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Morphological development of multilamellar phospholipid film depending on drying kinetics

M. Hishida,"* N. L. Yamada,” K. Yoshikawa,' and H. Seto”
lDepartment of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
2High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan
(Received 6 June 2009; revised manuscript received 9 October 2009; published 30 November 2009)

The mechanism for the formation of solid-supported phospholipid membranes during a drying process was

investigated. Terracelike multilamellar structures were found to develop from a micellar solution with either
spinodal decompositionlike process or nucleation growth, depending on the evaporation rate of an organic
solvent. In contrast to the well-known kinetics of phase separation, fast drying induces nucleation while slow
drying induces spinodal decompositionlike lipid-film formation. The existing models for the interpretation of
phase separation are not sufficient to understand this unexpected kinetics. We suggest a schematic model with
which this kinetic feature can be interpreted in terms of a self-assembly pathway in a three-component phase

diagram for a phospholipid, organic solvent, and water.

DOI: 10.1103/PhysRevE.80.051407

I. INTRODUCTION

Phospholipid bilayers have attracted considerable interest
from the viewpoints of biology, chemistry, and physics as
simple models of biomembranes. In particular, solid-
supported lipid bilayers have recently been the subject of
active studies for better understanding of membrane adhe-
sion on a solid, the biofunctionality of immobilized biomem-
branes, self-assembled micropatterned-substrates, etc. [1-3].
Solid-supported lipid bilayers are also used for vesicle for-
mation, where giant vesicles larger than 1 um in diameter
are effectively formed by the hydration of multistacked lipid
bilayers on a solid substrate [4-8].

Solid-supported phospholipid bilayers are often prepared
by evaporating organic solvent from a solution of lipid and
organic solvent on a substrate. It has been shown that a
pm-scale terracelike morphology of dried multistacked
phospholipid bilayers is formed by evaporation when the
lipid is in a liquid-crystalline L, phase [3,6,9]. This terrace-
like morphology is crucial for the formation of giant lipid
vesicles, since this morphology dominates the kinetics in the
hydration of lipids and the efficiency of vesicle formation
[6,7]. These results suggest that a deeper understanding of
the mechanism for the generation of lipid bilayers on a sub-
strate during the drying process is essential for obtaining
desired giant vesicles in an effective manner.

The self-assembled structures of amphiphilic molecules
often depend on nonequilibrium formation kinetics due to
complex free-energy landscapes with a large number of de-
grees of freedom [10,11]. In general, the kinetic process of
the self-assembly of an ordered structure can be classified as
one of two different mechanisms: nucleation growth or spin-
odal decomposition. The nucleation/spinodal kinetics depend
on the quench depth of a control parameter such as tempera-
ture; a deep quench induces spinodal decomposition while a
shallow quench results in nucleation growth as discussed by
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the Cahn-Hilliard model [12,13]. The mechanism of the for-
mation of a lipid film is also considered to depend on the
kinetics of self-assembly under drying. Thus, to clarify the
mechanism of self-assembly, we must first understand the
dependence of lipid-film morphology on the drying kinetics.
Although there has been growing interest in the kinetics of
the self-assembly of amphiphilic molecules [7,10,11,14,15],
a basic understanding has not yet been established.

In the present study, we investigated the mechanism of the
formation of a lipid dry film under the evaporation of organic
solvents, with special focus on the kinetics of self-assembly
with changes in the evaporation rate. By using phase-contrast
microscopy and time-resolved small-angle x-ray scattering
(TR-SAXS), we performed in situ observations of the kinet-
ics of lipid-film formation under a drying process. The re-
sults suggest that slower evaporation induces a specific fea-
ture on lamellar formation similar to the kinetics of spinodal
decomposition, in contrast to the well-known kinetics of
phase separation.

II. MATERIALS AND METHODS

1,2-Dioleoyl-sn-glycero-3-phosphocholine  in  powder
form (DOPC, purchased from Wako Chemical Inc.) was used
as a phospholipid without further purification. Since DOPC
is in the liquid-crystalline phase at room temperature, the dry
film tends to exhibit a terracelike morphology [6]. Chloro-
form (99% from Nacalai Tesque, Inc.) and n-octane (98%
from Nacalai Tesque, Inc.) were used as organic solvents
without further purification. The relative evaporation rates of
n-octane and chloroform against butyl acetate are 1.4 and
11.6, respectively (boiling points are 126 and 62 °C, respec-
tively) [16]. For the experiments, DOPC was dissolved in
these organic solvents to give a concentration of 50 mM.

Measurements by phase-contrast microscopy were per-
formed using an inverted microscope (TE300, Nikon). 5 uL
of the solution was deposited on a slide glass and exposed to
air at room temperature (22 +2 °C) and at a relative humid-
ity of 50%—65%. Only the organic solvent evaporated gradu-
ally, and several hundreds of lipid bilayers were stacked on
the substrate in this condition.
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FIG. 1. (a) Time-series images of lipid-film formation under the evaporation of chloroform as observed by phase-contrast microscopy. At
about 59-60 s after the deposition of solution, bulk solvent evaporates and the interface moves upward from the bottom (white arrow). The
nuclei of terracelike lamellar structures grow from the disordered lipid film. (b) Upper images show typical Ostwald ripening in the framed
rectangle at 67 s in (a). Time variations in the sizes of small (A) and large (B) terraces are depicted in the lower graph. A relatively small

terrace structure shrinks as it is absorbed into a larger one.

TR-SAXS experiments were carried out at BL40B2,
SPring-8, JASRI (Japan Synchrotron Radiation Research In-
stitute), Japan. The wavelength and beam diameter of the
x-ray were 0.8 A and 0.4 mm, respectively. The beam diam-
eter was much larger than the total thickness of the lipid film
(<10 wm). The scattered x-ray beam was detected by CCD
(C4880—-10, Hamamatsu). The exposure time for each time-
resolved measurement was 1 s with 0.6 s intervals, and TR-
SAXS measurements were started at about 30 s after the
deposition of solution. The outer surface of a glass rod (2
mm diameter) was used as a substrate to obtain a wide range
of diffraction angles, as in our previous study [7]. 10 uL of
solution was deposited on the rod so as to obtain almost the
same thickness of lipid dry film as in the microscopy mea-
surement. The temperature and humidity were essentially the
same as in the measurements by optical microscopy.

III. RESULTS AND DISCUSSION

The results of evaporation-induced lipid-film formation as
observed by phase-contrast microscopy with chloroform as
the organic solvent are shown in Fig. 1. Time O s indicates
when the chloroform solution of 50 mM DOPC was depos-
ited on the substrate. The measured area was near the center
of a droplet. At about 59 s after deposition, the bulk chloro-
form evaporated and the lipid film remained on the substrate.
At this stage, the lipid film had some fluidity, which suggests
that chloroform still remained in the film.

After the chloroform in the bulk solvent had evaporated,
the residual lipid film developed into a large terracelike mor-
phology of lamellae, which required 1 min or longer. Soon
after the bulk solvent had evaporated, lipid film with a rough
surface appeared at 61 s. Later, terracelike lamellar structures
emerged in the disordered film, which showed the kinetic
characteristics of nucleation and growth (63-65 s). Rela-
tively large islands of the terrace morphology then grew,

while small islands shrunk, as shown in Fig. 1(b). Such time-
dependent changes in morphology can be interpreted in
terms of Ostwald ripening [17,18]. Finally, after 150 s, the
terracelike morphology appeared to be stable, and the size of
the terrace remained almost constant thereafter.

Figure 2(a) exemplifies the process of lipid-film formation
with a slower rate of solvent evaporation achieved by partial
shielding of the sample vessel, where the evaporation rate of
chloroform was 2-3 times slower than that without shielding
as in the case of Fig. 1. At 117 s, the process of film forma-
tion started and the growth kinetics of lamellae proceeded
until around 430 s. The growth kinetics of a terracelike mor-
phology in this case is apparently different from those in
open air (Fig. 1): the growth of lamellae under slow drying
proceeds as in spinodal decompositionlike kinetics. Soon af-
ter the bulk solvent had evaporated, rather small domains
appeared homogeneously over the observed area and became
distinct at 120-350 s. The existence of a characteristic
fastest-growing length scale is a typical feature of the early
stage of spinodal decomposition. At about 350 s, the terrace
morphology started to grow, and this growth continued until
around 430 s. This process corresponds to the later stage of
spinodal decomposition known as coarsening. After 430 s,
the morphology tended to show almost no change.

Figures 2(b) and 2(c) show the 1D power spectrum J(k)
of the microscopy images analyzed by Fourier transforma-
tion and the time variation in the characteristic size of the
terracelike morphology D evaluated from the peak position
(D=2m/k), respectively. At 120-350 s, the size is almost
constant at about 13 wm, and thereafter the size increases
monotonically until 430 s. The peak intensity of the spectrum
increases between 120-200 s, which indicates that the mul-
tilamellar structure with a characteristic size becomes clear
in this stage. A Fourier transformation analysis confirmed
that the kinetics exhibited spinodal decompositionlike
behavior.

In Fig. 3, lipid-film formation in the slow drying process
is shown for n-octane as the organic solvent. The evaporation
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FIG. 2. (a) Lipid-film formation under the slow evaporation of chloroform by shielding the solution. The formation kinetics of a
terracelike lamellar structure proceeded as in spinodal decompositionlike behavior. (b) 1D power spectrum J(k) obtained by fast Fourier
transform analysis of the image at 260 s. A peak at 0.5 um™' corresponds to the characteristic size of the terrace morphology D=2/k. (c)
The characteristic size D of the terracelike morphology (open circle) and the peak intensity (closed circle) of the power spectrum at each time

point.

rate of n-octane is eight times slower than that of chloroform
in open air. In this case, spinodal decompositionlike kinetics
was observed in the formation of a terracelike lamellar struc-
ture, as in the case of the slow evaporation of chloroform
with shielding. After the bulk solvent had evaporated at 400
s, a terracelike morphology with a typical size of about
12 um became clear between 400 and 600 s, and the ter-
racelike morphology of lamellae grew until 1500 s. The re-
sults of these experiments suggest that the kinetics of lipid-
film formation depend not on the species of solvent, but
rather on the evaporation rate: fast evaporation induces
nucleation growth, while slow evaporation induces the spin-
odal decompositionlike formation of a terracelike lamellar
structure.

As mentioned in the introduction section, spinodal de-
composition and nucleation growth processes are understood
in terms of phase-separation kinetics [12,13], and it is well-
known that a deep quench induces spinodal decomposition.
In our case, the evaporation rate of the organic solvent cor-
responds to the quench depth. However, fast evaporation of
the organic solvent, corresponding to a deep quench, results
in the nucleation growth of a lamellar structure.

To clarify the molecular origin of this discrepancy in the
kinetics, the pathway of the self-assembly of lipids in the
drying process in nm-scale was investigated by TR-SAXS
measurements under the same conditions as in the micros-
copy measurements. Figure 4 shows TR-SAXS profiles dur-
ing the drying process of the DOPC/n-octane solution. As
shown in Fig. 4(a), two-dimensional profiles of SAXS
changed from a nonoriented homogeneous pattern to a verti-
cally oriented pattern, i.e., lamellar parallel to the substrate,
around 400 s after deposition of the solution. This result
indicates that the homogeneous dispersion of some self-
assembled structure exhibited a transition to the lamellar
structure on the substrate at around 400 s.

In Fig. 4(b), one-dimensional scattering profiles I(g) be-
fore 400 s are shown for a more detail analysis (azimuthal

averaging was done for only 30° around the upper area of the
scattering profiles). To analyze the structure of lipid assem-
bly in this process, functional fitting was carried out for the
profiles using

I(‘]) = Imic(Q) + Ildm(q) . (1)

Iic(q) is the scattering function for the homogeneous disper-
sion of micelles in the solution before film formation, which
is given by

Imic(q) * |Fmic(q)|2Smic(q)~ (2)
For the form factor F,,;.(q), a cylinder model [19]
H 2
02 sin(q;cos a)Jl(qR sin @)
|Fmic(Q)|2ocf oY sin ada
0 q° sin a cos a

3)

was found to fit the results well, where R is the radius of a
cylinder, H is the length of a cylinder with a Schulz distri-
bution, and J; is the first-order Bessel function. As the struc

400 s 460 s 520's
100 um

FIG. 3. Lipid-film formation under the evaporation of n-octane.
The spinodal decompositionlike formation of a terracelike morphol-
ogy of lamellae is exhibited.
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ture factor, S,,;.(¢), a hard-sphere model [19-21],
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(1 +277)2 indicates n-octane evaporated entirely at this time. Essen-
a= W (6) tially the same process for the self-assembly of DOPC was

observed under the evaporation of chloroform.
No other scattering profile, such as a signal corresponding
B —67(1 + 7/2)? ) to the hexagonal packing of inverted cylindrical micelles,
B= (1-n* was observed during the processes under these experimental
conditions, i.e., at room temperature and at a relative humid-
ity of 50%—-65%. On the other hand, an intermediate mesh
y= E, (8) phase, i.e., the lamellarlike structure with intralamellae pores
2 as reported in phospholipid or other surfactant systems

was approximately used for concentrated cylinders, where
the volume fraction of micelles » and the size of micelles
R, are the fitting parameters. I;,,,(¢) is the scattering func-
tion of lamellae, for which only Lorentzian function is ap-
plied as the structure factor for a Bragg peak so as not to
increase fitting parameters.

By the fitting procedure, the change in the structure of
lipid self-assembly at the earlier stage before film formation
can be summarized as follows. First, DOPC molecules in
n-octane formed cylinderlike inverted micelles at 50 mM.
The length and radius of the cylinders were evaluated to be a
hundred to several thousands of angstroms (with a very
broad distribution) and about 20 A, respectively. In the dry-
ing process, the inverted cylindrical micelles were concen-
trated, and the correlation between micelles became signifi-
cant as a broad peak at ¢=~0.09 A~' after 350 s. The
concentrated inverted cylindrical micelles showed a kine-
matical transition to a lamellar phase oriented to the substrate
at around 400 s, which is reflected by a Bragg peak at g
=0.125 A~! that corresponds to a lamellar repeat distance of
50 A. Time dependence of the effective volume fraction of
lipid micelles evaluated from the fitting parameter 7 in
Smic(q) is shown in Fig. 4(c) (=0.033 at 43 s is consistent
with the initial concentration of DOPC in n-octane, i.e., 50
mM corresponds to 7~0.03). The result indicates that the
inverted cylindrical micelles had a transition to the lamellae
at around 7=0.4-0.5. After the formation of the lamellae on
the substrate, the peak intensity increased and the peak posi-
tion shifted to a higher-g region between 400—4900 s, as
shown in Fig. 4(d). This result indicates that n-octane re-
mained between bilayers in this time region even when the
growth of the terrace morphology stopped after 1500 s, since
the evaporation of solvent in between bilayers results in a
decrease in the repeat distance. At 4900 s, the lamellar repeat
distance reached about 459 A (¢=0.137 A~'), which is
consistent with that of fully dried DOPC film [22]. The result

[23-26], was observed even at room temperature when TR-
SAXS measurements were performed under less humid con-
ditions for both solvents. For example, Fig. 5 shows the scat-
tering profile of the lipid film after the evaporation of
n-octane at relative humidity <50%. The structure was
found to be rhombohedral by referring the reciprocal lattice
as shown in Fig. 5, which is consistent with the results of the
structure of dried DOPC at 25 °C and at 35% relative hu-
midity [23]. The lipid film in the intermediate mesh phase
was observed as a disordered morphology by phase-contrast
microscopy. These results suggest that the solution of lipids
and organic solvent absorbs water molecules depending on
the humidity of the surrounding atmosphere, and the amount
of water in the system dominates the pathway of self-
assembly under drying. Thus, the experimental trends can be
explained schematically by referring to a typical phase dia-
gram of an amphiphile with water and oil, as shown in Fig.
6; the intermediate mesh phase is formed by evaporation at
low humidity (path C in Fig. 6), whereas the lamellar phase
appears at high humidity (paths A and B).

If we consider the pathway in the phase diagram, the two
kinetics of lamellae formation observed by microscopy can
be interpreted as follows. When evaporation is slow enough,
the system undergoes phase separation as in path A, which
can be approximately discussed by a conservative time-
dependent Ginzburg-Landau (TDGL) equation (Cahn-
Hilliard equation). In the microscopy experiment, spinodal
decomposition between micelles (dark area in the micros-
copy images) and lamellae (light area that grows to a terrace-
like morphology) are observed as phase-separation kinetics
that took 100-200 s. On the other hand, when the rate is
much faster than the phase-separation kinetics, the system
comes into the lamellar phase before undergoing phase sepa-
ration (path B). Therefore, nucleation growth takes place as
in a normal phase transition or crystal growth, as described
by a nonconservative TDGL equation.

Another model can be considered to understand the
nucleation-spinodal dilemma. Muthukumar proposed that
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FIG. 4. TR-SAXS profiles of DOPC/n-octane under drying. (a)
The change in two-dimensional SAXS profiles. (b) One-
dimensional SAXS profiles during 40—400 s after the deposition of
solution. The solid lines indicate the results of functional fitting
using Eq. (1). (c) Time dependence of the effective volume fraction
of lipid micelles 7 obtained by the functional fitting with Eq. (1).
(d) One-dimensional SAXS profiles during 400-4900 s. The dashed
line is the guide of the peak position at 400 s (about 0.125 A~").

“baby nuclei” are formed in the early stage of the spinodal-
like crystallization of polymers [27]. In this case, the ob-
served spinodal-like behavior is not true spinodal decompo-
sition, which is described by the Cahn-Hilliard approach, but
rather is due to the late-stage coarsening of nucleation
growth, where the peak obtained by Fourier transformation
[such as in Fig. 2(b)] is attributed to the correlation between
semicrystalline periodicity. The baby nuclei scenario has
been confirmed by an experiment of polymer crystallization
[29]. In the same way, the observed spinodal-like lipid-film
formation cannot be true spinodal decomposition, and the
kinetics of lipid-film formation with both fast and slow dry-
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FIG. 5. Upper-half plane of two-dimensional SAXS profile of
DOPC dry film formed with drying n-octane under a humidity of
less than 50%. The dashed lines are the guide at ¢g,/g
=0,1,2,3,6,9 and ¢,/¢,0=0,1,13,2(¢,=\q>+¢>). The observed
scattering peaks (white circles) are coincident with the reciprocal
lattice of the rhombohedral symmetry (Ref. [24]).

ing can be interpreted only by nucleation growth kinetics.

To distinguish whether the mechanism is nucleation or
spinodal decomposition, a simple model has been proposed
in the literature [27], where the growth rate of the power
intensity during crystallization is a good criterion. In terms
of the Cahn-Hilliard model, the generalized form of the
power spectrum intensity with respect to wave number k and
time 7, J(k,?), is calculated as,

J(k,t) = J(k,0)exp[2Q(k)t], )

where (k) is the growth rate of the intensity given by,

Amphiphile (lipid)

g, ™
MH"""" UUuuuuuuuuuuuuu%

gy hARRRRRR AR
u“““ﬂuuuuuuuuuuuuuuﬂm

Water Oil (organic solvent)

FIG. 6. Schematic view of the self-assembly of lipid in the
drying process with a typical phase diagram of an amphiphile
(lipid), oil (organic solvent), and water system ( Ref. [10]). Depend-
ing on the evaporation rate, the pathway of self-assembly from
micelles to a lamellar phase divides into path A or B. When the
water content is low, a sponge or an intermediate mesh structure
appears under drying (path C).
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FIG. 7. (a) The growth rate of the power intensity ) with re-
spect to wave number k, which is obtained from the microscopic
image of drying DOPC/n-octane (Fig. 3) at 600 s by using Eq. (9).
(b) The Cahn-Hilliard plot, Q/k* with k2.

Q(k) =—Mk2<§7g +2Kk2). (10)

M is the mobility term, G is the Gibbs free energy, and « is
the gradient energy coefficient. Therefore, (/> plotted with
respect to k> shows a negative linear slope, which is the
evidence for spinodal decomposition. Muthukumar proposed
that when nucleation takes place in the early stage of
spinodal-like crystallization as baby nuclei, the growth rate
() becomes

1
Q~k2<AT—k2—P). (11)

In this case, {)/k? rises sharply with k* at a small k region
[27,28].

Figure 7(a) shows the growth rate of the power spectrum
Q) during lipid-film formation, which is derived by Fourier
transformation and using Eq. (9) for the microscopy image in

PHYSICAL REVIEW E 80, 051407 (2009)

Fig. 3 at 600 s. (}/k? is plotted with respect to k” in Fig. 7(b).
In the case of lipid-film formation with slow drying, Q/k?
decreases drastically with respect to k>. A similar behavior of
Q/k? has been reported in the literature [30]. The positive
growth rate ) at 0<k<k, (where k. is the critical wave
number) suggests that the observed behavior is somewhat
analogous to spinodal decomposition derived from the Cahn-
Hilliard model, rather than nucleation growth. However, the
behavior of the obtained 2/k* does not correspond to any
existing scenario, such as the model of early-stage nucleation
or normal spinodal decomposition derived from the Cahn-
Hilliard model. This is conceivably caused by the nonlinear
process of lipid-film formation with drying. Thus, the unique
time-dependent features reported in the present study are ex-
pected to be interpreted by the additional consideration of
nonlinear kinetic process. Further theoretical studies along
these lines are needed.

IV. SUMMARY

In this article, the mechanisms of the formation of phos-
pholipid dry films under the evaporation of organic solvents
are reported. Two formation kinetics for a terracelike mor-
phology of lamellae in um scale were found depending on
the evaporation rate. Slow evaporation induces spinodal de-
compositionlike kinetics, while fast evaporation induces
nucleation and the growth of a lamellar phase. The kinetic
analysis suggests that a simple argument based on classical
nucleation/spinodal behavior is insufficient to interpret the
observed experimental trends. We suggest a schematic model
for these formation mechanisms that can be explained in
terms of the kinetic pathway in the phase diagram of a three-
component system consisting of lipid, organic solvent, and
water.
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