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The effect of added monovalent electrolytes on the myelin formation of cardiolipin is investigated by
optical microscopy observations. The results show that the myelin formation strongly depends on the
concentration rather than the type of electrolytes. Myelin figures are observed only in a certain concen-
tration range of electrolytes, and the diameter of the myelin figures decreases with increasing of the elec-
trolyte concentration. Furthermore, the theoretical model of myelin formation for the neutral lipids
developed by Huang–Zou–Witten [J.R. Huang, L.N. Zou, T.A. Witten, Eur. Phys. J. E. 18 (2005) 279–285]
is extended to the charged membrane system by taking into account the electrostatic interaction to
understand the mechanism of myelin formation. The theoretical results well produce our experimental
results.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Amphiphilic molecules such as surfactants and lipids can
assemble into a variety of microstructures in excess water. One
of the structures is myelin figure consisting of a large number of
concentric cylindrical bilayers separated by thin hydration layers
[1]. There are several methods in experiments to produce myelin
figures and one of the most common method is so-called contact
experiment. When dehydrated lump of amphiphiles is contacted
with water at temperatures high enough so that the bilayers are
in fluid state, lots of myelin figures are immediately grown out
from the lump–water interface [1,2–9]. Recently, it was reported
that myelin figures can also be produced by immersion-and-punc-
ture or drying drop experiment. By immersing vapor-annealed li-
pid deposit in water and then puncturing the well-ordered
bilayer stack on the deposit surface with a sharp needle [10,11],
myelin figures were found growing slowly in length from the dam-
aged site. While drying drop experiments generate myelin figures
by dehydrating a vesicle [12]. With evaporating a drop of dilute
suspension of lipid vesicles on a glass slice, many pancake-like
multilamellar disks will develop at the drop’s perimeter and fur-
ther spread inward from the perimeter. During this process, some
of these disks undergo structure transformations to form myelin
figures from their edges of the disks [12]. In order to theoretically
explain the formation of myelin figures via the dehydration pro-
cess, Huang et al. [12] proposed an argument based on the simple
ll rights reserved.
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geometric calculation and revealed that the formation of myelin is
induced by the reduction of bilayer repulsions which exceed the
gain in the curvature energy due to the increase of bilayer repeat
spacing. This theory has successfully predicted the degree of dehy-
dration required to favor myelin figures over the flat lamellae.

Myelin formation from charged surfactants or charged lipids in
electrolyte solutions is even more interesting since charged lipids
constitute a substantial part of bio-membrane and play an impor-
tant role in many physiological processes and chemical reactions of
vital phenomena [13]. The ubiquitous nature of electrolyte in phys-
iological environment of bio-membranes is also well documented.
Although myelins can also form by bringing brine [14] or para-tol-
uene sulfonic acid (PTS) [15] solution contacted with anionic sur-
factant sodium bis (2-ethylhexyl) sulfosuccinate (AOT) [14,15],
myelin formation in charged surfactants is attributed to the wide
miscibility gap between lamellae and micelles. In addition, Telkes
and Pencl [7] reported the myelin growth from lipid mixtures in
various salt solutions in 1933. They found that no myelin growth
took place in the concentrated salt solutions, while with increasing
dilution the growth reached a maximum and slightly decreased
again with greater dilution. Unfortunately, to our knowledge, very
limited investigations on the myelin formation in charged lipid
systems have been reported.

In this paper, we systematically study the effect of added mono-
valent electrolytes on myelin formation using cardiolipin, which is
a dimeric phospholipid with two negative charges at neutral pH
[16], and exclusively exists in bacterial and mitochondrial-mem-
branes. In our experiments, myelin figures are generated by con-
tacting monovalent electrolyte water solution with dried lipid
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lump. In particular, the effects of the type and concentration of
monovalent electrolyte on myelin formation are investigated. The
observations reveal it is not the ion type but the concentration of
electrolytes significantly affects myelin formation. Moreover, mye-
lins occur only in a certain range of electrolyte concentrations and
its outer diameter decreases with an increase in the electrolyte
concentration. Our experiments are consistent with modified
Huang–Zou–Witten’s theory [12] by taking into account the elec-
trostatic repulsion between charged bilayers.
2. Materials and methods

2.1. Materials

Cardiolipin sodium salt from bovine heart, with about 98%
chemical purity and dissolved in methanol (4.7% concentration),
was obtained from Sigma. Cesium chloride (CsCl), tetramethylam-
monium chloride ((CH3)4NCl), and tetraethylammonium chloride
((C2H5)4NCl), with chemical purity P98%, were obtained from Al-
drich. NaCl, KCl, and NH4Cl are analytical grade and were supplied
by Shanghai Xingao Chemial Reagent Co., LTD. of China. All above
agents were used without further purification.
2.2. Preparation of samples

Methanol was removed from purchased cardiolipin solution
first by putting the assigned amount solution in vacuum oven
and then the dried-cardiolipin was re-dissolved in chloroform/
methanol (9:1 v/v) to reach the concentration of 10.0 mg/ml,
which was stored at �20 �C for later use. A droplet of this lipid
solution (1 ll) was deposited on the center of a pre-warmed glass
slice. The slice was kept in vacuum oven at 40 �C for 2 h to remove
remained solvents and then was transferred to the heating stage of
microscope at 40 �C. The temperature of the stage was cooled
down to 25 �C at a rate of 20 �C/min. After a while, a drop of dis-
tilled water or electrolyte solution about 2 ll was placed on the
dry film. Immediately, the changes in the water–lipid droplet were
observed and recorded by the CCD camera.
2.3. Optical microscopy observations

All observations were made under a Microscope (BX51, Olym-
pus, Japan) with a 50� semi-achroplane objective (NA is 0.5, work-
ing distance is 10.6 mm), which is equipped with a heating stage
(±0.1 �C accuracy, THMS600, Linkam, England). The evolution of
samples in solutions were recorded by a CCD camera (Pixelink, Lin-
kam, England) and analyzed by software Linksys32DV (Linkam,
England).
3. Theoretical calculation background

In our contact experiments, electrolyte solution is contacted
with concentrated surfactants. Immediately upon the contact,
lamellar structures occur at the interface [2,14] and myelin figures
are found at suitable electrolyte concentrations. If we consider the
whole lamellar stacks as a closed system, the area and occupied
volume of the membranes and inter-bilayers water can be consid-
ered constant. The simple geometric calculation proposed by
Huang–Zou–Witten (HZW) [12] originally for the neutral lipids is
extended to understand the myelin formation of charged lipids
with added salts solution by taking into account the electrostatic
interactions. HZW model [12] attributes the myelin formation
from dehydrating flat disk spontaneously to the increase of the bi-
layer repeat space, favoring the free energy.
In HZW’s model, the stability of myelins vs. flat bilayers is
determined by comparing the calculations of the free energy
including inter-bilayer interaction energy and curvature energy
[12,17]. For convenience, only consider the myelin figures with
large aspect ratio and ignore the contributions of the end caps of
myelin and Gaussian curvature to the curvature energy [12]. Sup-
posing a myelin consisting of N concentric, uniformly spaced bi-
layer cylinders, the curvature energy per unit area of bilayers E1

is given by:

E1 ¼
jC

N2D2
m

lnð2N � 1Þ ð1Þ

where Dm is the bilayer repeat space of myelin, the radii of the
innermost cylinder Ri is set as Dm/2 for calculation simplicity, which
is proven that freeing these two constraints (i.e., allowing Dm to be
non-uniform or Ri to vary can only lower the myelin energy further)
would not weaken the proposed mechanism for myelin formation
[12]. The spontaneous curvature of the lipid is set as zero. jC is
the effective bending modulus for charged membrane, which can
be separated into two parts, namely, jC = jintr + jel, where jintr is
the intrinsic bending modulus, and jel is the electrical bending
modulus [18–20]. In the intermediate region of Poisson–Boltzmann
theory [18,21], jel � TkD=lB � kD, where T is the experimental tem-
perature, kD is Debye–Hückel screening length dependent on the
salt concentration, lB is the Bjerrum length (lB ’ 0:7 nm for water).
In this paper, we set the bending rigidity jintr ¼ 1:61� 10�19 J and
jel ¼ 0:15� 10�19 J when kD ¼ 0:80 nm [22,23], and the electro-
static bending rigidity for other kD (corresponding to various salt
concentration values) is evaluated according to the relationship of
jel � kD.

The inter-bilayers interaction energy per unit bilayer area E2 is
given:

E2 ¼ �
Z dw

1
dðdwÞPðdwÞ ð2Þ

For charged flat membrane, the inter-bilayers interactions in-
clude three contributions, namely van der Waals attraction, hydra-
tion repulsion and electrostatic repulsion [21,24]. The total inter-
bilayer interactions per unit bilayer area P(dw) is thus the sum of
these three parts:

PðdwÞ ¼ PvdwðdwÞ þ PhðdwÞ þ PelðdwÞ ð3Þ

PvdwðdwÞ ¼ �
H

6p
1

d3
w

� 2

ðdw þ dlÞ3
þ 1

ðdw þ 2dlÞ3

" #
ð4Þ

PhðdwÞ ¼ Ph0 expð�dw=khÞ ð5Þ

PelðdwÞ ¼ Pel0 expð�dw=kDÞ ð6Þ

where Pvdw(dw), Ph(dw) and Pel(dw) are the pressures per unit area
representing van der Waals attraction interaction, hydration repul-
sion and electrostatic repulsion, respectively. H is the Hamaker con-
stant, dw is the thickness of water layer between two bilayers, and dl

is the bilayer thickness. In Eq. (5), Ph0 is the amplitude and kh is the
decay length of the hydration pressure. Eq. (6) describes the effect
of electrostatic repulsion interactions, where Pel0 is the amplitude
of electrostatic repulsion and kD is Debye–Hückel screening length.
Electrostatic interactions are exponentially screened on the length
scales larger than kD, which depends on the concentration of elec-
trolytes. For example, the concentration range occurring myelin fig-
ures in our experiments lies in 0.005–0.375 mol/L NaCl (or KCl and
CsCl), and Debye–Hückel screening length kD is estimated as in the
range of 4.31–0.50 nm according to kD ¼ 0:305n�1=2

0 with n0 the con-
centration of the electrolyte [21,25]. We should note that this is lar-
ger than the typical Gouy–Chapman length b � 0.15 nm for charged



Fig. 1. Calculated free energy difference between flat bilayers and myelins and
inter-bilayers pressure as a function of water layer thickness of flat bilayers.

Fig. 3. Myelin diameter vs. NaCl concentration. The error bar indicates standard
deviations.
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lipids [25,26]. The Gouy–Chapman length b characterizes the thick-
ness of the diffusive counterion layer close to the membrane sur-
face, which is given by b = 2e0ewkBT/(q|r|) [25], where the vacuum
permittivity is e0 = 8.9 � 10�12F/m, the dielectric constant of the
aqueous solution is ew = 80, kB = 1.38 � 10�23 J is the Boltzmann
constant, the temperature is set as T = 298 K, q = 1.6 � 10�19 C is
the unit charge, r is the surface charge distribution assumed to
be negative. By assuming complete dissociation, the area per
phospholipid head group is about 6.6 � 10�19 m2 for phosphatidyl-
serine (PS) [25,26]. Moreover, we expect the water layer thickness,
dw, after hydration is generally larger than the kD. Hence, kD in our
system lies in b� kD � dw, namely in the intermediate region of
Poisson–Boltzmann theory, and electrostatic repulsion pressure
can be described by Eq. (6) [21,25].

In the constraint of conservation of the volume V, bilayer area A
and number of bilayers N, the bilayer repeat space for myelins Dm

and for flat disks Df is related by Dm ¼ ð1þ 1=ð2N � 1ÞÞDf > Df , so
that the water layer thickness of myelins dw,m is dw,m = (1 + 1/
(2N � 1))dw,f + dl/(2N � 1), where dw,f and dl are the water layer
thickness of flat multilamellar disk and the bilayer thickness
respectively (Dm = dw,m + dl and Df = dw,f + dl). Because dl is roughly
constant during the flat layers to myelins structure transformation
[12,17], the water layer thickness will increase when a multilamel-
lar disk is transformed into a myelin. In this situation, inter-bilay-
ers repulsion interactions should decrease according to Eq. (3).
Therefore, if decreasing of inter-bilayers repulsion energy in the
case of charged membranes is dominant over the curvature energy
of forming myelins, myelins will form instead of flat membranes to
reduce the free energy of the system.
Fig. 2. Effect of NaCl concentration in hydrating solutions on the myelin formation from
with onion-like structures at 0.010 M NaCl solution; (b) myelin figures at 0.150 M NaCl so
solution.
Subsequently, we can compare the free energy of flat bilayers
Ef (Ef ¼ E2ðdw;f Þ) with that of myelin structures Em(Em ¼ E1ðdw;mÞþ
E2ðdw;mÞ) under the above conservation assumptions. In the calcula-
tion, the hydration repulsion is set as Ph(dw) = 1011 exp (�dw/
1.93) dynes/cm2 [27,28], the amplitude of the electrostatic pressure
is Pel0 = 7 � 107 dynes/cm2 [17], H = 1 � 10�14 dynes�cm [17,28] and
dl = 3.50 nm [17]. kD ¼ 1:00 nm (corresponding to the concentration
0.093 M); N = 400 (the average diameter of myelin is about 8 lm in
Fig. 3). Fig. 1 shows that the energy difference between flat bilayers
and myelin structures (Em � Ef) increases from negative to positive
as the water layer thickness enlarges. Here the water layer thickness
of flat bilayers dw,f is chosen as the X axis since dw,m has a fixed rela-
tionship with dw,f as mentioned above. For the convenience of dis-
cussing flat bilayers-myelins transition, we define the state
(Em � Ef = 0) as the threshold point, where the free energy of the flat
bilayers is equal to that of the myelins and the corresponding water
layer thickness and inter-bilayers pressure are called critical dw,th

and Pth, respectively. When dw,f is smaller than the dw,th or P(dw,f) is
larger than the Pth, the free energy of myelin figures is smaller than
that of flat bilayers, and thus myelin structures will be more stable
than flat lamellar structure. On the contrary, when dw,f is larger than
the dw,th or P(dw,f) is smaller than the Pth, the myelin would not form
spontaneously.
4. Results and discussion

We should mention in advance that the myelin formation from
charged lipids with added salt solution can only be achieved by the
immersion or contact experiments as the dehydration process will
negatively charged cardiolipin. The scale bars represent 20 lm. (a) Myelin figures
lution and (c) thinner myelin figures with some irregular structures at 0.370 M NaCl



Table 1
The effect of concentrations of added monovalent salts on the myelin formation from
charged lipids.

Electrolyte
species

Lower limit of
concentrationsa

(mol/L)

Concentration range
available for myelin
formationb (mol/L)

Upper limit of
concentrationsc

(mol/L)

NaCl <�0.003 0.005–0.375 >0.550
KCl <�0.003 0.005–0.375 >0.550
CsCl <�0.003 0.005–0.375 >0.550
NH4Cl <�0.003 0.005–0.400 >0.850
(CH3)4NCl <�0.003 0.005–0.700 >1.100
(C2H5)4NCl <�0.003 0.005–1.200 >1.500

a Below this salt concentration, only the onion-like morphologies are observed.
b Within this salt concentration range, large amount of myelin figures can be

observed.
c Higher than this salt concentration, only some irregular structures are observed.
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alter the salt concentration during the evaporation of water. In this
paper, myelin figures are prepared by contact experiments.

To investigate NaCl concentration on the myelin formation,
Fig. 2 presents the myelin figures formed in three different concen-
trations of NaCl solutions. At middle concentration solution of
0.150 mol/L NaCl in Fig. 2b, well-shaped myelin figures with large
aspect ratio, i.e., L� R0 (where L and R0 are the length and radius of
myelin figures, respectively), are the dominant structures and their
diameters are relatively even distributed. At higher NaCl concen-
tration, e.g., 0.370 mol/L, myelin growth was inhibited, and only
a small amount of thinner myelin figures occurs in Fig. 2c. At lower
NaCl concentration, e.g., 0.010 mol/L in Fig. 2a, besides large aspect
ratio myelin figures, some myelin figures but with small aspect ra-
tio along with onion-like structures are found. Similar experiments
with charged lipid system also show that relatively concentrated
salt solution retarded myelin growth, while more dilute solutions
stimulated it [7]. We should note that the roots of the myelin
and onion-like structures in our experiments do not move at all
when we stir the surrounding water in the surface of initial surfac-
tants by a needle. Therefore myelins and onion-like structures
shown in Fig. 2 are not detached from the initial surfactant phase
but with the roots of myelins and onion-like structures connected
with the initial surfactant phase.

To further quantify the effect of electrolyte concentration on the
myelin diameter, plot the diameter of myelin figures as a function
of NaCl concentration in Fig. 3. The diameter of myelin figures is
averaged over 100 typical myelin figures. It is indicated that with
the increasing of NaCl concentration, the average diameter of mye-
lin figures decays quickly when NaCl concentration is less than
0.100 mol/L, and decreases slowly above 0.100 mol/L. The diameter
of the myelin is proportional to the number of the bilayer N and
bilayers repeating space if the water core is ignored. It is obvious
that the whole stack of bilayers transforms into one myelin along
the height shown in Fig. 2b. Therefore, we suggest that the bilayer
number of myelins N is the same as that in the flat membrane,
which is determined by preexisting structures in the dry lipid film
dependent on the experimental method and parameters [12]. Be-
cause we adopt the same experimental procedure to prepare the
dry lipid film, the bilayer number N is approximately regarded as
constant if we average out the randomness. So the diameter of
the myelins is mainly influenced by the bilayers repeating space
which is governed by the inter-bilayers interactions. With the NaCl
concentration increasing, the Debye–Hükel screening length kD de-
creases. Consequently, the electrostatic repulsion interactions be-
tween the neighbouring membranes according to Eq. (6) weaken
leading to the decrease of water layer thickness and the decrease
of myelins diameter accordingly, although the membrane thick-
ness remains almost constant. Similar results has also been drawn
from the theoretical analysis of Komura et al. [25], who focused on
the phase behavior of the aqueous solution of charged lipid bilayer
membranes forming a lamellar structure in the presence of added
electrolytes.

To illustrate the influence of the nature of added electrolytes on
the results shown in Fig. 2, five different monovalent chlorides
including KCl, CsCl, NH4Cl, (CH3)4NCl, and (C2H5)4NCl aqueous
solutions are employed to hydrate cardiolipin lump. The results
show that the morphologies for various added electrolytes are very
similar and assembling structures of charged lipids strongly de-
pend on electrolyte concentration of the solution. Myelin figures
occur only in a certain range of electrolyte concentrations for all
chlorides. In the solution with electrolyte concentration below
the lower limit, only onion-like morphologies can be observed.
With the concentration above the upper limit, only some irregular
structures emerge. The detailed available concentration ranges and
the upper/lower limits of concentrations for myelin existence are
summarized in Table 1. We note that the reason for the ‘gap’ exist-
ing between the different regimes in Table 1 is the determination
of the boundary being ambiguous.

From Table 1, it is clear that the ranges of the salt concentra-
tions suitable for myelin formation are same for the smaller spe-
cies, such as NaCl, KCl and CsCl, and gradually toward higher
concentrations with the increasing of the cationic group sizes such
as NH4Cl, (CH3)4NCl, and (C2H5)4NCl. That is, for smaller size spe-
cies (NaCl, KCl and CsCl), the available concentration range for
myelin formation is 0.005–0.375 M, and is insensitive to the cat-
ionic types. However, for the bulkier electrolytes, NH4Cl, (CH3)4NCl
and (C2H5)4NCl, the concentration ranges suitable for myelin
growth tend to higher concentrations, such as 0.005–0.400,
0.005–0.700 and 0.005–1.200 mol/L, respectively. The slight differ-
ence between these two concentration ranges available for myelin
formation may result from the difference of effective electrostatic
screening effects between the small and large size ionic groups.
Podgornik et al. [29] studied the polymer-condensed arrays of par-
allel DNA double helices in monovalent salt solutions. In their mea-
surement of the mean repulsive force and lateral fluctuations
between the arrays, they found that when the salt concentration
was raised from 0.4 to 2.0 mol/L, the measured Debye–Hükel
screening length of the smaller cationic species NaCl decreased
from 0.96 nm to 0.64 nm; while those of the bulkier cationic spe-
cies, (CH3)4NCl and (C2H5)4NCl, only decreased from 0.80 and
0.78 to 0.73 nm, respectively. Their results suggested that in com-
parison to Na+, the larger salt ions adsorb and condense very poorly
to the surface, leaving more DNA phosphates unneutralized.

For charged lipids, the added electrolyte concentration will
influence Debye–Hückel screening length kD which further affects
the inter-bilayers electrostatic interactions according to Eq. (6).
As a result, the threshold thickness of water layers dw,th and the
corresponding Pth are strongly influenced as mentioned above in
the section of theoretical calculation background. Fig. 4 shows
the calculated values of Pth and dw,th change with different
Debye–Hückel screening length kD (corresponding to salt
concentration). It is showed that dw,th decreases with the salt
concentration increasing (kD decreasing), while Pth increases with
the salt concentration increasing (kD decreasing).

The lipid used in our experiments is cardiolipin sodium salt,
which is negatively charged lipid at neutral pH [16]. So when water
penetrates lipid lamellae, the electrolyte ion (Na+) would be bound
to both sides of charged bilayers, schematically shown in Fig. 5a.
Moreover, the thickness of water layers between the bilayers be-
comes quite large from the beginning. It implies that this mini-
mum water layer thickness between neighbouring bilayers is at
least 2DNaþ (=1.44 nm) according to the steric repulsion (DNaþ de-
fined as the diameter of hydrated Na+ is 0.72 nm [30–32]). More-
over, Sein and Engberts [33] suggested that besides water
molecules, screening ions such as Na+ and the corresponding disso-



Fig. 4. The threshold water layer thickness dw,th and pressure Pth for the flat membrane as a function Debye–Hückel screening length kD (corresponding to salt concentration).
In the shaded area where dw;f < dw;th (P > Pth) and thus the flat membrane is unstable against the myelin formation. In the calculation, N = 400, other parameters are the same
as those in Fig. 1.
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ciated counterion Cl� would penetrate the membrane from the
lamellar roots [2]. The diameters of the water molecule and hy-
drated Cl� are 0.40 nm and 0.66 nm [30–32], respectively. So Na+

and the dissociated counterion Cl� and water molecules, possibly
occupy volume, schematically shown in Fig. 5b.

Therefore, the actual minimum water layer thickness may be
larger than 2.16 nm equivalent to the thickness of 3DNaþ due to
the repulsion of like charges. It is interesting to note that this
value is very close to the threshold water layer thickness dw,th

namely 2.91 nm at the electrolyte concentration of 0.372 M
shown in Fig. 4. This implies that the water layer thickness
may be larger than the threshold water layer thickness dw,th at
higher electrolyte concentrations from the beginning when the
electrolyte solution is contacted with the dried lipid lump. This
is the reason why nearly no myelin figures are observed when
the electrolyte concentration is larger than 0.375 M, requiring
rather low value of dw,th. Another reason may be related to the
fast lamellar swelling rate. The driving force for the swelling of
a lamellar phase is the net repulsions between the inter-bilayers
[34,35], which is always very strong during the whole process of
the water layer thickness dw,f enlarging to dw,th at relatively high
electrolyte concentrations, shown in Figs. 1 and 4. Therefore, the
water layer thickness may be exceeds dw,th before the myelin
formation for the quickly lamellar swelling and myelin figures
would not be observed in this case.
Fig. 5. Schematic drawing of negative charged lipid bilayers in lamellar structu
dw0 ¼ 2DNaþ ¼ 1:44 nm (DNaþ defined as the diameter of hydrated Na+ is 0.72 nm [3
dw1 ¼ 3DNaþ ¼ 2:16 nm (the diameter of hydrated Cl� is estimated as 0.66 nm [30–32], s
On the other hand, when the electrolyte concentration is de-
creased to 0.005 M, in our experiments, the formed myelin figures
are normally with small aspect ratios and even in the extreme,
onion-like shapes occur. It is suggested that at low salt concentra-
tions, due to feelable static repulsion screening the static repulsion
is so strong that the water layer thickness becomes relatively large
and the diameter of the cylinders becomes large accordingly. How-
ever, the myelin growth rate decreases quickly with the decreasing
of NaCl concentration as shown in Fig. 6. Therefore, in this case
such as the salt concentration less than 0.005 M the myelin growth
can be neglected. This results in relatively small ratio of the length
to diameter of the cylinder. Moreover, if the myelins or cylinders
are transformed into concentric spheres or onion-like shapes, the
bilayer repeat spacing will be further increased and the repulsion
energy would further decrease when the cylinder is transformed
into spheres or onions according to the relationship between the
bilayer repeat spacing of spheres or onions DO and that of the mye-
lins (or cylinders) DO = (1 + 1/2N)Dm.

The effect of electrolytes on the myelin growth is investigated
through analyzing myelin length L (the distance from myelin root
to top), as a function of the growth time t at different NaCl concen-
trations. We average the individual myelin length over 10 mea-
surements at each NaCl concentration and plot the square of
averaged myelin lengths L2 vs. time t, as shown in Fig. 6. The
growth is linear and can be simply expressed as L2 = kmt + C, where
re. (a) Before screening ions penetrate the minimum water layer thickness
0–32]); (b) After screening ions penetrate the minimum water layer thickness
maller than that of Na+).



Fig. 6. Plot of square of average myelin length against time in different concen-
trations of NaCl solution. Each curve has been averaged over more than 10 growing
myelin tubes. The figure indicates that the growth law meets L2 = kmt + C, where km

represents the growth rate constant. The error bar indicates standard deviations.
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km represent the growth rate constant. It is clear that the myelin
growth represents the pseudodiffusion characteristics, which is
similar to that in other system of contact experiments [2,10,15].
Furthermore, the scaling law does not change with the type and
concentration of electrolyte. When we replace NaCl with other
electrolytes such as KCl, CsCl and (C2H5)4NCl, similar results are
obtained. It is indicated that myelin growth kinetics is less depen-
dent on the type of electrolyte and the growth rate increases with
the electrolyte concentration increasing.

5. Conclusion

In this paper, the effect of monovalent electrolytes on the mye-
lin formation from negative charged lipids is systematically inves-
tigated. Huang–Zou–Witten [12] theoretical model originally for
neutral system is extended to understand the myelin formation
by including the electrostatic interaction. The experimental results
show that the effect of added monovalent electrolytes on the mye-
lin formation from charged lipids is strongly dependent on the con-
centration of electrolytes, which mainly influences the screened
electrostatic interaction characterized by Debye–Hückel screening
length, kD. The myelin formation is not sensitive to the specific ion
types of added electrolytes. Typical myelin figures are observed
only in the intermediate salt concentration regions such as
0.005–0.375 M for small size electrolytes, and the diameter of
myelins decays with the electrolyte concentration increasing. In
the high concentration region (>0.550 M), the threshold water
layer thickness dw,th (when the water layer thickness of flat mem-
brane dw,f is smaller than the dw,th, the free energy of myelin figures
is lower than that of flat bilayers, leading to more stable myelins
compared to flat lamellar structure) is very small. Myelins can
not be observed experimentally in this case because the minimum
water layer thickness is larger than dw,th due to the steric repulsion
between counterions and water. In the low salt concentration re-
gion (<�0.003 M), onion-like figures are observed. This is possibly
due to strong repulsions between membranes, and the repulsion
energy would further decrease when cylinders (myelins) are trans-
formed into spheres or onions with the bilayer repeat spacing fur-
ther increasing. The relationship between the average myelin
length L and the growth time t satisfies L2 = kmt + C, where km rep-
resents the growth rate constant. Moreover, this relationship does
not change with the salt type and concentration, but the growth
rate constant km increases with the salt concentration increasing.
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