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ABSTRACT Phospholipid-based nanomaterials are of interest in
several applications including drug delivery, sensing, energy harvest-
ing, and as model systems in basic research. However, a general
challenge in creating functional hybrid biomaterials from phospho-
lipid assemblies is their fragility, instability in air, insolubility in
water, and the difficulty of integrating them into useful composites
that retain or enhance the properties of interest, therefore limiting
there use in integrated devices. We document the synthesis and

characterization of highly ordered and stable phospholipid—silica

Substrate

thin films that resemble multilamellar architectures present in
nature such as the myelin sheath. We have used a near room
temperature chemical vapor deposition method to synthesize these robust functional materials. Highly ordered lipid films are exposed to vapors of silica
precursor resulting in the formation of nanostructured hybrid assemblies. This process is simple, scalable, and offers advantages such as exclusion of
ethanol and no (or minimal) need for exposure to mineral acids, which are generally required in conventional sol —gel synthesis strategies. The structure of
the phospholipid—silica assemblies can be tuned to either lamellar or hexagonal organization depending on the synthesis conditions. The
phospholipid—silica films exhibit long-term structural stability in air as well as when placed in aqueous solutions and maintain their fluidity under
aqueous or humid conditions. This platform provides a model for robust implementation of phospholipid multilayers and a means toward future

applications of functional phospholipid supramolecular assemblies in device integration.
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nents of biological membranes that

act in part as physicochemical bar-
riers to compartmentalize cells and organelles.'
These membranes are dynamic and fluid in
nature, incorporating transmembrane pro-
teins that perform critical functions including
solute transport, signal transduction, and ATP
synthesis.2 The importance of biological cel-
lular membranes has inspired an enormous
body of research using various model systems
that mimic, to various extents, the behavior
and properties of native biological mem-
branes in controlled laboratory environments.

P hospholipids are the primary compo-
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These include black lipid membranes,? lipo-
somes,* supported lipid bilayers,” and teth-
ered bilayer lipid membranes.® Translation
of these models to functional lipid-based
biomaterials for sensing, separation and
energy harvesting devices has been challeng-
ing because model lipid systems are fragile,
lacking long-term stability in aqueous solu-
tions, and rapidly degraded in air and at
air—water interfaces.”®

In addition to single lipid bilayers, complex
multilamellar structures play a critical role in
native biological systems. For example, multi-
lamellar lipid bilayer structures are found within
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Figure 1. Schematic of the CVD process used to prepare silica encapsulated multilamellar lipid assemblies. Spin-coated
multilamellar lipid stacks (left) are exposed to vapors of a silica precursor (TEOS or TMOS) and water. Silica forms selectively
between the lipid head groups of the lamellar lipid assemblies. An increase in synthesis temperature, use of unsaturated lipid,
and long exposure times result in the formation of hexagonal phases.

the nervous system (e.g., in the myelin sheath)®'°
and lung surfactants."’ Despite the importance of
multilamellar assemblies in biological systems, there is
a dearth of useful multilamellar lipid model systems,
chiefly due to their loss of structural integrity upon
exposure to aqueous conditions. Ordered multilamel-
lar phospholipid structures prepared by spin- or drop-
casting on solid supports have been studied to obtain
detailed structural information of lipids and under-
standing of the influence of hydration on the lipid
assembly, for example, by nuclear magnetic resonance,'?
X-ray diffraction,'® X-ray reflectivity," and neutron reflec-
tivity,">'® but functional characterization has been proble-
matic due to the rapid delamination and disruption of
multilamellar lipid films upon hydration.'”'® Thus, new
strategies are needed to prepare multilamellar assemblies
with improved stability, especially in aqueous conditions.

Sol—gel techniques have been used to synthesize
functional biomaterials'®~2* and structured mesoporous
silica materials using a variety of sacrificial templates
(including biomolecular assemblies).*~2° Despite the suc-
cess of these techniques, the acids and alcohols used in
typical sol—gel processes precludes their use in encapsu-
lation of fragile bioassemblies.?>* Recently, we described
a sol—gel synthesis methodology based on chemical
vapor deposition into liquids, which generates minimal
alcohol and can be performed at neutral pH. This tech-
nique stabilizes various nano- and microscale bioassem-
blies, including liposomes, enzymes, microorganisms,21’3 !
and surfactant-wrapped carbon nanotubes 3>

Here, we apply a similar technique to synthesize
hybrid assemblies of lipids and silica, which may serve
as either (i) effective model systems for studying
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naturally occurring multilamellar nanoscale assemblies
such as myelin, or (ii) as components of sensing and
energy harvesting, or other devices. In this approach, a
highly ordered assembly is prepared by spin-coating
lipids onto a substrate (e.g., a silicon wafer) and then
exposing the lipids to vapors of an alkyl silicate pre-
cursor at a desired temperature. The synthesis conditions
can be precisely controlled to achieve either lamellar or
hexagonally ordered structures, with thicknesses from 10
to 200 nm. By controlling the thickness of the lipid—silica
assemblies, it should be possible to tune these stable,
ultrathin films to exhibit varying resistance to mass trans-
port. The nanoscale multilamellar thin films remain intact
and can maintain fluidity when placed in hydrated en-
vironments. To the best of our knowledge, this is the first
report of a hybrid and highly ordered phospholipid-based
multilamellar assembly that maintains its structure and
fluid functionality upon incorporation into a synthetic
inorganic matrix. This technique will lay a foundation for
future applications of artificial membranes in a variety of
potential applications including biosensing, separations,
high throughput drug discovery, and biophysical/
biochemical studies.”?*3*

RESULTS AND DISCUSSION

Figure 1 schematically depicts formation of the lipid—
silica nanoscale assemblies and Supporting Information,
Figure SI 1 shows the structure of the lipids used in the
study. Briefly, a solution of dimyristoyl phosphatidylcho-
line (DMPC, a saturated phospholipid) in chloroform
(10 mg/mL) was spin-coated onto a silicon substrate at
3000 rpm to spontaneously form a multilamellar lipid
assembly. X-ray diffraction data showing the presence of

VOL.7 = NO.6 = 5300-5307 = 2013 AC JNMM/

WWwWW.acsnano.org

5301



a)l
( )| Calcine
20
8 —24h
2 " — 4h
‘@
& {
3 2h
£ ﬁ
| —— Control
2 4

Calcine
= 24h
- 4h

2h
— Control

Intensity (a.u)

60 64 68 7.2

Figure 2. X-ray diffraction patterns and TEM image of
lamellar lipid DMPC-silica ultrathin films on silicon wafers
synthesized at 60 °C. (a) XRD patterns of lamellar DMPC lipid
before exposure, after exposure (2 h, 4 h, 24 h), and after
calcination; (b) 4th order diffraction peaks of similar sam-
ples; () TEM image of lamellar lipid silica assembly
(6 layers). The dotted line in Figure 2a indicates the peak
position for the spin-coated lipid control sample (control).

(001), (002), (003), and (004) peaks (Figure 2) indicates
that the lipid assemblies were highly ordered. The
repeat distance (d-spacing) was 51.8 A for pure spin-
coated DMPC films. Typically at 10 mg/mL, spinning at
3000 rpm results in a membrane thickness of ~100 nm
as confirmed using ellipsometry. These assemblies were
then exposed to vapors of a volatile silica precursor,
tetraethyl orthosilicate (TEOS), at well above the lipids'
gel-fluid transition temperature to allow precursor pe-
netration and ultimately the formation of silica. Typically,
this chemical vapor deposition (CVD) process was per-
formed at 60 °C, while the gel transition temperature of
DMPC is 23 °C. Hydrochloric acid (0.1 N, aq.) was also
included in a separate vial in the vapor chamber to
promote efficient hydrolysis of the TEOS vapors. As seen
in Figure 2, long-range order of the multilamellar lipid
assemblies is maintained after silica deposition, as in-
dicated by the clearly visible fourth order diffraction peaks.
After exposure to TEOS for 24 h, the d-spacing increased
from 51.8 A to 55 A (see Figure 5 for intermediate values).

A similar increase in d-spacing after silica deposition
was observed for numerous hybrid DMPC samples
synthesized by exposure to TEOS at 60 °C for 4 or more
hours, indicating the precise, self-limiting nature of this
synthesis approach. XRD patterns collected at various
time intervals suggest the incorporation of silica occurs
over a period of 4 h, after which there is no further
incorporation (4 and 24 h have similar d-spacing).
(Figure 2, Figure 5). This may be due to the condensa-
tion of silica species between lipid layers that strength-
ens the silica network, thus preventing further penetra-
tion of silica precursor. TEM images of a multilamellar
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lipid—silica assembly cross-section (Figure 2c) clearly show
alternating layers of silica and lipids. The contrast in the
image is due to alternating layers of silica (higher electron
density) and hydrocarbon chains of lipid molecules
(lower electron density). Data from numerous TEM
images, together with the presence of higher order
XRD peaks after the exposure to the silica precursor,
further indicate the formation of highly ordered lamellar
structures. The formation of lamellar structures under
these conditions was confirmed by grazing incidence
small-angle X-ray scattering (data not shown). To further
indicate the lamellar structure, we subjected the hybrid
assemblies to calcination at 400 °C for 4 h, after which
none of the diffraction peaks are observed in the XRD
pattern; this suggests the collapse of the lamellar struc-
ture upon removal of the organic moieties.

From these data, we propose that this hybrid film
synthesis involves two steps: (a) penetration of alkyl
silicate precursors (possibly at least partially hydrolyzed)
into multilamellar stacks and (b) condensation of silica
precursors within the hydrophilic region between lipid
head groups; this results in an alternating lipid—silica
multilamellar assembly. These assemblies are stable in air
and do not delaminate under aqueous conditions, which
is a necessary property for numerous membrane-based
devices. These films do develop macroscopic cracks in the
presence of high humidity (100%) or upon immersion in
water, however, which is likely due to condensation of silica
at the surface causing the stress gradient along the thick-
ness of the film or the fast adsorption of water increasing
capillary pressure and causing stress at the surface.

Synthesis conditions were varied in an effort to tailor the
silica—lipid hybrid assemblies with a range of properties
that might be useful in functional hybrid membranes. We
intended to optimize the synthetic process such that (i) the
lipid—silica structure may be modified to a desired phase
(e.g., lamellar or hexagonal) by altering lipid composition,
temperature, or exposure time, (ii) the acid catalyst can be
eliminated, making the technique conducive to incorpor-
ating sensitive biological materials, (iii) the synthesis tem-
perature can be decreased to lessen dehydration and/or
decrease destabilization of other biomolecules, and finally
(iv) the hybrid assemblies can maintain lipid fluidity, are
crack resistant, and are not prone to delamination.

To illustrate the effect of deposition temperature on
assembly structure, we maintained the multilayer for-
mation conditions and increased the temperature of
the CVD process to 90 °C. As shown in Figure 3a, these
conditions resulted in a substantial increase in the d
spacing of the assemblies upon exposure to TEOS vapors.
For samples exposed to vapors for 2 h, the (100) peak is
observed at 734 A before calcination and 62.3 A after
calcination (see Figure 5 for intermediate values). The d-
spacing remains constant upon exposure for more than
2 h, indicating that the silica condensation and network
strengthening observed in the 60 °C samples occurs
sooner at high temperatures. To determine the phase
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Figure 3. X-ray diffraction and TEM images of hexagonally
ordered lipid—silica ultrathin films on silicon wafers synthe-
sized at 90 °C. (a) XRD patterns of DMPC films before and
after exposure (1 h, 2 h) and after calcination. TEM image of
hexagonal lipid—silica assembly (top view: multiple layer)
(b) before calcination and (c) after calcination. The dotted
line in panel a indicates the peak position for the spin-
coated lipid control sample.

of these hybrid assemblies, we subjected the samples to
calcination at 400 °C for 4 h (Figure 3a). The absence of a
(110) peak indicates that the hexagonal phase is parallel
to the substrate. A decrease in d spacing of 11 A is
observed after calcination, which indicates the removal of
the template (lipid) and shrinkage of the silica network
due to further condensation. This effect is similar to
that observed in the synthesis of surfactant templated
mesoporous silica materials.>**>*”?® Furthermore, TEM
micrographs of a sample before and after calcination
also indicate the presence of hexagonal assemblies
(Figure 3b,c). We also performed grazing-incidence
small-angle X-ray scattering (GISAXS) measurements
to confirm the transition from lamellar to hexagonal
phase as shown in Supporting Information, Figure SI 2
(A-C). XRD is a beneficial tool for providing information
on orders parallel to the substrate surface (for example,
parallel lipid bilayers); however, order within planes normal
to the substrate is more difficult to ascertain. An increase in
d spacing of 3 A is observed after TEOS penetration at
60 °C, furthermore a clear indication of hexagonal trans-
formation is obtained at 90 °C. These results indicate that
the temperature during synthesis can be adjusted to
control the final architecture of the lipid—silica hybrids.
Although both lamellar and hexagonal DMPC-silica
hybrid assemblies have highly periodic structures and
are air-stable, they possess two properties that may
be unfavorable to membrane function: (i) they are
prone to cracking and (ii) they are likely to have low
phopholipid mobility at room temperature because of
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the high phase-transition temperature of DMPC. To
circumvent these potential issues, we synthesized
hybrid assemblies that incorporate lipids with lower
phase transition temperatures. Changing the lipid
composition had a profound effect on the structure
of the final assembly. Egg phosphatidyl choline (egg
PC, Supporting Information, Figure SI 1) is a naturally
occurring lipid mixture with the same headgroup as
DMPC (i.e., should interact similarly with silica), but
exhibits a lower phase transition temperature (i.e, is fluid
at room temperature) due to the presence of unsaturated
fatty acids. We prepared the multilamellar lipid assemblies
using a spin coating procedure similar to that described
above. The broad first order XRD peak and lack of higher
order peaks indicate that the resulting egg PC lipid assem-
blies were not as ordered as those obtained from DMPC
(Supporting Information, Figure SI 3A, Figure 5). The d-
spacing for these egg PC assemblies was 38 A; this is lower
than expected since the lipids in egg PC mixtures contain
longer fatty acid tails than DMPC (Supporting Information,
Figure SI 1). These discrepancies may be due to the
presence of double bonds, which kink the lipid tails,
causing increased fluidity and d spacing variance. How-
ever, upon exposure to the silica precursor for 1 h at 60 °C,
the (001) peak intensity increases and becomes sharper,
and higher order peaks (2nd and 3rd order) appear in the
XRD pattern (Supporting Information, Figure SI 3A). A
decrease in peak widths is observed after exposure to
silica precursor (Supporting Information, Table SI 1). This
result suggests that the CVD of silica results in hybrid
materials that are “more ordered” than the lipid assemblies
used to template them.

The first order diffraction peak for samples after 1, 2,
and 4 h of exposure to TEOS correspond to d-spacings
of 48, 66, and 66 A, respectively. The d-spacing mea-
sured after a 1 h exposure suggests the formation of a
well-arranged lamellar structure, and is consistent with
the d-spacing expected for an ordered egg PC bilayer.
Upon further exposure, a rapid increase in d spac-
ing (by 18 A) is observed, which suggests a phase
transformation from lamellar to hexagonal structure.
This transition may be possible because the double
bonds in the egg PC lipids impart more fluidity that
allows the silica framework to reorganize into the hex-
agonal structure observed. The d spacing decreases to
58 A after calcination due to further condensation of silica
species and removal of water and lipid molecules. This
data clearly shows that order remained post calcination
and thus further suggests the formation of a hexagonal
structure. The absence of the (110) reflection suggests that
the (100) planes of the hexagonal unit cell are oriented
parallel to the substrate surface. These results indicate that
we can tune the final assembly to different structural
configurations by adjusting the initial lipid composition.

To avoid the complications arising from the mixture
of lipids in egg PC, we examined 1,2-dioleoyl-sn-gly-
cero-3-phosphocholine (DOPC), which has the same
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headgroup as the previously used lipids and a single
double bond in each lipid tail. (Supporting Information,
Figure SI 1) It is also the most dominant unsaturated
lipid (30%) in egg PC. Upon spin coating (and before
CVD), these films did not yield higher order diffraction
peaks (Supporting Information, Figure SI 3B); however,
the d-spacing corresponding to the primary peak was
40 A, slightly higher than that of egg PC (38 A). Upon
exposure to TEOS at 60 °C in the presence of 0.1 NHCl, a
similar trend in phase transformation from lamellar to
hexagonal as was observed for egg PC after 4 h of vapor
exposure. This hexagonal structure also did not collapse
upon calcination (Supporting Information, Figure Sl 3B).

To reduce the use of acids that may preclude incorpora-
tion of biomolecules intolerant of low pH, we conducted a
series of exposures at varying acidic concentrations. The
XRD patterns of a DMPC-silica assembly synthesized at
60 °C with variable acid concentrations (0—0.1N HCl) are
shown in Supporting Information, Figure SI 4A,B (exposed
for 4 h). These data show that there is a similar 3 A increase
in d-spacing before and after exposure to aqueous solu-
tions regardless of acid concentration, suggesting that the
presence of acid has minimal influence on the final
structure. However, a decrease in the concentration of
water vapor (10% relative humidity (RH)) during TEOS CVD
resulted in two closely spaced fourth order diffraction
peaks rather than the single peak observed previously
(Supporting Information, Figure SI 4AB). Thus, the pre-
sence of water in the CVD chamber is critical for the
formation of uniform d-spacing lipid—silica films. The two
fourth order peaks show an increase in d spacing of
approximately 14 and 2 A from the lipid-assembly
control sample. These data suggest that water vapor is
essential for hydrolyzing the silica precursors that pene-
trate and result in uniform d spacing. This argument is
strengthened by our observation that, at 50% RH, a
uniform increase in d spacing is detected even when
the aqueous container is not in place. The exact mechan-
ism and sequence of precursor hydrolysis and transport
to the bilayer interstices is not clear, however.

We also examined the use of a more volatile pre-
cursor, tetramethyl orthosilicate (TMOS), in an effort to
achieve lower deposition temperatures. Spin-coated
DMPC samples were exposed to vapors of TEOS or
TMOS at 37 and 60 °C for 4 h (to ensured a maximum
increase in the d spacing). The d spacing obtained for
the multilamellar assembles before, and after exposure
to TEOS or TMOS were found to be 50.7, 54.2, and 54.9 A,
respectively. There is a difference of 0.7 A between the
TMOS and TEOS samples, but both maintained lamellar
structure. Thus, the overall structural organization is
dictated mostly by humidity rather than the choice of
silica precursor (Supporting Information, Figure SI 5).

Since fluidity is an important characteristic of natu-
rally occurring lipid membranes, we tested lipid mobi-
lity at room temperature after silica deposition. The
lipid 1-palmotyl-2-oleoyl phosphatidyl choline (POPC)
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Figure 4. XRD, TEM, and fluorescence images of POPC—silica
assemblies prepared on silicon wafers. (a) XRD pattern before
and after exposure to silica precursor vapors at 37 °C, and after
calcination. (b) XRD patterns of the 4th order diffraction peaks
for the samples shown in panel a. (c) TEM image of a POPC—
silica assembly before calcination. (d) FRAP of a lamellar POPC—
NBD—PE silica film (synthesized at 60 °C) performed in satu-
rated water vapor. (e) FRAP of a lamellar POPC—NBDE—silica
film under water (synthesized at 37 °C). The dotted line in panel
a was added to reference the (001) peak for all samples relative
to the as-prepared spin-coated DMPC lipid assembly.
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Figure 5. Change in d-spacing obtained for various spin-
coated lipid films upon exposure to silica precursors. DMPC and
egg PC were exposed to TEOS precursor. POPC was exposed to
TMOS precursor. Solid lines indicate hexagonal transformation,
and dashed lines are examples of lamellar structure.

was used in these studies because it has a phase
transition temperature of —2 °C (i.e., is fluid at room
temperature) and exhibits the formation of well-or-
dered lamellar structure upon spin-coating (Figure 4).
This lipid has only one double bond in one of its chains, as
compared to DOPC, thus leading to a highly ordered
structure. To test lipid mobility, we measured fluorescence
recovery after photobleaching (FRAP) by incorporating a
low concentration of a fluorescently labeled lipid prior to
spin coating. We chose a tail-labeled lipid, 1,2-diphytanoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzo-
xadiazol-4-yl) (ammonium salt) (NBD-PE, 1 mol %),
to avoid introducing steric interactions of the head-
group with the silica matrix. Figure 4 panels a and b
show XRD patterns of lipid films before and after
exposure to TMOS precursors at 37 °C. The patterns
reflect the lamellar structure with a strong (001) dif-
fraction peak at 50 A for the control lipid assembly

VOL.7 = NO.6 = 5300-5307 = 2013 muLQL//\j Jf

Www.acsnano. org

5304



TABLE 1. Phospholipid Phase Obtained for Various Spin-Coated Lipids upon Exposure to Silica Precursors. DMPC and egg
PC Were Exposed to TEOS Precursor. POPC was exposed to TMOS Precursor®

lipid type lipid lipid tail composition chain length:no. of unsaturated bonds structure (60 °C)
saturated DMPC 140 lamellar
mixture egg PC 16:0 (32.7%), 18:0 (12.3%), 18:1 (32%), 18:2 (17.1%), 20:4 (2.7%) hexagonal
unsaturated DOPC 18:1 hexagonal
saturated—unsaturated POPC 16:0—18:1 lamellar (37 °C)

“For detailed structure and composition, please refer to Supporting Information, Figure SI 1.

(no silica) and 55 A for the hybrid lipid—silica film. Both
the control and hybrid films exhibit higher order
diffraction (002), (003), (004) peaks. A TEM micrograph
of the surface region of a hybrid POPC-silica thin film
after 1-h exposure to TMOS vapor clearly indicates a
lamellar structure (Figure 4c). No XRD peaks were
observed after calcination, which suggests a collapse
of the structure upon removal of the lamellar phos-
pholipid assembly. Sequential fluorescence images of
the silica-coated POPC multilamellar assemblies are
shown in Figure 4e. FRAP measurements indicate that
phospholipids in these multilamellar ultrathin films are
diffusively mobile (D = 0.1 & 0.04 um?/s) when placed in
aqueous solution. It is interesting to note that these
assembilies did not crack in aqueous conditions, possibly
due to the low synthesis temperature. Also, no delamina-
tion was observed after repeated rinsing. These results
confirm that POPC lipid assemblies exposed to TMOS in
mild conditions (i.e, 37 °C, no HCl) result in stable,
relatively fluid, highly ordered lamellar hybrid assemblies.

The previous experiments with POPC and TMOS were
repeated at 60 °C. Similar to the DMPC results above, a
lamellar to hexagonal transition was observed if the
vapor exposure time exceeded 1 h; it may be that less
time was necessary for the transition due to increased
fluidity of the POPC chains. The lamellar hybrid lipid
assemblies with 30 min TMOS exposure were fluid at
room temperature. However, when placed in 100% RH,
the films cracked significantly over macroscopic scales,
indicating that the synthesis temperature dictates the
stability of the hybrid assembly (i.e, lower reaction
temperatures prevent silica cracking) (Figure 4d).

We attempted to measure FRAP in multilamellar lipid
assemblies without silica; however, the lipid multilayers
immediately delaminated upon immersion into aqueous

MATERIALS AND METHODS

Materials. DMPC (14:0), DOPC 18:1 (cis), (DOPE, 18:1), L-a-phos-
phatidylcholine (egg PC), POPC, and NBD-PE were purchased from
Avanti Polar Lipids, Alabama. Tetraethylorthosilicate (TEOS), tetra-
methylorthosilicate (TMOS), and other common reagents were pur-
chased from Sigma Aldrich, MO, and used without further purification.

Ultrathin Lipid Silica Films. Lipid multilayers were synthesized
by spin-coating the desired lipid at a concentration of 10 mg/mL
in chloroform on clean silicon wafers at 3000 rpm for 1T min unless
otherwise specified. These lipid coated silicon wafers were placed
in a sealed chamber and exposed to vapors of a silica precursor

GUPTA ET AL.

solution. Typically, the multilamellar silica assemblies main-
tain structural stability for at least 6 months in air at low
humidity conditions. This was verified by XRD, as no
change in d spacing is observed after several months of
storage (Supporting Information, Figure Sl 6). Upon immer-
sion in water, the lipid assemblies were stable (maintained
fluorescence and fluidity) and we did not observe peeling
of films as shown in FRAP images (Figure 4).

CONCLUSIONS

In summary, we have demonstrated a simple synth-
esis of hybrid thin films that incorporate phospholipid
bilayer assemblies with lamellar or hexagonal ordering
into a robust matrix. These stable hybrid constructs are
consequentially able to preserve vital structural aspects
of naturally occurring multilamellar lipid assemblies and
may therefore serve as effective models for structure—
function studies of such assemblies or as components in
new bioinspired materials or devices. Figure 5 and
Table 1 summarize the effect of lipid composition, time
of exposure, and synthesis temperature on the structure
of lipid—silica assemblies described above. Our results
indicate that saturated lipids retain lamellar structure at
lower synthesis temperatures; whereas, more fluid lipid
assembilies (i.e., lipids with unsaturated fatty acids) shift
to a hexagonal structure with longer exposure to silica
precursor or elevated synthesis temperatures. In con-
clusion, we are able to easily fabricate tunable robust
and fluid hybrid lipid—silica assemblies with various
mesostructure features through minimal adjustments
to the synthesis conditions. Our laboratories are cur-
rently optimizing reaction conditions for successful
incorporation of relevant transmembrane peptides
and proteins into the hybrid lipid—silica assemblies
described here.

(TEOS or TMOS, 2 mL) and HCl (0.1 N aq) for a period of 2 h at
60 °C, unless otherwise specified. The samples were carefully taken
from the chamber and stored in the dark at room temperature.
Characterization. The films were characterized using XRD ona
Scintag PAD V diffractometer with Cu Ko radiation (4 =1.5406 A)
inis —26 (20 = 0.8°—10.0°) step-scan mode using a 0.02° step
size for 3 s. Analysis of the patterns was performed using MDI's
Jade 9 software. TEM was performed on a JEOL 2010 equipped
with a Gatan slow scan CCD camera at a 200 kV accelerating
voltage. The samples were prepared either transferring a lipid
film from a silicon substrate to a TEM grid using a surgical blade
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or by using standard cross-section techniques. Calcination of
samples was performed at 400 °C (heating rate of 1 °C per
minute) for 4 h in air.

Fluorescence Recovery after Photobleaching. Lipid—silica assem-
blies were synthesized using a mixture of lipid POPC (10 mg/mL
in chloroform) with tail labeled fluorescent 1 mol % NBD-PE. The
resulting lipid solution was spin coated onto clean silicon wafers
at 3000 rpm for 1 min. These lipid coated silicon wafers were
placed in a sealed chamber and exposed to vapors of TMOS
(2 mL) and water (2 mL) for a period of 1 h at 37 °C. The samples
were carefully taken from the chamber and stored in the dark at
room temperature. FRAP measurements were performed on a
Zeiss LSM 510 Meta confocal scanning laser microscope
equipped with an argon ion laser. As-synthesized samples were
stored in the dark for 2 days followed by incubation in water for
2 h to determine the stability of the multilayers. Repeated
scanning (512 times) of the laser resulted in bleaching the dye
in the lipid layers. The 488 nm line of the Ar-ion laser was used for
both bleaching and excitation of the fluorescent labeled lipids.
The bleached samples were imaged after intervals of time
sufficient to allow diffusive recovery. There was no detectable
photobleaching during the recording of successive image scans.
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