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Abstract

Aligning lipid bilayers in nanoporous anodized aluminum oxide (AAQ) is a new method to help study membrane proteins by electron
paramagnetic resonance (EPR) and solid-state nuclear magnetic resonance (NMR) spectroscopic methods. The ability to maintain
hydration, sample stability, and compartmentalization over long periods of time, and to easily change solvent composition are major
advantages of this new method. To date, 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) has been the only phospholipid used
for membrane protein studies with AAO substrates. The different properties of lipids with varying chain lengths require modified sample
preparation procedures to achieve well formed bilayers within the lining of the AAO substrates. For the first time, the current study
presents a simple methodology to incorporate large quantities of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC),
DMPC, and 1,2-dipalmitoyl-3-sn-phosphatidylcholine (DPPC) phospholipids inside AAO substrate nanopores of varying sizes. “H
and 3'P solid-state NMR were used to confirm the alignment of each lipid and compare the efficiency of alignment. This study is the
first step in standardizing the use of AAO substrates as a tool in NMR and EPR and will be useful for future structural studies of mem-
brane proteins. Additionally, the solid-state NMR data suggest possible applications of nanoporous aluminum oxide in future vesicle

fusion studies.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Solid-state nuclear magnetic resonance (NMR)> spec-
troscopy is a widely used tool to study membrane proteins
in their natural lipid environment that could not otherwise
be probed using X-ray crystallography. A variety of perti-
nent information about integral membrane proteins can be
obtained in aligned lipid bilayers [1,2]. The incorporation
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of a protein into an aligned lipid bilayer reveals unique
structural information such as peptide tilt angle and lipid
chain dynamics [3]. H NMR spectroscopy of deuterated
acyl chains of lipids is a powerful approach to monitor
the dynamic properties inside lipid bilayers [4]. Phosphorus
NMR spectroscopy is a valuable technique for studying the
alignment and degree of formation of lipid bilayers. A
broad axially symmetric *'P NMR powder spectrum is
obtained from unoriented lipid bilayers and consists of a
o, downfield and ¢ upfield. A bilayer that is aligned such
that the membrane normal is perpendicular with respect to
the static magnetic field, By, will yield a sharp peak at o
[5]. Studying a combination of powder and aligned bilayers
formed in AAO substrate provides a complete picture
of both the surface and interior dynamics of the lipid
bilayers.

The two most commonly used methods to align lipid
bilayers are mechanical alignment on glass plates and mag-
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netically aligned phospholipids bilayers (bicelles). Glass
plate alignment is achieved by sandwiching lipids between
thin glass plates and then hydrating the sample in a temper-
ature controlled humidity chamber [6]. Drawbacks to this
very common method include low sample stability which
limits the length of sample viability; thus, the length of
maximal NMR experimentation time, and a low maximum
hydration achievable which affects the creation of a realis-
tic cellular membrane mimicking environment. Aligned
bicelles are prepared by mixing long and short chain phos-
pholipids such as DMPC and DHPC (1,2-dihexanoyl-sn-
glycero-3-phosphocholine) under optimized experimental
conditions [7,8]. Drawbacks to the bicelle alignment proce-
dure include the inability to perform experiments requiring
the removal or replacement of solvent after the bicelle sam-
ple is created, low sample stability of non-ether-linked lip-
ids after being heated, the inability of some lipids (such as
POPC) to align in the magnetic field of the NMR spec-
trometer, and the limited range of alignment temperatures
for a given bicelle composition [3].

Recently, nanoporous anodized aluminum oxide sub-
strates have been used to align bilayers for use in NMR
and electron paramagnetic resonance (EPR) spectroscopy
[9-11]. The lipids were shown to self assemble in such a
way that their bilayer normals are all perpendicular to
the static magnetic field when the magnetic field is parallel
to the long axis of the aluminum oxide pores. This align-
ment indicates that the bilayers form rings that line the
inside of the pores (much like an onion) (see Fig. 1 in
Ref. [10]). A structural study of lipid nanotube arrays by
Gaede et al. demonstrated that the outermost lipid layer
of each pore was most likely covalently attached to the sub-
strate while the other lipid components were washed away
by extrusion [12]. In addition to adhering to the surface, a
model that the bilayer exists in a shape similar to the Golgi
apparatus with gentle curves was suggested in this compre-
hensive biophysical study of POPC phospholipids in AAO
substrate [12].

Since the discovery that bilayers could be aligned in
AAO substrates, membrane proteins have been success-
fully incorporated into the AAO substrate lipid system
for investigation with NMR and EPR spectroscopy
[3,10,11,13]. The surface area of exposed lipids in the
nanopores is comparable to a glass plate preparation, but
there are many advantages of using the AAO substrate sys-
tem for protein alignment in a lipid bilayer [13]. These
advantages include a long shelf life of hydrated sample
(months), the ability to rapidly dehydrate and rehydrate
with full sample viability, constant access to the bilayer sol-
vent to add or remove it by flowing new solvents in, and
the ability of samples to be frozen and thawed with no
sample degradation.

The future development of AAO substrates as a plat-
form for performing microarray analysis including small
molecules screens and protein—protein interaction screens
is very promising [14]. The compartmentalized nature of
the AAO substrate in combination with its robust stability

to sample degradation even when storing proteins in lipid
poises it as a natural candidate for this growing field. Dif-
ficult to study membrane proteins like ion channels or
metabotropic receptors involved in vesicle exo and endocy-
tosis could be tested for interactions with small molecule
drugs in a high throughput environment. New protein—pro-
tein interactions between a vesicle containing protein and a
protein in a lipid filled nanopore could elucidate new inte-
gral membrane protein interactions and cellular signaling/
recognition pathways [15]. Recently, fluorescence experi-
ments have shown that protein—protein interactions can
be monitored between an immobilized protein inside
AAO substrate without lipid [14]. This first proof of prin-
ciple experiment lays the groundwork for the logical exten-
sion of creating membrane bound protein microarrays and
biosensors. The current study lays a foundation for stan-
dardized lipid bilayer preparations that could be used for
such microarray analyses.

One major difficulty in the creation of AAO substrate
bilayer samples is sample preparation in which more than
one layer of lipid is present. To date, most studies of
AAO substrates and lipids have used an extruder or some
device to wash through the pores of the AAO substrate
after lipid deposition or as a method to deposit the lipid.
The high first lipid layer retention of the AAO substrate
allows for a single easily deposited first layer. However,
for NMR spectroscopy more than one lipid bilayer is
desired.

In the current study, we discuss a straightforward
method of forming lipid bilayers in AAO substrates. This
sample procedure is very fast, easy to repeat, and reveals
that more than one pore size and lipid composition may
be aligned using the same technique with minor modifica-
tions. As biologically relevant lipid systems are varied
and their choice often affect the protein structure being
studied, applying the AAO substrate lipid alignment tech-
nique to new lipids will help future users of this technique
[16].

2. Results and discussion

In order to establish a consistent and reliable AAO lipid
bilayer substrate sample preparation method, the viability
of samples was assessed using *'P and “H solid-state
NMR spectroscopy. The most important difference
between this sample preparation method and those used
in many other procedures found in the literature is that
there is no extruding or washing buffer through the pores
that would remove all but one layer of lipid [12]. After pub-
lication of the first membrane protein incorporated into
aligned bilayers embedded in AAO substrates by the Lori-
gan lab (Ref. [11]), multiple requests for a detailed sample
procedure were received. This current study addresses
those requests by providing a simple sample preparation
procedure to yield efficient and reproducible aligned lipid
nanotube arrays optimized for maximum NMR signal
intensity (see Section 3).
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There are three important considerations when prepar-
ing an AAO lipid substrate sample; amount of buffer used,
heating time, and degree of homogenization before lipid
deposition. First, the amount of buffer used to homogenize
each lipid was found to be particularly important. Each
lipid was homogenized in different amounts of buffer that
varied slightly from sample to sample. It may be a conse-
quence of the need for a critical density of lipid vesicles
to start vesicle fusion on a substrate that exact vesicle water
ratios were needed. Indeed, the current investigation lends
support to this study of vesicle fusion by Keller et al. which
suggests the need for a critical density before vesicle fusion
to a substrate [17]. The variability in buffer needed from
sample to sample depends upon the condition in which
the lipids dry. For example, clumps of lipid require addi-
tional buffer to be added after one or two freeze thaw
cycles, while thin layers require only the initial amount of
buffer. The additional buffer to the clumped lipids enhances
homogenization of the lipids.

Heating time during both the initial lipid deposition step
and the washing step were also varied depending upon
phospholipid type. Presumably, the increase in heating
times, which was needed with increased chain length, was
caused by differences in lipid phase transition and viscosity.
The higher phase transition temperature of the longer
chain lipids indicates that more heat is needed to help the
phospholipids go into the more fluid L, phase in which
the increased fluidity might help fuse the phospholipids
into large lipid bilayers. Thus, it could be that more heat
is needed with the longer lipid chains to help them form
bilayers more completely. Alternatively, the added heat
could help the longer chain phospholipids reduce their vis-
cosity such that they could better flow into the pores of the
AAO substrates [18]. In either case, the amount of heating
time is a crucial factor that varies with chain length and
must be considered when making AAO substrates with dif-
ferent types of phospholipids.

Third, the degree of homogenization of the sample is a
variable parameter that plays a pivotal role in sample prep-
aration. The simplest explanation of this observation is
that there is a range of optimal sizes of vesicles for proper
AAO substrate formation. Particularly, if too much sonica-
tion is performed, a fast moving component in the *'P
NMR spectra (an isotropic peak) will appear revealing
the presence of vesicles or micelles that have not been prop-
erly deposited into the AAO substrates (data not shown).
This fast moving component most likely originates from
small lipid vesicles or micelles that cannot form bilayers
in the AAO substrate and float in excess buffer after having
been fractionated too much by sonication. If the sample is
not homogenized enough such that there are still small
clumps of lipid, it can be concluded that not all of the lipids
are small enough to fit in the pores.

Fig. 1 demonstrates the alignment of each lipid bilayer
system in 200, 100, and 20 nm pore diameter AAO sub-
strates with >'P NMR spectroscopy. Each *'P NMR spec-
trum clearly shows one peak at ¢, relative to the crushed
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Fig. 1. *'P NMR spectra of (a) POPC, (b) DMPC, and (c) DPPC bilayers
in AAO substrates. Each lipid was tested in three different substrate
condition; 200 and 100 nm AAO substrate pore size (solid line), 20 nm
pore size (dashed), and crushed 200 nm AAO substrate (dotted line). For
clarity, only one solid line is shown for the 200 and 100 nm AAO substrate
because they are identical in lineshape.

AAO substrate powder pattern spectra for each phospho-
lipid. Improper hydration caused a broadening of the peak
and any improperly created plates caused the appearance
of a shoulder to the left of the peak indicating the presence
of more powder components. The smallest diameter pore
has a slightly shifted o, from the other pore diameters
(6. of 20nm pore size is 2.4 ppm upfield of 100 and
200 nm pores). This small pore diameter o, change was
confirmed by comparing its powder spectrum shift (data
not shown). One possible explanation is that the lipid head-
groups in the smaller pore size may have a preferred curva-
ture between the substrate and the lipid bilayer such that
the smaller pore size stabilizes the lipids less. This lower
stability might have caused an increased motion; thus,
shrinking the *'P chemical shift anisotropy (CSA) and
shifting the *'P ¢, peak.

Fig. 2 compares the >'P NMR spectra of unoriented
POPC lipid bilayers incorporated into AAO substrates
(011 = —19.8 ppm, 05, = —16.7 ppm, and ¢33 = 31.4 ppm)
and the powder multilamellar vesicle (MLV) (a1, =
—15.8 ppm, 0y =-122ppm, and o33 =31.8 ppm) of
POPC bilayers. The AAO substrate is clearly shifted to the
left when compared to the MLV sample. Considering the
increased stability associated with being in a solid support
environment, it is unlikely that the decrease in chemical shift
of AAO is caused by a higher degree of motion of the bilay-
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Fig. 2. 3'P NMR spectra of POPC formed in crushed AAO substrates
(solid line), aligned AAO substrate (dotted line), and multilamellar vesicles
(dashed line).

ers. Films of aluminum oxide formed anodically from alumi-
num in electrolytic conditions which contain many anions
[19]. Specifically, in phosphate solutions, many POs-anions
gather on the outer parts of the film. It has been shown that
charged anions affect the absolute value of the CSA by
decreasing it (shifting the o | peak to theleft) [20,21]. We pro-

pose that charges remaining from the preparation of the
AAO substrate interact with the lipid bilayer and cause a
slight shift in the *'P NMR spectrum of AAO substrate
bound lipids, not an increase in motional dynamics.

Additionally, slight asymmetry is observed in the *'P
aligned spectra of Fig. 2 on the baseline. This might have
arisen from the gentle Golgi like curvature proposed by
Gaede et al. [12]. The non-perfect perpendicular alignment
of the bilayer normals at periodic points in the nanopore
may have caused a small amount of non-o, components
exhibited as an asymmetry in the peak.

An alternative explanation of the *'P shift of the 20 nm
aligned peak to the left seen in Fig. 1 follows from the con-
clusion that charges from the substrate affect the *'P CSA.
It could be that there were more charges in the smaller pore
diameter of the AAO substrate that were artifacts of alumi-
num oxide creation or that an increased proximity of the
charges to the lipid bilayer due to the smaller pore volume
lead to an increased anion effect on the CSA of the 20 nm
pore AAO substrate. The observation that the 20 nm pore
size has a different effect on the lipids has been seen in a
much different context that might be caused by a similar
mechanism. Specifically, polymophonuclear leukocytes (a
neutrophil involved in immune response) were activated
differently and their pseudopodia extended further when
exposed to 20 nm pore size AAO substrates than the

a b c
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Fig. 3. 2H NMR spectra of fully acyl chain deuterated POPC (top), DMPC (middle), and DPPC (bottom). Different sizes of AAO substrate pores were
tested; (a) 200 nm, (b) 100 nm, and (c) 20 nm. POPC and DMPC spectra were taken at 37 °C and the DPPC spectrum was taken at 50 °C.



116 E.S. Karp et al. | Journal of Magnetic Resonance 187 (2007) 112—-119

200 nm pore diameter AAO substrate [22]. Thus, the mech-
anism or mechanisms that caused different headgroup
dynamics in the phospholipids in AAO substrates such as
charge distribution may also play a role in the use of alu-
mina ceramics for biomedical devices and other cellular
interfaces with nanoporous aluminum oxide.

Fig. 3 shows H NMR spectra for each pore size (200,
100, and 20 nm) and each lipid (DPPC, DMPC, and
POPC). Temperature profiles from 20 to 65 °C support
normal phase temperature behavior and no out of the
ordinary temperature affects (temperature series data not
shown). This supports a recent DSC study indicating that
the phase behavior of phospholipids in AAO substrates is
not altered when compared to other bilayer preparation
methods [23]. The size of the pore diameter did not affect
the acyl chain order nor was there any major affect on
the peak linewidths. Additionally, quadrupolar splittings
(approximately 24 kHz) and hence molecular order in all
lipids were comparable to glass plate preparation of
aligned lipid bilayers further indicating that the acyl chains
are not disturbed in the AAO substrate. The knowledge
that regardless of the substrate pore size, the interior of
the bilayer is unperturbed by the AAO substrate is impor-
tant to have confirmed for future protein incorporations
into AAO substrate. Thus, integral membrane proteins will
not likely be disturbed by the presence of the AAO
substrate.

However, a decrease in signal-to-noise is observed with
decreasing pore size. This is most easily observed in the

comparison of POPC lipids in the 200 nm pore substrate
with POPC lipids in the 20 nm pore diameter substrate.
Each plate has approximately an equal total pore volume
when the pore density and size are considered (109, 1010,
and 1011 pores/(:m2 for 200, 100, and 20 nm diameter
pores, respectively). Therefore, the decrease in signal-to-
noise is most likely caused by less sample forming bilayers
confined within the inside of the pores. This suggests the
possibility that lipid vesicle fusion is hindered in the small
pores size when the homogenized lipid samples are depos-
ited (Fig. 4).

Two possible differences in pore diameter may have
caused such a change in vesicle fusion; radius of bilayer
curvature and charge interactions. Radius of curvature of
a bilayer is a crucial but not well determined requirement
for proper vesicle fusion [24,25]. Changes in the radius of
bilayer curvature caused by different pore diameters could
be the source of the signal-to-noise differential associated
with decreased pore diameter. Alternatively, the difference
in charge distribution in the AAO substrate in the small
nanopores versus the large nanopores may play an impor-
tant role as van der Waal interactions are important deter-
minants of vesicle attachment to solid substrates [26]. It is
more likely that radius of curvature is responsible because
the first layer of the bilayer is known to strongly attach to
the substrate [12].

Furthermore, DMPC lipids exhibited a greater signal-
to-noise ratio when compared to POPC lipids and DPPC
lipids. It may be that the higher viscosity of the longer

Fig. 4. Diagram representation of the sample preparation procedure; step 1—dry lipid in test tube, step 2—dissolve lipid in buffer and add two drops to
each plate then heat in oven, step 3—wipe plate with kimwipe, step 4—add pure buffer to each plate and heat in oven, step 5—wipe a second time, step 6—
when a change from translucency to opacity occurs use small vacuum to stack each plate, step 7—wrap stack in parafilm after adding a drop of water to
the top plate and a glass plate to the top, step 8—put in NMR spectrometer. The diagram after step 8 illustrates the alignment of lipid bilayers in one pore
of the nanoporous aluminum oxide. The bilayer normals are perpendicular to the magnetic field B,. Note that more layers of concentric rings of bilayer

may be present in a pore and were omitted for clarity.
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chain lipids caused them to stay in the pore during wash-
ing, forcing them to form bilayers in the heated NMR
environment whereas the less viscous POPC lipid allowed
non-fused lipid to flow out during the preparation of
20 nm plates (Ref. [18] and personal observations).
Another possibility is that the shorter chain lipids better
adhered to the smaller pore and formed more uniform pore
layers inhibiting any trapping of vesicles inside the pore
that might fuse later. In either scenario, this circumstance
should be considered when choosing a phospholipid to
use for solid-state NMR experiments using AAO
substrates.

In summary, ’H and *'P NMR spectroscopy demon-
strated the proper perpendicular alignment of POPC,
DMPC, and DPPC using the procedure standardized in
the methods section. Sharp single *'P peaks at the ¢, of
the bilayers confirmed the presence of a uniform distribu-
tion of bilayers. Acyl chain dynamics demonstrated that
the pore size does not affect the inner core of the bilayer.
This is important for future integral membrane protein
studies using an AAO substrate lipid system because
changes in acyl chain dynamics may introduce artifacts in
protein experiments. Three new phenomena were observed
while optimizing the sample preparation procedure in this
study. First, the o, shift of *'P of 20 nm pores versus
200 nm pores indicates that the headgroups are affected dif-
ferently by pore size, an important factor to be considered
in the design of experiments to study surface membrane
proteins. Second, the *'P ¢, shift of the lipids in AAO sub-
strates with respect to the MLVs shows the importance of
charges created in the AAO substrate manufacturing and
with further study may provide a mechanism of attachment
of the lipids to the substrate as suggested in Gaede et al.
[12]. Finally, the decreased S/N ratio in the ’H NMR spec-
tra as the chain length decreased demonstrated that vesicle
binding and fusion is dependent upon the lipid type (prop-
erties such as viscosity may be primary factors) and the
radius of curvature of the inner bilayer. This study provides
a detailed procedure for forming aligned POPC, DMPC,
and DPPC lipid bilayers in varying pore size AAO sub-
strates in addition to presenting new factors to consider
when using these nanotube arrays for membrane protein
studies. Finally, the current study has also paved the way
for future experimentation that could use the different lip-
ids presented here and different pore diameters to explore
the curvature and lipid length effects on vesicle fusion
events, an essential part of biology [25].

3. Experimental
3.1. Materials

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphatidylcho-
line), DPPC (1,2-dipalmitoyl-sn-glycero-3-phophatidylcho-
line), and POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine) were purchased from Avanti Polar
Lipids (Alabaster, AL). All phospholipids were dissolved

in chloroform and stored at —20 °C prior to use. TRIS
(trisThydroxymethyllJaminomethane) was purchased from
Sigma/Aldrich. Deuterium depleted water, deuterated
d31-POPC, d54-DMPC, and d62-DPPC were purchased
from Avanti Polar Lipids (Miamisburg, OH). AAO sub-
strate was purchased from Whatman (England). A small
suctioning vacuum tool was purchased from Laboratory
Supplies Co. Inc. (Hicksville, NY).

3.2. Buffer, lipid, and AAO substrate preparation

Each phospholipid required a slightly different sample
preparation procedure. Approximately 1 mg of lipid was
deposited on each AAO substrate plate by the end of the
sample preparation. The drying procedure was common
to all lipids. One microliters of 20 mg/mL dissolved lipid
was aliquoted in a 12 mm X 75 mm test tube. A constant
stream of N, gas was applied into the test tube such that
the lipid dried in the lowest part of the test tube. Care
was taken to not trap chloroform below a layer of dried
lipid at the bottom of the test tube. Small amounts of left-
over, trapped chloroform created poor samples. Tilting and
rotating the test tube while drying helped to prevent chlo-
roform trapping. The samples were left under N, gas for
one hour before being placed in a vacuum dessicator
overnight.

A TRIS buffer (pH 7, 10 mM) was prepared using deu-
terium depleted water and adjusted to pH 7. 150-180 pL
buffer (11.1-13.3% [w/v]), 185-195 uL (10.3-10.8% [w/v])
buffer, and 210-230 uL (8.7-9.5% [w/v]) buffer was added
to the POPC, DMPC, and DPPC lipid samples, respec-
tively. Each sample was vortexed for 2 min followed by
two freeze thaw cycles in which hot tap water was used
to warm each sample after freezing with liquid nitrogen.
This procedure was repeated 3-6 times until the sample
was completely homogeneous (composition was smooth
and milky white). Depending upon how the lipid dried,
5-10 min of sonication helped homogenize the samples
instead of vortexing during one or two freeze thaw cycles.
Additionally, to homogenize the viscous DPPC samples,
210 pL of buffer was first added and if needed later, after
a freeze thaw cycle, 10 uL buffer aliquots were added until
fully homogenized. 20 5 mm X 8 mm rectangular pieces of
AAO substrate were cut with razor blades. Uniformity in
substrate size was found to be critical to maintaining sam-
ple hydration later. All plates were placed on a plastic Pet-
rie dish for the rest of the sample preparation.

3.3. Lipid deposition on AAO substrate and wiping of excess
lipid

In a 40°C oven, the cut AAO substrates were pre-
warmed. Uniformity during the following process is critical
to successful sample preparation. If one plate is not pre-
pared properly (too dry, lipid clogging the pores, lipid
not wiped off well enough, etc.), the sample will have signif-
icant non-aligned portions when observed with *'P or 2H
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solid-state NMR spectroscopy. Consequently, the follow-
ing sample preparation tips help achieve maximal lipid
incorporation into the pores with no dry plates, no pores
blocked by lipids, and no lipids outside of the pores.

With a pipette, two 5 puL. aliquots of freshly homoge-
nized lipid were added to each substrate close enough to
each other to touch and mix. The pipette tip was used to
touch the AAO substrate below the droplets so that the
surface tension would break and water would flow all over
the AAO substrate (the substrate looks wet and clear after
water had infused it). All 20 plates were then put into a
40 °C oven for 4, 5, and 6-7 min for POPC, DMPC, and
DPPC, respectively. This is one of the two crucial steps
for good bilayer formation. The heat of the oven helps
form the bilayers and lets them flow easily into the pores
of the substrate. The humidity of the environment dictates
the exact time needed to heat each lipid. The exact times of
drying varied up to 1 min from day to day depending upon
the exact environment humidity and temperature. The ideal
time to remove the plates is right before any lipid dries on
the substrate but not too soon that the sample is still glis-
tening from being too wet.

Immediately after removal from the oven, the excess
lipid not inside the pores was wiped gently with a folded
kimwipe. The best samples were obtained when, after wip-
ing, the spot on each substrate where the drops of lipid
were initially placed were clearly still wet while the sur-
rounding substrate areas were dry.

Because of the high phase transition temperature
(45 °C) of DPPC it was necessary to do extra preparatory
steps in this part of the sample preparation. This included
keeping the homogenized lipid in a hot water bath while
depositing it and placing the Petrie dish holding the sub-
strate on top of a beaker of steaming water to constantly
heat the substrates. This step increased the phospholipid
viscosity so that the DPPC flows easily into the pores.
The Petrie dish with steam was used for the duration of
the DPPC preparation. Additionally, the higher tempera-
ture for DPPC was needed during all steps of sample prep-
aration and during the NMR experiments due to the
higher phase transition temperature of DPPC when com-
pared to DMPC and POPC [27].

3.4. Washing the substrate and stacking the plates

Immediately after wiping the excess lipid from the top of
each substrate, 7 uL of deuterium depleted water was
added to the center of each plate. The pipette was touched
to the substrate through the water droplet as was done
before during lipid deposition to make sure that the water
fully hydrated each substrate. The hydrated substrate was
then heated in the 40 °C oven for 2, 2, and 3 min for POPC,
DMPC, and DPPC, respectively. The purpose of this heat-
ing is to again help the bilayers form properly in the pores.
Also note that these times may very up to 30 s depending
upon environmental conditions such as temperature and
humidity.

After removal from the oven, each plate still glistened
from excess water. Using the corner of a kimwipe, each
sample was very quickly dabbed to remove almost all
excess water. This second step is crucial to the creation of
well-aligned lipid bilayers. If the plates were not uniformly
wet after slightly dabbing, then they were never uniformly
hydrated when they were stacked. Within seconds after
dabbing, the plates began to dry to the point when they
lose the water suctioned between them and the Petrie dish
and turn from visibly wet (clear, not glistening) to only
slightly clear but distinguishable still by the fact that where
the original drops of lipid were placed is wetter than the
rest of the plate. This state disappeared and the plate dried
within 20 s and it was in this time that the plate was picked
up with a small suctioning vacuum tool and placed on com-
parably sized glass plate on parafilm. If the dabbing and
water application was uniform, then all the plates went into
this hydration state within 1 or 2 min allowing for a con-
stant stacking of plates such that the hydration of the pre-
vious stacked substrate would be preserved in between two
other hydrated plates. After stacking, one 3 puL aliquot of
deuterium depleted water was placed on the top substrate
followed by another glass plate. The stack of 20 plates
was then wrapped tightly with parafilm. Finally, any plates
that did not dry properly, that stuck too much, or were out
of the ordinary for any reason (usually 2-3 of 20 plates)
were never used.

3.5. Powder sample and multilamellar vesicle preparation

The powder AAO lipid samples were prepared by
crushing the stacked AAO substrates after the above
preparation procedure with a mortar and pestle. Parafilm
was used to contain the unoriented lipid sample. Multila-
mellar vesicles were prepared by placing the homoge-
nized lipid mixtures inside a small bag that was used
inside the same flat coil solid-state NMR probe for
consistency.

3.6. Solid-state NMR spectroscopy

All NMR experiments were conducted on a 11.7 T Bru-
ker AVANCE 500 MHz wide bore solid-state NMR spec-
trometer. All spectra were taken with a Bruker double
resonance flat coil solid-state NMR probe of dimension
8.5 mm x 14 mm. The resonance frequencies used for *H
and *'P, '"H were 76.8 and 202.4 MHz, and 500.1 MHz,
respectively. The ’H NMR spectra were recorded using a
standard quadrupole-echo pulse sequence (3.0 us 90°
pulses, and a 0.4 s recycle delay). For the ’H NMR data,
8000 scans were taken and the free induction decay was
processed using 100 Hz of exponential line broadening.
The *'P NMR spectra were recorded with 6.5 dB 'H decou-
pling using a 7.0 pus 90° pulse and a 4 s recycle delay. For
the *'P NMR data, 1024 scans were averaged and pro-
cessed with 100 Hz of exponential line broadening.
H;PO,4 (85%) was used to reference all 3P chemical shifts
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at 0 ppm. Topspin software (Bruker Biospin, Billerica MA)
was used for data analysis.
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