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ABSTRACT: The interactions between phospholipids and
cholesterol have been extensively studied in the aqueous
systems because of their vital functionalities in the cell
membrane. In this study, instead of the self-assembly in water,
we explored the microphase-separated structures of phospho-
lipids in bulk and thin films in the absence of solvents and
created a series of ordered nanostructures by incorporation of
cholesterol into phospholipids. Three zwitterionic two-tailed
phospholipids, that is, phosphatidylcholines (PCs), with
different numbers of double bonds on the hydrocarbon tails
were investigated, including egg PC, 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC). We find that the nanostructures are highly dependent on the conformation of the tails on the PCs,
which can be tailored by the number of double bonds on tails and the molar ratio of cholesterol to PC. By changing the molar
ratio, egg PC with one double bond organizes into rich microdomains, including lamellae, spheres, and cylinders, whereas
DOPC with two double bonds form spheres and cylinders and DPPC with no double bond forms lamellae only. The sizes of the
microdomains are less than 3 nm, smaller than those of typical block copolymers. The biomolecule-based nanopatterns
developed in this work provide a platform toward future applications of nanotechnology and biotechnology.

B INTRODUCTION
Phospholipids consisting of a hydrophilic headgroup and

hydrophobic tails are the major lipids of cell membranes
responsible for membrane transport and mediation of the
membrane-embedded species. Because of the crucial role of
phospholipids in cell physiology, the self-assembly behaviors of
phospholipids in water have long held scientific interest and
the development in this field has inspired versatile applications,
such as drug and gene delivery or templating synthesis." In
addition to aqueous solutions, the reverse micellization of
phospholipids in low-polar organic solvents, such as alkanes,
has also been systematically studied.””® In contrast, although
the pioneering works have shown that lipids in bulk state or
thin films form diverse structures that are promising for
biotechnological applications, such as RNA carriers,’ the
investigations on the nanostructures of phospholipids in dried
bulk or thin films remain relatively rare, especially lack of a
deep understanding of the formation mechanisms for the
nanostructures other than the bilayer commonly seen for
phospholipids.'*™">  Analogous to block copolymers with
incompatible chains well-known for their fascinating ordered
phase-separated nanostructures, phospholipids with incompat-
ible hydrophilic headgroups and hydrophobic tails are able to
segregate into nanopatterns in the absence of solvents.

The macroscopic properties of materials are closely related
to the length scales of the structures in the materials. The
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feature size of the nanostructures in block copolymers is
typically in the scale of ~10 to 10* nm. Much effort has been
made to pursue sub-10 nm domains or even smaller size to
meet the demands of more sophisticated processing or to push
the nanotechnology forward. However, achieving a smaller size
has never been a simple task because the minimum possible
domain size of block copolymers is determined by both the
degree of polymerization N and the interaction parameter y,
and reducing the molecular weight to reach a smaller size may
cause the product yN to be lower than a critical value for a
block copolymer to segregate.'®'” Therefore, the creation of
small domains requires a low N value and a very high y
parameter, and only a few of such copolymers have been
successfully synthesized.'™** Recently, in addition to low-
molecular-weight block copolymers, the strategies for the
molecular design of self-assembling liquid-crystalline small
molecules”** and POSS/Cgyy-based giant surfactants”>>® have
been reported to produce nanostructures with sub-10 nm
teature sizes. However, the precise synthesis of such materials
in large quantity remains challenging.

A variety of phospholipids can be extracted from nature
sources, such as eggs and soy beans, or can be synthesized for
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specific purposes. Phosphatidylcholines (PCs) are a class of
zwitterionic phospholipids, bearing hydrocarbon tails and a
negatively charged phosphate coupled with a positively
charged choline on headgroups. The molecular weight of the
same kind of PC is rather uniform, and the hydrophilic
headgroups and hydrophobic tails are highly incompatible. In
this study, we show that PCs are capable of forming dense
arrays of phase-separated domains, including lamellae, spheres,
and cylinders, with a sub-3 nm size because of their low
molecular weight. For block copolymers, the nanostructures
are determined by the volume fraction of each block that can
be tuned by molecular weights.'” For PCs, we found that the
nanostructures are determined by the conformation and
flexibility of the hydrophobic tails, and we adopted the
approaches other than molecular-weight control to tailor the
shapes of the microdomains of PCs. First, PCs with different
numbers of double bonds on tails were used in this work,
including egg PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), as shown in Figure 1. The double bond on the
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Figure 1. Molecular structures of PCs and cholesterol used in this
study.

tails causes a tail configuration unfavorable for close packing,
and thus, the coiled flexible chains result in high-curvature
microdomains instead of lamellae, like spheres and cylinders.
Second, cholesterol, also a lipid in the cell membrane, was
incorporated into PCs, which can alter the conformation of PC
tails, and therefore, the nanostructures can be tuned in a
controlled manner.

Cholesterol composes about 20—30% of the total lipids in
animal cell membranes, essential to maintain structural
integrity and to regulate the fluidity of the membrane.”” In
the cell membrane, the hydroxyl group on cholesterol interacts
with the headgroups of phospholipids through hydrogen
bonding and the hydrophobic moieties are buried in the tail
area. Previous literature studies have shown that cholesterol,
due to its hydrophobic rigid steroid rings (Figure 1), can
reduce the flexibility of phospholipid tails and inhibit the chain

motion in the fluid state of bilayers, known as ordering or
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condensing effect.®®™3' On the other hand, when the

phospholipids are in the gel phase, that is, tails are frozen
and crystallize below chain melting temperature, the insertion
of cholesterol hinders the close packing of the tails. Therefore,
the flexibility and the mobility of the tails are enhanced
instead.”>*> We utilized the interactions between PCs and
cholesterol in fluid and frozen state to manipulate the
nanostructures formed by their mixtures in the dried state.
The samples were cast from the solutions of the mixtures in a
low-polar organic solvent, that is, cyclohexane, where the PCs
self-assemble into reverse spherical micelles.” Ordered
lamellae, spheres in face-centered cubic (fcc) stacking, and
cylinders in hexagonal close packing (HEX) with sub-3 nm size
can be obtained through the use of different PCs as well as the
adjustment of molar ratio of the mixtures. The biomolecule-
based nanopatterns are expected to find versatile applications,
such as sensing, templating used to guide the self-assembly or
the synthesis of nanomaterials, and the carriers for drug or
gene delivery.

B EXPERIMENTAL SECTION

Materials. L-a-PC (egg PC, >99% purity), DOPC (>99%), and
DPPC (>99%) were purchased from Avanti Polar Lipids, Inc.
Cholesterol (>99%) was purchased from Sigma-Aldrich. The purities
of the solvents used in this work, including cyclohexane and
anhydrous methanol, were higher than 99.5%. All chemicals were
used as received.

Sample Preparation. PCs and cholesterol were dissolved in
anhydrous methanol to form 10 mM stock solutions. The molar ratio
of cholesterol to PC was tuned by mixing different amounts of the
stock solutions. After mixing, methanol was removed in a vacuum
oven at 55 °C for 48 h. This step also ensures the residual water in the
PC headgroups as low as possible at a 0.9:1 molar ratio to PC in the
dried samples.® The dried cakes were then dissolved in cyclohexane at
a PC concentration of 10 mM. The dried bulk samples were collected
in beakers by removing cyclohexane in a vacuum oven for 48 h at
room temperature. For the preparation of thin films, solutions were
spun-cast onto silicon wafers to form films with a thickness of ~40—
60 nm, determined by a Filmetrics F20 interferometer. The samples
were stored in vacuumed chambers before characterization to avoid
moisture that would affect the phase-separated structures.

X-ray Scattering. Transmission-mode small-angle X-ray scatter-
ing (SAXS) was conducted on beamline B23Al in the National
Synchrotron Radiation Research Center (NSRRC), Taiwan.** The
one-dimensional scattering intensity profiles were obtained by
circularly averaging the two-dimensional (2-D) patterns collected
on a Pilatus 1 M detector with an area of 169 mm X 179 mm (981
pixels X 1043 pixels) and reported as the plots of scattering intensity I
versus the scattering vector g, where g = (47/1)sin(6/2) and 6 is the
scattering angle. Grazing-incidence SAXS (GISAXS) for thin films
was carried out on the same beamline. The incident angle was 0.2°.
The scattering experiments were conducted at 25 °C without
intended humidity control, and the scattering angle was calibrated
using silver behenate as the standard.

Atomic Force Microscopy. Atomic force microscopy (AFM)
images were taken under ambient conditions in tapping mode on a
MultiMode AFM system with a Nanoscope 3D controller (Digital
Instruments/Veeco Metrology). Silicon cantilevers (PPP-NCHR-50
from Nanosensor) with a spring constant of 25—80 N/m and the
resonant frequency of ~330 kHz were used.

Fourier Transform Infrared Spectroscopy. Fourier transform
infrared spectroscopy (FTIR) spectra were recorded in transmission
mode with a PerkinElmer Spectrum 100 model FTIR spectrometer at
room temperature. Solution samples of SO mM PC with different
molar ratios of cholesterol in cyclohexane were loaded into a CaF, cell
in 0.05 mm thickness and analyzed in the range of wavenumbers from
4000 to 900 cm™'. Each spectrum was collected by an accumulation
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of 8 scans at 1 cm™! resolution. For the measurements of solid

samples, the mixed solutions were cast onto CaF, pellets, and the
samples were dried in a vacuum oven.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) thermograms were collected on a TA Instruments
DSC Q20 under nitrogen atmosphere. Dried samples of 2—3 mg were
encapsulated in sealed aluminum pans and heated at a rate of 10 °C/
min. Indium was used as the standard for temperature calibration.

B RESULTS AND DISCUSSION

The microphase-separated structures of the three PCs, egg PC,
DOPC, and DPPC, induced by cholesterol are summarized in
Table 1. Egg PC that mostly bears one double bond on one tail

Table 1. Structures of PCs Mixed with Cholesterol at
Varying Ratios

x egg PC DOPC DPPC

0 lamella (5.1 nm)“ sphere (5.4 nm) lamella (5.7 nm)
0.1 lamella (4.9 nm) sphere (5.3 nm) lamella (5.9 nm)
0.3 lamella (5.0 nm) sphere (5.3 nm) lamella (5.7 nm)
0.5 sphere (5.8 nm) sphere + cylinder lamella (5.7 nm)
0.7 sphere + cylinder cylinder (4.2 nm) lamella (5.7 nm)
0.9 cylinder (4.5 nm) cylinder (4.1 nm) lamella (5.7 nm)

“d-spacing calculated from the diffraction peak at the lowest g.

shows abundant structures varying with the molar ratio of
cholesterol to PC (x). We thus first discuss the self-assembled
behaviors of the egg PC/cholesterol mixtures, followed by the
mixtures of DOPC with two unsaturated tails, that is, one
double bond on each tail, and DPPC bearing two saturated
tails without double bond.

Egg PC/Cholesterol Mixtures. Figure 2a shows the SAXS
data of egg PC/cholesterol bulk samples with varying x

(a) egg PC/cholesterol (b) DOPC/cholesterol

Intensity, |

x=0.1
29" Egg PC
04 0.2 0.3 0.1 0.2 0.3
q (A1) q (A1)

Figure 2. SAXS data of (a) egg PC/cholesterol and (b) DOPC/
cholesterol mixtures. x is the molar ratio of cholesterol to PCs. The
data were collected at 25 °C.

collected at 25 °C. At x < 0.3, the g values of the diffraction
peaks are at 1:2 ratio and the d-spacing is ~5 nm. Pure egg PC
self-organizes into a lamellar structure, and the amount of
cholesterol at x < 0.3 is insufficient to change the lamellar
structure. At x = 0.5, the scattering profile changes
dramatically. Multiple peaks appear in the order of \/ 3 \/ 4,
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\/ 8, \/ 11, and \/ 12, characteristic of the fcc spheres,® and the
largest d-spacing is 5.8 nm. As x further increases, the structure
keeps evolving, and at x = 0.9, the g ratio of the peaks becomes
1:\/ 3:2 with a d-spacing ~4.5 nm, which is the diffraction
profile caused by HEX cylinders. At x = 0.7, the q ratio of the
diffraction peaks is not from typical order structures, possibly
in the transition state between fcc spheres and HEX cylinders.
The SAXS data clearly show the transformation of the original
lamellae into fcc and HEX structures upon the incorporation of
cholesterol into egg PC. Note that the d-spacings of the
ordered structures in this system are about 5 nm and the
domain size is expected to be smaller than 3 nm, much smaller
than the sizes of the phase-separated microdomains of typical
block copolymers.

The AFM phase images of the thin films formed by egg PC/
cholesterol mixtures at different x are shown in Figure 3, and
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Figure 3. AFM phase images and GISAXS patterns of egg PC/
cholesterol thin films at varying x.

the corresponding GISAXS patterns are shown in the insets. At
x = 0—0.3, the surfaces of the films are featureless and the
GISAXS patterns show the diffraction spots along g, direction
with a 1:2 ratio, indicating that the lamellae are parallel to the
substrate in the thin films. At x = 0.5, a highly ordered array of
spheres can be observed on the surface (Figure 3d), and the
GISAXS pattern reveals an fcc arrangement of the spheres with
(002) and (111) characteristic diffraction spots. At x = 0.9, a
fingerprint-like texture can be seen on the surface (Figure 3f),
which is the wandering cylinder parallel to the substrate. The
GISAXS pattern confirms the parallel cylinders that pack in a
hexagonal manner. A texture that combines spheres and
cylinders appear for the thin film at x = 0.7 (Figure 3e),
consistent with the GISAXS pattern that exhibits both the
characteristics of fcc and HEX structures.
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The scattering data and AFM phase images have shown that
the incorporation of cholesterol can alter the self-assembled
structures of egg PC in bulk samples and thin films. FTIR was
then used to clarify the interactions between egg PC and
cholesterol in solutions and dried films. We first discuss the
FTIR data of the solutions. Figure 4 shows the spectra of the
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Figure 4. FTIR absorption bands of (a) phosphate, (b) carbonyl, and
(c) choline group on egg PC at varying « in cyclohexane at 25 °C.

phosphate (PO,”), carbonyl (C=O0), and choline (CN-
(CH;)5*) on egg PC at varying molar ratio x in cyclohexane
solutions where egg PC forms reverse micelles.” It has been
reported that the phosphate of PCs is the primary group that
interacts with other polar or ionic molecules.>®*” In Figure 4a,
the absorption band of the phosphate on pure egg PC is found
at 1256 cm™". The band red-shifts to 1248 cm™" as «x increases
to 0.5 and remains constant until x = 0.9, indicating that the
hydroxyl group on cholesterol forms hydrogen bonds with the
phosphate and the interaction is saturated at x = 0.5, above
which the excess cholesterol molecules prefer to dissolve in
cyclohexane instead of interacting with egg PC. The absorption
band of carbonyl is not significantly dependent on «x, as shown
in Figure 4b, and a subtle blue shift to 1739 cm™" at x = 0.7—
0.9 from the original 1738 cm™! was detected, which is
attributed to the weakening of the carbonyl dipole—diploe
interaction upon the insertion of cholesterol that slightly
separates egg PC molecules.’® In the reverse micelles, the
positively charged choline should adopt a tilt conformation to
associate with the negatively charged phosphate on adjacent
egg PC molecule so as to lower interaction energy.”® In Figure
4c, the absorption band of choline slightly red-shifts from 968
to 966 cm™ with increasing ¥, indicating a stronger interaction
between choline and phosphate when cholesterol is incorpo-
rated. This suggests that the insertion of cholesterol affects the
molecular conformation of egg PC to allow a packing more
favorable to the choline—phosphate interaction.

Figure S shows the FTIR spectra of the dried egg PC/
cholesterol films. In Figure Sa, the absorption band of the
phosphate on pure egg PC is at 1237 cm™, further red-shifting
from those with cholesterol in solutions (1248 cm™), and the
band is not changed upon mixing with cholesterol. Similarly, in
Figure Sc, the choline bands are constantly at 969 cm™},
independent of x. This suggests that in dried films, the
phosphate and choline groups of egg PC molecules are closely
packed and the strong molecular interactions between egg PC
are not disturbed by cholesterol. The closely packed egg PC in
dried films is confirmed by the change of carbonyl band shown
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Figure S. FTIR absorption bands of (a) phosphate, (b) carbonyl, and
(c) choline group on egg PC at varying x in dried films at 25 °C.

in Figure Sb, where a red-shifted band at 1736 cm™' compared
to that in solutions for pure egg PC (1738 cm™") can be seen.
Unlike the constant phosphate and choline bands, the carbonyl
band shows a significant change with x. The sharper band at
1736 cm™" at x below 0.5 is the absorption of carbonyl on the
closely packed egg PC in dried films. At x > 0.5, the sharp
band disappears, and instead, a broad band at 1741 cm™'
representing a weaker dipole—dipole interaction becomes
pronounced, indicating that in the dried thin films, the
cholesterol molecules can effectively insert into the tail areas of
egg PC and separate the carbonyl groups of adjacent egg PC
molecules even though the phosphate and choline groups are
unaffected.

The thermal behaviors of the egg PC/cholesterol mixtures
were studied by DSC as shown in Figure 6a. The melting peak
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Figure 6. DSC thermograms of (a) egg PC/cholesterol, (b) DOPC/
cholesterol, and (c) DPPC/cholesterol mixtures at varying x.

of the pure egg PC is at 25.5 °C. In other words, around room
temperature, pure egg PC can maintain the crystalline state
where the alkyl tails are extended and closely pack to form a
lamellar structure. The melting temperature decreases as x
increases, confirming the interference of cholesterol with the
packing of egg PC. At x = 0.3, egg PC melts at 19.4 °C, not far
below room temperature, and egg PC still tends to form
lamellae. Note that for x = 0.1 and 0.3, another broad
endothermic signal is observed between 35 and 70 °C, which
could be attributed to the dissociation of the hydrogen bonds
between egg PC and cholesterol. At x above 0.5, the melting
temperature becomes much broader and is below 15 °C,

DOI: 10.1021/acs.langmuir.8b03075
Langmuir 2019, 35, 3383-3390


http://dx.doi.org/10.1021/acs.langmuir.8b03075

Langmuir

indicating that at room temperature, the tails on egg PC are
more flexible, no longer closely packed. This creates larger
effective tail areas and should be correlated with the formation
of the spherical and cylindrical domains at x above 0.5.

The plausible mechanism for the formation of the structures
varying with «x is discussed below and illustrated in Figure 7. At

x<0.3

Figure 7. Schematic of the molecular geometry of egg PC at varying x
and the resulting nanostructures. At x < 0.3, the tails of egg PC prefer
to straighten and the molecules in cylindrical shape tend to form
lamellae. At x = 0.5, the fcc spherical domains are retained from the
spherical micelles in cyclohexane where the swollen tails cause a
conical molecular shape that fits the curvature of a sphere. At x = 0.9,
a sufficient amount of cholesterol inserts between egg PC to enhance
the chain ordering, and the molecular geometry becomes a truncated
cone that favors cylindrical domains.

x below 0.3, where the amount of cholesterol is insufficient to
significantly affect the assembly of egg PC, the formation of
lamellae at room temperature is favorable because the tails of
egg PC prefer to straighten and closely pack to lower the
molecular interaction energy as well as to adopt a flat interface
so as to minimize the interfacial area. At x = 0.5, it is rational
that the tendency of the tails to form lamellae is decreased
because the insertion of cholesterol hinders the close packing
of egg PC.>**® Structures other than lamella, including
spherical and cylindrical domains, can thus form because of
the more flexible tails that change the curvature of the interface
between the hydrophilic headgroups and the hydrophobic tails.
However, the direct transition from lamellar to spherical
domains without an intermediate cylindrical phase is
intriguing. It has been known that PCs form nearly spherical
reverse micelles in low-polar organic solvents because of the
swollen tails.” We suggest that the spherical domains found in
the dried samples at x = 0.5 are retained from the spherical
micelles in the solutions, which are quickly stacked into the fcc
structure and temporarily frozen after evaporation of the
solvent. This is confirmed by the fact that the spherical
domains slowly evolve into thermodynamically more stable
cylindrical domains after S days, as shown in Figure S1 of the
Supporting Information. At x above 0.7, because a sufficient
amount of cholesterol inserts between egg PC to enhance the
conformational ordering of the tails in the melt state,”* " the
mixtures can rapidly organize into the stable HEX cylindrical
domains upon solvent evaporation. The schematic of the
formation mechanism based on the molecular geometry of egg
PC that changes with the tail conformation is shown in Figure
7. Note that we have exhaustively dried both the egg PC and
cholesterol prior to use, as described in the Experimental
Section. The residual water content is too small to explain the
structures as the lyotropic phases of lipids generally found in
concentrated aqueous solutions. The results show that
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cholesterol has a distinct influence on structural changes of
egg PC in dried samples. In sum, by incorporation of
cholesterol into egg PC, ordered lamellar, spherical, and
cylindrical microdomains can be obtained either kinetically or
thermodynamically, depending on the molar ratio of
cholesterol to egg PC.

DOPC/Cholesterol Mixtures. The major difference
between DOPC and egg PC is that both of the two DOPC
tails contain one double bond, while most egg PC molecules
only have one double bond on one of the tails. The presence of
double bonds on alkyl chains lowers the regularity of the
chains, which in turn hinders the interchain close packing and
allows a more flexible chain conformation. Therefore, it is
expected that DOPC inclines to form structures other than
lamella in dried samples. Figure 2b shows SAXS profiles of
DOPC mixed with cholesterol at different ratios. Indeed,
unlike the behavior of egg PC, pure DOPC and the mixture at
x = 0.1 stack into an fcc structure after solvent evaporates. At x
above 0.7, the mixtures form HEX cylinders. Between x = 0.3
and 0.5, the mixtures are in the transition states where the fcc
spheres gradually transform into HEX cylinders as x increases.
The AFM phase images with the insets of corresponding 2-D
GISAXS data for DOPC/cholesterol thin films are shown in
Figure 8. At x < 0.3, dotlike domains are observed on the

(100) ﬂ

(030) | {
0

Figure 8. AFM phase images and GISAXS patterns of DOPC/
cholesterol thin films at varying x.

surface of the films and the GISAXS data reveal that they are
spheres in fcc stacking. At x > 0.5, the films turn to be
fingerprint-like patterns, which are the HEX cylinders parallel
to the substrates, as evidenced by the GISAXS data. With one
more double bond on the tail, the lamellar structure is absent
and only fec spheres and HEX cylinders can be formed.
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The FTIR spectra of the DOPC/cholesterol mixtures in
cyclohexane are shown in Figure S2. The absorption band of
the phosphate on DOPC red-shifts from 1254 to 1249 cm™
with increasing x, similar to the shift of the phosphate band on
egg PC caused by the hydrogen bonding between phosphate
and the hydroxyl group on cholesterol. The absorption bands
of carbonyl and choline groups, however, are not changed with
x, indicating that the flexible unsaturated tails in solutions have
more space to accommodate cholesterol so that the DOPC
molecular conformation and the distance between adjacent
DOPC molecules are unaffected. The FTIR spectra of the
DOPC/cholesterol dried films are shown in Figure S3. The
absorption band of phosphate in dried films greatly red-shifts
from that in solutions and both the bands of phosphate and
choline are nearly independent of x, similar to the behaviors of
egg PC. Two characteristic bands are found for the carbonyl
group, one at 1733 cm™' originating from the closely packed
DOPC with stronger dipole—dipole interactions and the other
at 1738 cm™! due to weakened interactions. As x increases, the
1738 cm™' band gradually dominates over the 1733 cm™’
band, evidencing the insertion of cholesterol to separate
DOPC molecules in dried films, also analogous to the trend for
egg PC.

Figure 6b displays the DSC thermograms of DOPC/
cholesterol mixtures. The T, of pure DOPC is —6 °C, much
lower than that of egg PC (25.5 °C), and the T,, of the
mixtures slightly decreases with increasing x. With two
unsaturated tails, the configurational regularity of the tails is
lower, which hinders the close packing of DOPC to form
lamellae at room temperature. DOPC/cholesterol mixtures
therefore tend to form fcc spheres or HEX cylinders. Similar to
the formation mechanism for egg PC/cholesterol systems, the
fcc spheres at x# < 0.3 are kinetically stacked from the original
spherical micelles in solutions after solvent evaporation, as
evidenced by their slow transformation into HEX cylinders
after S days shown in Figure S4. The formation of the
thermodynamically stable HEX cylinders at x > 0.5 is due to
the insertion of a sufficient amount of cholesterol that
enhances the conformational ordering of DOPC tails.”* ™"

DPPC/Cholesterol Mixtures. DPPC bears two saturated
tails that tend to closely pack. Following the results of egg PC
and DOPC, the DPPC/cholesterol mixtures should prefer to
form lamellae. Figure S5 shows the SAXS data of DPPC/
cholesterol mixtures. As expected, all the profiles reveal the
lamellar structure determined from the g* and 2¢* diffraction
peaks. Note that at x > 0.5, an extra peak appears at g = 0.18
A7') which is the characteristic diffraction of the pure
cholesterol crystals (Figure S6). The crystallization of
cholesterol at x = 0.5 implies that less cholesterol can bind
DPPC in comparison to egg PC and DOPC. The excess
cholesterol is expelled out of the DPPC lamellae because of the
close packing of DPPC. The AFM phase images of the DPPC/
cholesterol films shown in Figure S7 are all featureless, and the
corresponding GISAXS patterns reveal that all the lamellae are
parallel to the substrate (Figure S8). It is interesting that the
FTIR spectra of the phosphate on DPPC in dried films are
different from those of egg PC and DOPC, as shown in Figure
9. The absorption band of the phosphate on pure DPPC is at
1242 cm™}, indicating a weaker intermolecular interaction
between adjacent DPPC headgroups compared to those of egg
PC and DOPC (1236—1237 cm™"). This is possibly because
the close packing of the saturated tails in expense of the
interactions between the headgroups can achieve the minimal
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Figure 9. FTIR absorption bands of (a) phosphate, (b) carbonyl, and
(c) choline group on DPPC at varying «x in dried films at 25 °C.

free energy. The phosphate band red-shifts to 1232 cm™" at «x
> 0.5, indicating that the insertion of cholesterol can interfere
with the packing of the tails and allow the headgroups to
rearrange to strengthen the interactions. The absorption bands
of carbonyl and choline groups are not sensitive to x, possibly
due to less cholesterol that inserts into DPPC. As shown in the
DSC thermograms of Figure 6¢, the T, of pure DPPC is 64 °C
and decreases with increasing x but still higher than the room
temperature even at x = 0.9. Without double bond on tails, the
regular tails on DPPC can crystallize at room temperature for
all the ratios, which explains why the lamella is the dominant
structure over others.

B CONCLUSIONS

We demonstrate in this study that simply mixing two
biomolecules, PC and cholesterol, can create a variety of
ordered nanostructures in bulk samples or thin films, including
lamella, fcc spheres, and HEX cylinders. Remarkably, the scale
of the structure is rather small, ~4—6 nm for the d-spacing and
~2—3 nm for the domain size. The high incompatibility
between the hydrophilic headgroup and the hydrophobic tails
of PCs causes the microphase separation even though the
molecular weights of the PCs are rather low. We find that the
conformation and flexibility of the tails on PCs are key to the
formation of the various structures, which can be tuned by the
use of PCs with different numbers of double bonds on the tails
or by the binding of different amounts of cholesterol to PCs.
Such small ordered microdomains formed by the biomolecules
are potential for the applications ranging from nanotemplating
to biotechnological devices. The systems can also serve as
platforms to study the interplays between cholesterol and PCs,
which is crucial in cell physiology.
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