) = 0.67. There-
fore, Dave in our model is determined [Eq. (12)] by Dave, which
is determined by the bending modulus and the size of the
initial aggregates [see Eq. (8)].

C. Influence of the membrane bending modulus
on the average size of GUVs

Before discussing our results it is necessary to clarify the
mechanism of the bending modulus influence on the vesicle
size distribution. The first term in Eq. (3) describes the bend-
ing energy of vesicles. It can be seen that it does not contain
the vesicle size explicitly. At first glance it is not clear how this
term describes the bending modulus influence on the vesicle
size distribution. To understand this point one needs to take
into account that this term contains nm vesicles composed of m
initial aggregates. Therefore, this term describes the bending
energy of all vesicles in the population. One should recall that
the total number of vesicles in the system

∑Ninit
m=1 nm = Nves is

not fixed (in contrast to the total number of initial particles
Ninit = const). The larger the fraction of large vesicles, the
smaller the Nves. On the other hand, an increase of Kben

results in an increase of the bending energy of each individual
vesicle [see the first term in Eq. (3)]; however, the system
has the ability to decrease this term by decreasing the total
number of vesicles Nves. A smaller number of vesicles means
a larger fraction of big vesicles and consequently a bigger
average vesicle size Dave, which explains the mechanism of
the bending modulus influence on the vesicle size distribution.

As can be seen from Eqs. (8) and (9) (and speculations
above) the main physical parameter that influences the vesicle
size distribution (and therefore the average size Dave) is the
membrane bending modulus Kben. That is why it is worth con-
sidering in detail the variations of the average size of GUVs
due to the changing of Kben. There have been many studies
of the electrostatic effects upon Kben. It was shown that the
electrostatic contribution to bending rigidity is independent of
geometry [11,53,54]. Moreover, Kben can be determined as

Kben = Kben0 + Kel
ben, (13)

where Kben0 is the bending modulus of the bilayer in the case
of neutral lipids and Kel

ben is the electrostatic term of the bend-
ing modulus of the bilayer, which has been considered from
various theoretical perspectives [11,55]. Inserting Eqs. (8) and
(13) into Eq. (12), one obtains the expression for Dave,

Dave = bDfreq = 2b
√(

Kben0 + Kel
ben

)
Sinit

= 2b
√

Kben0Sinit

√
1 + Kel

ben

Kben0
= bDfreq0

√
1 + Kel

ben

Kben0
,

(14)

where Dfreq0 = 2
√

Kben0Sinit is the most frequent vesicle size
in the case of neutral lipids.

It is worth noting that self-consistent-field calculations
have shown a similar result, namely, that there is a strong
correlation between the values of membrane rigidity and
experimentally determined sizes of vesicles synthesized by
the freeze-thaw method [14]. We assumed in Eq. (14) that
Sinit does not depend on Kben. We will show below that this
assumption is valid in our system (see Sec. V B).

V. DISCUSSION: COMPARISON OF THE PROPOSED
THEORY WITH EXPERIMENTAL RESULTS

A. Fitting of size distribution histograms

In this article we have considered the electrostatic effects
on the size distribution of GUVs during spontaneous vesicu-
lation obtained using the natural swelling method. The elec-
trostatic effect was varied by changing the salt concentration
in solution and the surface charge density of the membranes.
All histograms obtained turned out to be positively skewed
distributions, which can be mathematically described well
by the classical log-normal distribution. This distribution is
widely used to describe phenomena and processes in various
sciences, from medicine to geology. The peculiarity of this
distribution is that in the systems being analyzed the elements
corresponding to the smaller value of the random parameter
(which is size of the GUV in our case) prevail. In addition,
in such a system the probability of each subsequent event
depends on the probability of previous events [12]. For our
system, this means that the size of the newly formed GUV
depends on the number and size of the GUVs already exisitng
in the system. This is due to the change in entropy of the
system. The proposed physical model based on Eq. (9) makes
it possible to clarify the physical meaning of the processes
occurring in the system during spontaneous vesiculation. In
Figs. 1(b), 1(d), 3(b), and 3(d) the solid lines show the theo-
retical distribution obtained using Eq. (9). It can be seen that
the theoretical curves describe the experimental histograms
well (only four specific cases are shown in the figures);
the coefficient of determination R2 was 0.66–0.84 in all
cases. Therefore, Eq. (9) describes the experimental data well
enough and correctly represents the effect of electrostatics on
the size distribution of vesicles.

As we already mentioned, Eq. (9) is obtained on the basis
of the Helmholtz free energy [see Eq. (3)]. The latter consists
of two terms: the energy, determined by the bending energy of
all GUVs, and the entropy. If the size of some vesicles
increases, the number nm of corresponding vesicles in the

012404-7



MOHAMMAD ABU SAYEM KARAL et al. PHYSICAL REVIEW E 101, 012404 (2020)

system decreases and, as a result, the total bending energy of
all such vesicles is reduced, as described by the first term in
Eq. (3). As for the entropy term, it should be taken into ac-
count that the bigger the vesicle size the smaller the number of
vesicles Nves. Therefore, the number of probable placements
of Ninit (initial vesicles) by the final number of vesicles Nves

(which determines the configuration entropy) in the case of
the population of big vesicles is less than in the case of the
population of small ones. This means that the configurational
entropy of the first population is less than that of the second
one. The competition between these two contributions in G
[Eq. (3)] determines the equilibrium distribution of the GUVs
by sizes.

However, in the region of large vesicles, the theoretical
distribution overestimates (compared with experiments) the
number of large vesicles. As we noted above, Eq. (9) takes into
account only configurational entropy, but not orientational
entropy. Because Eq. (9) sufficiently describes each specific
distribution (with R2 = 0.66−0.84) as well as the histogram
transformations upon a change of electricity parameters (C
and X ) and to avoid cumbersome mathematical expressions
we do not take into account here the orientation entropy.
Since this effect is not taken into account in Eq. (9), the
theoretical distribution slightly overestimates the distribution
in the region of large vesicle sizes.

We emphasize that for all conditions (different C and X ) a
positively skewed asymmetric distribution was obtained. This
means that in the system under consideration the number of
GUVs with size smaller than the average one, Dave, prevails
over the number of vesicles with a size larger than Dave.
Consequently, the system prefers a small GUVs and therefore,
as follows from Eq. (3) and the above speculations, the
entropy term prevails over the energy one. That is why such
spontaneous vesiculation is called entropically stabilized. It is
worth mentioning one more thing that contributes to the shift
of the distribution in the region of small quantities. As far back
as 1941, Kolmogorov considered a similar problem in geology
(distribution of particle sizes during crushing) and showed that
in such systems the probability of collisions between particles
also has a certain value. The probability of collision of small
particles with other particles is substantially less than that for
large particles [56]. Since the redistribution of particle sizes
in the system occurs as a result of particle collisions between
themselves, the lifetime of a particular particle of small size is
longer than that of a large particle. This effect also contributes
to the appearance in the equilibrium distribution of a larger
fraction of small particles compared to that of large particles.

The solid lines in Figs. 1(b) and 1(d) correspond to the
theoretical Eq. (9) for X = 0.4 at C = 12 and 312 mM,
respectively. From the fitted curves, values of Kben of 36.0kBT
[Fig. 1(b)] and 16.0kBT [Fig. 1(d)] were obtained. Average
values of Kben of (35.9 ± 0.1) kBT and (16.3 ± 0.3) kBT for
C = 12 and 312 mM, respectively, were obtained. Values of
R2 of 0.66 [Fig. 1(b)] and 0.75 [Fig. 1(d)] were obtained.

The size distribution histograms for C = 162 mM at var-
ious X are shown in Figs. 3(b) and 3(d), which were also
fitted by Eq. (9). From the fitted curves (solid lines), the
values of Kben of 18.0kBT and 30.0kBT for X = 0.1 and 0.9 at
C = 162 mM, respectively, were obtained. Average values of
Kben of (18.5 ± 0.5) kBT for X = 0.1 and (30.1 ± 0.1) kBT

for X = 0.9 at C = 162 mM were obtained. Values of R2 of
0.67 [Fig. 3(b)] and 0.84 [Fig. 3(d)] were obtained. Hence the
average value of Kben varied with C and X . Using the same
procedure, a value of Kben of (17.0 ± 0.2) kBT for pure DOPC
GUVs was obtained, which is similar to that obtained using
the micropipette aspiration technique, (20 ± 0.5) kBT [23].
Therefore, as the electrostatic interaction increases (increase
of X or decrease of C) the values of Kben increase. The values
of Kben at various C and X are provided in Table I.

B. Average size of GUVs vs the bending modulus
of the lipid bilayer

As we indicated above, the main fitting parameter of the
theoretical model is Kben. It allows us to estimate the value of
Kben in our experiments, based on experimental histograms
and theoretical model. Here we clarify how the bending
modulus influences the vesicle size distribution. The first term
in Eq. (3) describe the bending energy of all vesicles. It can
be seen that it does not contain the vesicle size explicitly. At
first glance it is not clear how this term describes the bending
modulus influence on the vesicle size distribution. This term
contains also the number of vesicles nm in each population of
m vesicles. Therefore, this term describes the bending energy
of all vesicles. It should be recalled that the total number of
vesicles in the system Nves = ∑Ninit

m=1 nm is not fixed (in contrast
to the total number of initial particles Ninit = const).

Hence Nves in the equilibrium state of the system under
consideration corresponds [as it follows from Eqs. (4) and (5)]
to the minimum free energy G(nm, m). The small the number
of vesicles in the final equilibrium state of the system the
smaller the total bending energy of the system. An increase
in Kben results in an increase in the bending energy of each
individual vesicle [see first term in Eq. (3)]; however, the
system is able to decrease this term during the transformation
process by decreasing Nves. As a result of collisions between
vesicles, some of them fuse, and therefore Nves decreases,
the fraction of big vesicles increases, and the average size
of the vesicles in the system increases. This explains how
the bending modulus influences the GUV distribution and the
average size of the vesicles.

We obtained Kben in our experiments in the range of
16kBT −36kBT (Figs. 1 and 3) from the fitting of experimental
results by the theoretical Eq. (9). The values of Kben obtained
from such fittings are of the same order as the values of Kben

for the PC membrane [23] and for PG-PC membrane [57,58].
We assumed above that the average size of vesicles in the ini-
tial population Sinit does not depend on Kben. This means that
in our model Dave is proportional only to

√
Kben, i.e., Dave =

(2b
√

Sinit )
√

Kben = const
√

Kben [see Eq. (14)]. The following
question arises: Does this assumption correspond to real sys-
tems? To consider this question we plotted the dependences
of Dave(C, X ) and

√
Kben(C, X ) in the same graph as shown

in Fig. 5. It can be seen that Dave is really proportional to√
Kben, as it follows from Eq. (14). The appropriate constants

are equal to (2.9 ± 0.1) μm/(kBT )1/2 in Fig. 5(a) for various
C at X = 0.4 and (3.0 ± 0.1) μm/(kBT )1/2 in Fig. 5(b) for
various X at C = 162 mM. Hence one can conclude that the
above-mentioned assumption is valid. Figure 5 and Eq. (14)
show that if Kben decreases, Dave in the system also decreases.
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FIG. 5. Relationship between the average size Dave [obtained
from histograms in accordance with Eq. (2)] and the bending modu-
lus of the GUV bilayer Kben [obtained from histograms in accordance
with Eq. (9)]. (a) Effects of C on Dave and Kben for X = 0.4. (b)
Effects of X on Dave and Kben at C = 162 mM. Average values and
standard errors were determined from two independent experiments.

This phenomenon can be easily explained in the framework of
Eq. (3). If Kben decreases the bending energy of small vesicles
also decreases; therefore, the fraction of such vesicles in the
population increases and hence the average size of all vesicles
decreases.

C. Fittings of the dependence of the GUV average size on
electrostatic interaction

Our results demonstrate that, as the electrostatic interac-
tion increases the values of Kben increase. The size distri-
bution histograms for C = 162 mM at various X are shown
in Figs. 3(b) and 3(d). From the fitted curves (solid lines),
values of Kben of (18.5 ± 0.5) kBT and (30.1 ± 0.1) kBT for
X = 0.1 and 0.9, respectively, were obtained. It is known that
electrostatic conditions in the lipid bilayer system influence
the bilayer bending rigidity [11]. In particular, a significant
enhancement of the bending rigidity of membranes due to
charge effects has been established [39]. Measurements based
on the fluctuation spectroscopy of giant vesicles showed a
decrease of Kben in the presence of various types of salts [59].
The effect of NaCl on Kben of palmitoylphosphocholine mem-
branes exhibited a decrease of Kben from 39kBT to 32 kBT due
to NaCl concentration changes from 0 to 100 mM [59]. In
contrast, incorporation in the bilayer of phosphatidylcholine
vesicles of a small fraction (10 mol %) of negatively charged

phosphatidylglycerol results in an approximately three-fold
increase of Kben compared to that of the pure phosphatidyl-
choline membrane [60]. Therefore, these measurements sup-
port our result that as the electrostatic interaction increases,
Kben also increases.

Taking into account that we have shown that the size
distribution and average size of GUVs are determined by
Kben [Eqs. (9) and (14)] and that our experimental results
demonstrate a significant dependence of the GUV size on the
surface charge density and ionic strength of a solution (Figs. 2
and 4), we can say that our results also demonstrate the
dependence of the bilayer bending rigidity on electrostatics.
It is worth considering this point in detail. For this one has to
determine the expression describing the dependence of Kben,
i.e., Kben(C, X ).

There have been many studies on the effect of electrostatics
upon Kben. Moreover, the problem has been analyzed in the
framework of various theoretical approaches [14,38,53,61–
65]. A substantial number of theoretical studies have ad-
dressed the effect of the surface charge density and ionic
strength of a solution on the membrane bending rigidity
[53,66,67]. It has been shown that the rise in the bending
rigidity with increasing fraction of charged species can be
connected to the stronger repulsion in the bilayer plane (in
particular, between the polar heads of charged lipids), which
effectively suppresses the membrane undulations and thus
increases the membrane rigidity. The presence of an electric
double layer surrounding a charged membrane also affects the
bilayer bending rigidity [38]. However, in spite of many stud-
ies, at present there is no commonly accepted interpretation
of this problem. It was shown that Kben more or less generally
increases with an increase of X and decrease of C. Moreover,
such dependences of Kel

ben can be described as a function of C
and X as [53,54,61,67]

Kel
ben = const

�2

κ3
= γ

X 2

√
C3

, (15)

where the Debye length κ−1 = 0.304√
C

nm and � is the sur-
face charge density of vesicles. We use this expression for
interpretation and fitting of our results in which γ is used
as a fitting parameter. The solid lines in Figs. 2 and 4
demonstrate the theoretical curves corresponding to Eqs. (14)
and (15) for two specific cases, namely, the dependence
Dave (C) for X = 0.4 (Fig. 2) and the dependence Dave (X )
for C = 162 mM (Fig. 4). The experimental points in these
figures were obtained from histograms in accordance with
Eq. (2) by the method described above. The satisfactory fitting
of theoretical curves to experimental data can be seen. We
emphasize that despite the fact that Figs. 2 and 4 correspond
to totally different experimental conditions (variation of C in
one case and variation of X in the other), the fitting of the
experimental data by theoretical Eq. (14) with (15) was ob-
tained with the same fitting parameters (Kben0 = 17.0 kBT and
γ = 2 mM3/2) in both cases. The fitting parameters in Fig. 2
were Dfreq0 = 12.0 μm, Kben0 = 17.0 kBT , and b = 0.67 and
in Fig. 4 they were Dfreq0 = 10.5 μm, Kben0 = 17.0 kBT , and
b = 0.67. This means once more that the theory developed
herein satisfactorily describes the real processes in the system
under consideration.
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VI. CONCLUSION

In this paper we considered the effects of electrostatic
interactions on the spontaneous formation of GUVs obtained
using the natural swelling method. The results were presented
as histograms describing the GUV size distribution. The GUV
size distributions in the case of different ionic concentra-
tions in solution and different surface charge densities of
membranes were examined. All histograms were described
very well by a classical log-normal distribution with posi-
tively skewed asymmetry. The positively skewed distribution
manifests that the number of GUVs with sizes smaller than
the average one prevails over the number of vesicles with a
size larger than the average size. Based on our theory, we
concluded that the positively skewed asymmetry means that
the entropy contribution in the free energy prevails over the
vesicle bending energy contribution. We have found that with
an increase of electrostatic interactions (i.e., decrease of salt
concentration or increase of surface charge density) the peak
of the histogram shifts to right, i.e., in the region of large
vesicles. This means that with an increase of electrostatic in-
teractions the fraction of large GUVs in the solution increases.
Hence our results demonstrate that an increase of electrostatic
interactions in the system results in an increase of bending
energy of vesicles. To explain our experimental results we
developed a theory that will help clarify the essence of the
physical processes occurring in the system under considera-

tion. We modified the model of Huang et al. [12] made for the
nanoscale vesicle for our micrometer-scale system. The key
assumption of our theory is that we postulate the existence of
a certain initial population of lipid bilayer aggregates. Using
the experimental results, we have evaluated some parameters
of these initial aggregates in accordance with our theory. We
obtained also that the general form of GUV size distribution is
controlled by the entropy contribution in the total free energy,
but the specific distribution is determined by the bending
modulus of the membrane.
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