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ABSTRACT: Recently, effort has been placed into fabricating model free-floating asymmetric lipid membranes, such as asymmetric
vesicles. Here, we report on the use of lipid-coated silica nanoparticles to exchange lipids with initially symmetric vesicles to generate
composition-controlled asymmetric vesicles. Our method relies on the simple and natural exchange of lipids between membranes
through an aqueous medium. Using a selected temperature, time, and ratio of lipid-coated silica nanoparticles to vesicles, we
produced a desired highly asymmetric leaflet composition. At this point, the silica nanoparticles were removed by centrifugation,
leaving the asymmetric vesicles in solution. In the present work, the asymmetric vesicles were composed of isotopically distinct
dipalmitoylphosphatidylcholine lipids. Lipid asymmetry was detected by both small-angle neutron scattering (SANS) and proton
nuclear magnetic resonance (‘H NMR). The rate at which the membrane homogenizes at 75 °C was also assessed.

B INTRODUCTION membrane. This appeared to be straightforward to do on
supported lipid bilayers,® until it became clear that even very
smooth surfaces create defects in the membrane, which
produce an accelerated rate of leaflet mixing.” To circumvent

Lipids are essential components of cell membranes." In
eukaryotic cells, membranes bound compartments with
specialized functions requiring unique protein and lipid

compositions.” The plasma membrane (PM), for example, is the effect of the surface, it is therefore necessary to build free-
known to have a strict asymmetric distribution of lipids floating asymmetric membranes, such as vesicles, suitable to be
between the exoplasmic and cytoplasmic bﬂayer leaﬂets’ and measured by noninvasive, hlghly sensitive spatial temporal
this structure is responsible for the physiological fate of the techniques like small-angle neutron scattering (SANS) and 'H
cells.”> The quest to understand lipid trafficking within and NMR. The use of cyclodextrins has proven to be a robust
between membranes as it relates to lipid homeostasis and approach to creating asymmetric membranes in submicron-size
metabolism, and how this lipid organization leads to function, vesicles.® However, as the field advances, it is important to
has led to numerous studies over the past four decades.”"" recall that until recently, the rates of the transverse movement
Indeed, transbilayer flip—flop rates and energetics can of lipids across a lipid bilayer were reported with great

influence interorganelle lipid transport by rearranging lipids
from the inner to outer leaflets or vice versa. This
rearrangement can directly affect membrane curvature and
consequently vesicle budding, vesicle fission, and vesicle
fusion.”™® Thus, there is an interplay between the rates and
energetics of lipid transport that is crucial for the establishment
and maintenance of an asymmetric lipid distribution across
cellular membranes, which impact the strategies the cell
establishes to do so.

The simplest way to study lipid flip—flop is to follow the
homogenization of lipid composition in an initially asymmetric

dissimilarities.” Therefore, when protocols are conceived,
attention has to be paid to potential biases and artifacts.
Finding new approaches to produce asymmetry in the
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Figure 1. lllustration of asymmetric vesicle preparation, Step 1: A mixture of 50 nm vesicles (d62DPPC or d7SDPPC) and hDPPC-coated 30 nm
silica NPs (1:20) was annealed at 75 °C for 170 min. Step 2: Diluted in D,O and at a 0.11 mM (M = mol/L) MgCl, concentration, the mixtures
are loaded onto sucrose gradients and centrifuged at 21 000 rcf for 2.5 h at 18 °C. Step 3: Recovery of the supernatant well above the sucrose line.
Step 4: The sample, now at 5 mM MgCl,, is centrifuged at 21 000 rcf for 1.5 h at 18 °C and the supernatant is placed in a 15 mL, 100 000 g/mol
molecular weight cutoff concentrator and washed at least three times to remove the salts and residual sugar. The last two washes are with D,0. A
check with "H NMR will show the degree of sugar removal and if additional washes are necessary. Figure S2 in the Supporting Information shows
the spectra of d7SDPPC/hDPPC asymmetric vesicles having only lipid peaks and a ~#1% H,O peak.

membranes can only but help confirm (or not) the results and
also allow for new discoveries.’

Here, we present a different and novel method for preparing
submicron-sized asymmetric vesicles (%50 nm in diameter)
based on the exchange of lipids between lipid-coated silica
nanoparticles and vesicles through the aqueous environment."'’
The optimum annealing time, annealing temperature, and the
ratio of vesicles to lipid-coated silica nanoparticles depend on
the system, but these parameters ultimately determine the
composition and asymmetry of the vesicle population of
interest.'' Once a desired lipid composition is reached, lipid-
coated nanoparticles are removed by centrifugation, leaving the
asymmetric vesicles in solution. These asymmetric submicron
size vesicles were then characterized by high-resolution
techniques ('"H NMR, SANS, gas chromatography (GC),
and calorimetry). We found that, for the system studied, which
was predominantly the exchange between isotopically distinct
dipalmitoylphosphocholine (DPPC) molecules, these vesicles
can attain a high level of asymmetry in lipid composition with
no residual lipid-coated silica nanoparticles contaminating the
signal or potentially producing spurious and unwanted effects.
In addition, the asymmetric DPPC vesicle system revealed that
the rate at which the membrane homogenizes is, at least for
DPPC, consistent with the results by Marquardt et al., who
utilized the cyclodextrin approach to produce asymmetric
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vesicles.”” This suggests that although cyclodextrin is still
found in their system after centrifugation, its presence is not
producing any measurable effects on lipid motion within the
bilayer.

B MATERIALS AND METHODS

Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(hDPPC), 1,2-dipalmitoyl—d62-sn-glycero-3-phosphocholine
(d62DPPC), 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine-
1,1,2,2-d,-N,N,N-trimethyl-d, (d7SDPPC), and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG) were
obtained as powders from Avanti Polar Lipids (Alabaster, AL) and
used without further purification. LUDOX AS-40, a mass fraction of
40.8% colloidal silica solution with SiO, nanoparticles having a
diameter of 30 nm, was purchased from Sigma-Aldrich (lot 200703)
and was used as received. The LUDOX AS-40 solution’s pH is 10.1
and its specific gravity is in the range between 1.295 and 1.337 g/mL.
The SiO, beads were prepared by the water glass process and had
densities of 2.2—2.6 g/cm® (reported by the manufacturer). HPLC
grade ethanol was purchased from Fisher Chemicals. Deionized water
was further purified with a Millipore Simplicity UV purifier. D,O
(99.8%) and deuterated-ds benzene (D, 99.5%) were obtained from
Cambridge Isotope Laboratories, Inc. Praseodymium(III) nitrate
hexahydrate Pr(NO;);:6H,0 (Pr**) was purchased from Fisher
Scientific and prepared as a 10 mM (M = mol/L) stock solution in
D,0. Centrifugal filter devices (Amicon Ultra-15, 100 kDa molecular
weight cutoff) were purchased from EMD Millipore and washed
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seven times with Milli Q H,O before use to remove trace glycerol
following the protocol by Doktorova et al.®

Preparation of Unilamellar Lipid Vesicles. The lipids, in
powder form, were used as received. Precise amounts of d62DPPC or
d7SDPPC and POPG were weighed out in a vial. The molar amount
of POPG used was 2 mol %. Chloroform was added to the vials and
stirred sufficiently to disperse all lipids. Dry lipid films on the wall of
the vials were obtained by applying a constant stream of nitrogen to
the chloroform solutions. The vials were then placed in a vacuum
oven overnight at 70 °C to assure the complete removal of
chloroform. The dried dDPPC/POPG mixtures were then redis-
persed in D,O.

We prepared unilamellar vesicles 50 nm in diameter via the
extrusion method. This nominal size was given by the mesh size of the
polycarbonate membranes used during the extrusion process. The
precise size of the vesicles was determined using small-angle neutron
scattering (described below) and was found to be ~50 nm in diameter
and unilamellar, as described in the Results and Discussion Section.
Indeed, a few mol % of charged lipids have recently been shown to
produce very stable unilamellar vesicles.'”

The extrusion process consists of the following steps. Lipid
solutions are passed between two 1 mL Hamilton syringes connected
to a polycarbonate membrane holder. The extruder system, consisting
of the two syringes and the polycarbonate membrane holder, is placed
on an extruder holder, which is kept heated by a circulating water bath
set to 55 °C, which is well above the T, of dDPPC. The lipid solution
is then passed through the polycarbonate membrane 41 times with
the aid of a modified New Era programmable syringe pump.

Preparation of Lipid-Coated Silica Nanoparticles. The
assembly of a single bilayer coating of 30 nm diameter silica
nanoparticles (NPs) was done via a solvent-exchange method,"® as
described previously.”* In short, for this work we combined hDPPC
(0.13 g) with 3 mol % of POPG (0.004S g) dissolved in 1.25 mL of
ethanol. Addition of charged lipids is necessary to keep the silica
nanoparticles in suspension.”® After the lipids are homogeneously
dispersed and the ethanol solution becomes transparent at room
temperature (heating to SO °C accelerates this step), approximately
580 uL of LUDOX AS-40 silica solution, having a weight in the
vicinity of 0.774 + 0.002 g, where the uncertainty represents one
standard deviation, and 680 uL of Milli Q H,O are added to the
ethanol solution and vortexed vigorously for about 1 min. The vial is
then placed at 50 °C until the suspension becomes somewhat clear. A
second vigorous vortexing step (0.5—1 min) and another S0 °C
incubation for approximately 30 min will produce a clear suspension
with very little residue at the bottom of the vial. To remove all ethanol
from the suspension and obtain a fully aqueous solution, the sample is
dialyzed six times with warm water on a heated plate (set to 45 °C)
using Spectra/Por Biotech Grade Pre-wetted Dialysis Tubing with a
pore size of 100—500 Da over a span of 2—3 days (about 2.5 mL of
lipid-coated silica nanoparticle solution in the dialysis bag to 0.75 mL
of Milli Q H,O bath times six changes). Some precipitation developed
during the dialysis process and was removed, after the sample was
recovered, using a small benchtop centrifuge at 2000 rcf (rcf = relative
centrifugal force, Xg) for a few seconds. The volume recovered is
approximately 3 mL, giving a final lipid concentration of
approximately 40 mg/mL. The dialysis exchange of H,O to D,O
could certainly be a preferred additional step that can facilitate the
recovery of asymmetric lipid vesicles as described below.

Asymmetric Lipid Vesicle Preparation. The schematic for this
process is shown in Figure 1. A single batch of a well-mixed solution
of hDPPC + 3 mol % POPG bilayer coating of 30 nm silica
nanoparticles and d62DPPC + 2 mol % POPG or d75DPPC + 2 mol
% POPG of ~50 nm vesicles at a mass ratio of 20:1 mg was separated
into several ~650 uL aliquots (lipid concentration ~30 mg/mL) and
incubated at 75 °C for 170 min (step 1). The mol % of POPG was
chosen to create a stable lipid-coated nanoparticle solution using the
minimal doping possible, but also POPG promoted both vesicles and
lipid-coated silica nanoparticles to repel and thus avoid potential
direct contact or collisions between particles. After the samples were
cooled (the samples can be put in the refrigerator for fast cooling),
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they were diluted in D,O such that the volume approximately
doubled. Applying a few microliters of a concentrated stock solution
of MgCl, in D,0O (5—10 mM, M = mol/L) on the cap of the
Eppendorf tube, followed by manual and fast mixing, a final salt
concentration of 0.11 mM MgCl, was achieved. Using a small
benchtop centrifuge at 2200 rcf for &% 1 min may show some
precipitation, indicating that the lipid-coated silica nanoparticle
suspension has been slightly destabilized by the salt.'* The
supernatant is then layered on top of a sugar gradient in a 1.5 mL
Eppendorf. The use of a sugar gradient with a relatively high salt
content was to quickly destabilize the lipid-coated silica nanoparticles,
favoring their speedy precipitation, and separate them from the
vesicles, thus minimizing the centrifugation time or the need for
ultracentrifugation. The sucrose gradient consisted of a bottom layer
of 400 uL of 25% w/w sucrose and 0.125 mM (M = mol/L) MgCl, in
D,0, followed by a 300 uL carefully pipetted (ie, avoiding the mixing
of the layers) “buffer-zone” layer of 0.11 mM (M = mol/L) MgCl, in
D,O. The top layer, also carefully pipetted, was our vesicle-silica
solution (x650 uL). The Eppendorf tubes are then centrifuged at
21000 rcf for at least 2.5 h at 18 °C (step 2) using an Eppenddorf
5804R benchtop centrifuge. Asymmetric vesicles, now separated from
the lipid-coated nanoparticles, were obtained from the top super-
natant, up to 250 uL above the sucrose layer. For additional
precaution, the supernatant’s salt concentration was further increased
to S mM (M = mol/L) MgCl, and centrifuged at 21000 rcf for
another 1.5 h at 18 °C (step 4). Taking all but the last SO uL, the
samples were then placed in a 15 mL, 100000 g/mol molecular
weight cutoff centrifugal concentrator. The concentrators were
prerinsed seven times with Milli Q H,O to remove glycerol as per
Doktorova et al.* The concentrator tube was used to remove the salts
and residual sugar with at least three washes followed by a final
sample concentration step. It should be noted that a lower-molecular-
weight concentrator could certainly be preferred to increase the
vesicle yield, as the sample is lost during the washes with the 100 000
g/mol molecular weight cutoff filter. The last two washes are done
with D,0. A check with 'H NMR will show the degree of sugar
removal and if additional washes are necessary. Figure S2 in the
Supporting Information shows the spectra of d7SDPPC/hDPPC
asymmetric vesicles having only lipid peaks, ~#1% H,O peak, and no
ethanol or sugar residue.

To check whether that the lipid-coated silica nanoparticles were
removed during steps 2—4, we devised a negative control: we followed
all of the steps just described before but without vesicles. Using
dynamic light scattering (DLS), we confirmed that there were no
particles in the solution after step 3.

Because removing lipid-coated silica nanoparticles is critical to
detecting the asymmetry reliably and with DLS we could only analyze
a negative control, we performed an additional SANS experiment to
highlight any possible remaining nanoparticles. The experiment
consisted in mixing d62DPPC vesicles with d62DPPC-coated silica
nanoparticles and following the protocol through all of the steps
shown in Figure 1. Figure S4, in the Supporting Information, shows
the scattering signal from the d62DPPC vesicles and those recovered
after exchanging with d62DPPC-coated nanoparticles. Because the
scattering curve spectra overlap, we confirmed that there were no
remaining d62DPPC-coated nanoparticles in the solution.

Small-Angle Neutron Scattering (SANS). SANS is a powerful
technique to obtain the structure information of particles ranging
from a few to hundreds of nanometers in size because the scattered
intensity, I(Q), is directly related to their shape, size, and
composition. A critical part in obtaining this information is to have
contrast. Contrast is derived from the specific chemical and isotope-
dependent scattering length densities (SLD) in the particle and the
solvent. To detect compositional asymmetry across the bilayer of
vesicles, the two leaflets of the membrane must display contrast.
Isotopic differences come from the substitution of hydrogen with
deuterium, which results in drastically different SLDs; for example, the
tail SLD for hDPPC is —0.4 X 107 A2, while for d62DPPC (with 62
deuterium substitutions), it is 7.4 X 107% A=%'> Mixtures of “d” and
“h” lipids will produce varying leaflet SLDs according to the volume
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fraction of each lipid type. In contrast to hydrogen and deuterium
substitutions, the SLD difference between POPG and hDPPC due to
their chemical compositions is insignificant, both giving essentially
identical SLD values.

The SANS data were acquired on the NGB30 SANS instruments at
the National Institute of Standard and Technology Center for
Neutron Research (NIST-CNR), Gaithersburg, MD, and on D22 at
the Institut Laue Langevin Grenoble. For the characterization of
vesicles, data was taken over a broad Q-range: 0.004 A'< Q < 0.44
A‘I, at room temperature. Here, Q is the magnitude of the scattering
vector given by Q = 47« sin(6/2)/A, where 0 is the scattering angle and
A is the neutron wavelength. The wavelength used was 6 A. The
wavelength spread (A1/4) of 15% and 10% was used on NGB30
SANS and D22, respectively. Data were collected using a two-
dimensional (2D) detector and reduced using the reduction packages
provided by NIST-CNR and ILL, obtaining, ultimately, circularly
averaged intensity vs Q scattering curves. To have the highest possible
contrast between the vesicles and the solvent and the lowest possible
background, particularly in the high Q region of the spectra, we used
D,0.

'"H NMR. Proton NMR (*H NMR) is a powerful technique to
probe the structural and compositional properties of individual
membrane leaflets of vesicles in solution (in D,0), particularly
through the use of a shifting agent, like the paramagnetic salt Pr**.
When Pr’* is added to a solution of unilamellar vesicles, it only has
access to the outer leaflet headgroup: its choline group. As a result,
the otherwise single choline peak from both the inner and outer
leaflets splits into two: the inner leaflet choline, having no access to
Pr*, remains unshifted, while the outer leaflet choline peak is shifted
due to its interaction with Pr**. In asymmetric vesicles composed of
d75DPPC and hDPPC, the "H NMR signal is only due to the choline
group of hDPPC because in fully deuterated d7SDPPC the choline
hydrogens are all substituted by deuteriums and do not contribute to
the 'H NMR signal. Thus, in the presence of Pr¥*, the relative area
fractions of the shifted and unshifted choline peaks correspond to the
fractional distribution of hDPPC in these vesicles.””™'®

All spectra were collected on a 400 MHz Bruker DPX spectrometer
and using the TopSpin 1.3 acquisition software. One-dimensional
(ID) '"H NMR experiments were acquired with 64 scans per
spectrum, 10 kHz sweep width, 8192 acquisition points, and 2 s
recycle delay. The pulse angle was set to 30° at a 50 kHz RF field. The
spectra were processed within Topspin and converted into an XY text
format for analysis with Mathematica software.

From a single asymmetric vesicle preparation, separate annealing
times were studied: as prepared and annealed at 75 °C for 6 and 22 h.
The volume of the samples was 0.55 mL, to which 3.9 L was added
from a 10 mM (M = mol/L) Pr** stock solution for a final Pr**
concentration of 0.07 mM (M = mol/L). The vesicle concentration
was &1 mg/mL. The 5 mm NMR tubes were loaded with a sealed
capillary containing deuterated benzene. Data were taken at 50 °C
(above the chain melting temperature of both hDPPC and
d7SDPPC) and the corresponding shifted and unshifted choline
peaks were fitted with a sum of two Lorentzian functions to determine
the inner and outer leaflet area fractions.

Gas Chromatography (GC). The lipid exchange efficiency can be
fully resolved by obtaining the ratio of isotopically distinct lipids in
the asymmetric vesicles using the sn-1 fatty acid methyl ester (FAME)
derivatives (i.e., methyl palmitate and methyl palmitate-d31) by
capillary gas chromatography as described previously.'® The details
are included in the Supporting Information.

u-Differential Scanning Calorimetry (DSC). ;-DSC measure-
ments were obtained on a Setaram Micro DSC III Instrument. The
sample volume was ~320 L, with the same corresponding volume of
D, 0 in the reference vessel. The vessels were introduced to the DSC
at 20 °C and equilibrated for 15 min. The scan rate during heating,
from 20 to 50 °C, was 1 °C/min.
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B RESULTS AND DISCUSSION

Asymmetric vesicles were produced using either d62DPPC =
50 nm vesicles or d7SDPPC =~ 50 nm vesicles mixed with
hDPPC-coated silica nanoparticles, as described in detail in the
Materials and Methods section. Upon mixing, lipid exchange
occurs between the outer leaflet of the deuterated bilayers of
the vesicles and the protiated bilayers coating the silica
nanoparticles. Because in the present case, intervesicle lipid
exchange is much faster than intrabilayer flip—flop due to the
high ratio of the donor (lipid-coated silica nanoparticles) to
acceptor (vesicles) populations, the isotope labeling scheme
used here results in asymmetric vesicles that have a majority of
deuterated dDPPC in the inner leaflet and protiated hDPPC in
the outer leaflet. Once a “desired” asymmetry is reached in the
vesicles through the length of the incubation time, the bilayer-
coated silica nanoparticles are easily removed by centrifuga-
tion, leaving only the asymmetric vesicles in solution. The
resulting distribution of hDPPC in each leaflet of the dDPPC
acceptor vesicles was quantitatively determined by isotope-
sensitive techniques such as SANS and 'H NMR, in
combination with GC and calorimetry. '"H NMR was used to
determine the distribution of hDPPC in hDPPC/d7SDPPC
vesicles because d7SDPPC, having no protons, is completely
invisible. Thus, the 'H NMR signal corresponds only to the
distribution of hDPPC in the vesicles. On the other hand,
d62DPPC, which has a protonated headgroup, allows SANS to
highlight the tail region of the lipid bilayer, which is ideal in
determining the distribution of hDPPC in hDPPC/d62DPPC
vesicles. GC and calorimetry provided checks on the overall
composition of the vesicles.

SANS measurements of d62DPPC-only vesicles (in D,0)
and hDPPC/d62DPPC vesicles are shown in Figure 2. The

100 5 d62-DPPC vesicles
i h/d62-DPPC asymmetric
10 4 N\ h/d62-DPPC symmetric
_T/'\ 1 -
g
L
G 0.1
0.01 =
0.001 ~
4567 2 3 4567 2 3 4
1
QA"

Figure 2. SANS spectra for d62DPPC vesicles (green), hDPPC/
d62DPPC as-prepared asymmetric vesicles (blue), and symmetric
vesicles (red) produced by annealing asymmetric vesicles at 75 °C for
22 h. The lines through the data correspond to fits whose parameters
are shown in Table 2. The data were taken at room temperature.
Uncertainty represents one standard deviation.

large difference in the low Q scattering between d62DPPC-
only vesicles and those with hDPPC indicates that indeed
hDPPC has been successfully transferred to d62DPPC vesicles
from hDPPC-coated silica nanoparticles. Two curves for
hDPPC/d62DPPC vesicles are presented in Figure 2, one
corresponds to vesicles with an asymmetric distribution of
hDPPC, while the other corresponds to the same hDPPC/
d62DPPC vesicles but that have been annealed for 22 h at 75
°C. Not surprising, these two curves basically overlap at low Q,
indicating that the vesicles in these solutions have a similar size
and size distribution, similar concentrations, and the same h-
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lipid content. At high Q, however, the difference between these
background-subtracted curves becomes evident, particularly
around Q ~ 0.1 A™". In this Q-range, the uplift in the scattering
of asymmetric vesicles compared to the scattering from the
vesicles that have been allowed to homogenize is a clear
indicator of a significant degree of asymmetry in the
distribution of h-lipids across the asymmetric vesicles’
membrane. The data were fit using SASview’s core-multi
shell vesicle form factor'” consisting of four separate
contributions: the headgroups (two) and tails (two).
Simultaneous fits of the three data sets shown in Figure 2
were performed such that the following constraints were
applied: (1) the thicknesses of the headgroup and tails were
kept the same for all data sets, (2) the SLD of the headgroup
was kept the same for all data sets, (3) the individual
concentration for each data set was fixed according to the
values found after the samples were lyophilized, (4) the tails’
SLD of the symmetric sample (annealed for 22 h at 75 °C) was
directly computed from the SLD values of the tails of the
asymmetric sample, and, in that way, we conserved the lipid
composition in the vesicles.

The SLDs for the individual heads and tails were
unconstrained free parameters. The fit parameter tail values
were assessed according to the results from gas chromatog-
raphy (GC), presented in Table 1.

Table 1. GC Results”

GC (mol %) dDPPC hDPPC POPG
d75DPPC 96.2 0 3.8
h/d75SDPPC 53.2 41.6 5.2
d62DPPC 97.2 0 2.8
h/d62DPPC 594 £ 02 36. £ 03 46 £ 02

“Values are directly calculated from GC traces, as shown in Figure S1
in the Supporting Information. Uncertainty corresponds to one
standard deviation from runs of two equivalent samples (“asym-
metric” and “symmetric”, as shown in Figure 2).

The resulting fits to the SANS data are shown as continuous
curves in Figure 2, and the fit parameter values and their
standard deviation are presented in Table 2. From the SANS fit
parameter values, we find that the tail region of the d62DPPC-

only membranes contains some h-lipid, 2.6 + 1.3 vol %, where
the uncertainty for all values extracted from the SANS fits
represents one standard deviation, which corresponds to
POPG, the only h-lipid in these vesicles, as confirmed by
GC, as shown in Table 1, where a 2.8% POPG corresponds to
an ~3.0 vol % (estimating POPG to be slightly larger—1.1
times—than hDPPC'®).

The GC analysis of hDPPC/d62DPPC vesicles shows that a
significant amount of hDPPC was transferred from the
hDPPC-coated silica nanoparticles to the initially d62DPPC-
only vesicles (increasing from 0 to 36.0 mol %). Furthermore,
the GC analysis shows that additional POPG was transferred
to the d62DPPC-only vesicles from the hDPPC-coated silica
nanoparticles too (increasing from 2.8 to 4.6 mol %).
However, because the SLDs of POPG and hDPPC are
indistinguishable, the SANS fit parameter values can only
report their combined contributions. Notwithstanding, because
the fraction of hDPPC is so dominant (being ~88 vol % of the
h-lipid contribution), the behavior of the h-lipids in each leaflet
mostly represents the behavior of hDPPC. Still, to avoid
misinterpretations, the discussion of the SANS results and
conclusions will refer to h-lipids rather than hDPPC, except
where appropriate. With this in mind, the SANS tail-region fit
parameter values for the as-prepared hDPPC/d62DPPC
vesicles show that the outer leaflet composition is 55.3 + 1.3
vol % h-lipids, while in the inner leaflet, it is 21.8 + 1.3 vol %.
Knowing that in these small unilamellar vesicles (SUVs), the
outer leaflet has a larger volume fraction than the inner leaflet
(~S55 vs ~45 vol %, respectively), this result immediately
suggests that the distribution of h-lipid is highly asymmetric
across leaflets. Indeed, we obtain that 75.6 &+ 2.6 mol % of the
h-lipids in the vesicles reside in the outer leaflet and 24.4 + 1.6
mol % reside in the inner leaflet. Using the volume fraction of
h-lipids in the outer and inner leaflets, we also obtained that
the overall h-lipid composition in the vesicles: 40.2 & 2.1 vol
%, which is, within the error, the same value that obtained in
the GC analysis.

Once the hDPPC/d62DPPC vesicles were annealed for 22 h
at 75 °C, the SANS tail-region fit parameter values indicated
that the initially asymmetric vesicles had become symmetric.
The SLD value of the tail region indicates an overall h-lipid

Table 2. Fit Parameters and Corresponding Least Square Values for the Scattering Curves Shown in Figure 2%

SANS fit parameters d62DPPC h/d62DPPC h/d62DPPC
t=0 t=22h

thickness headgroup (A) 9.6 = 0.1 9.6 + 0.1 9.6 + 0.1
thickness tail (A) 171 + 0.1 171 + 0.1 17.1 + 0.1
SLD headgroup (x107¢ A™2) 29 +0.1 29 +0.1 29 + 0.1
SLD inner tail (x107¢ A~2) 7.1 + 0.1 5.7 0.1 43 +0.1
SLD outer tail (x1076 A™2) 7.1 + 0.1 31+ 0.1 43 + 0.1
radius (A) 285 +2 224 +2 243 £2
radius polydispersity 0.3 0.3 0.3
total bilayer thickness (A) 533 +£03 533+ 03 533 +£03
bilayer thickness polydispersity 0.15 0.15 0.15
h—tail vol % in inner leaflet 26 + 1.3 218 + 13 39.8 + 1.3
h—tail vol % in outer leaflet 26 + 13 583+ 1.3 39.8 + 1.3
mol % h in inner leaflet relative to total h 45.7 + 2.1 244 + 1.6 45. + 2.1
mol % h in outer leaflet relative to total h 543 + 21 75.6 + 2.6 SS. + 2.1

“Also reported are the corresponding values of the vol % of h-lipids in each leaflet derived from the fit parameter values of the tail region as well as
the distribution of h-lipid between the outer and inner leaflets. Uncertainties represent the standard deviation.
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composition in the vesicles of 39.8 + 1.3 vol %, consistent,
within the error, with the GC analysis.

To validate the SANS results and test the reproducibility of
the technique, we employed 'H NMR. Our interest was to
capture the choline group of hDPPC in hDPPC/d7SDPPC
vesicles. As described in the Materials and Methods Section,
d7SDPPC-only vesicles do not produce any signal in the
choline region because all the headgroup hydrogens in
d75DPPC have been substituted by deuteriums. POPG,
which is added to d7SDPPC to form the vesicles, lacks the
choline group, and therefore does not contribute to any signal
in this region of the spectra either.

Figure 3 shows the "H NMR spectra from the as-prepared
asymmetric hDPPC/d75DPPC vesicles (in blue symbols) as
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Figure 3. '"H NMR spectra, taken at 50 °C, reveal the peaks
corresponding to the choline moiety of the headgroup of hDPPC after
the addition of the shifting agent Pr’*. The peak at 3.52 ppm
corresponds to the inner leaflet choline, which has no access to Pr**,
while the peak at 3.67 ppm corresponds to the outer leaflet choline,
which is shifted due to its exposure to Pr**. Shown are asymmetric
vesicles (blue) and symmetric vesicles (red) produced by annealing
the asymmetric vesicles at 75 °C for 22 h. The lines through the data
correspond to fits using the sum of two Lorentzians.

well as spectra from hDPPC/d7SDPPC vesicles that were
annealed for 22 h at 75 °C (in red symbols). Two choline
peaks were detected after adding the paramagnetic salt Pr’*.
The peak at 3.52 ppm corresponds to the inner leaflet choline,
which has no access to Pr’*, while the peak at 3.67 ppm
corresponds to the outer leaflet choline, which is shifted due to
its exposure to Pr’*. The fact that we detect choline peaks
shows that the transfer of hDPPC occurred. The GC analysis
(Table 1) shows that there was a significant amount of hDPPC
transferred to d7SDPPC-only vesicles from the hDPPC-coated
silica nanoparticles (41.6 mol % is the hDPPC concentration in
the hDPPC/d75SDPPC vesicles). As described in the Materials
and Methods Section, from the relative area fractions of the
outer and inner choline peaks, we directly obtain the
distribution of hDPPC in the vesicles. Using a sum of two
Lorentzians to fit these peaks (continuous lines through the
data), we obtained the area for each peak and found that
initially, in the as-prepared hDPPC/d7SDPPC vesicles, most
hDPPC is located in the outer leaflet: 76.1 + 1.6 mol %, while
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23.9 + 0.9 mol % is located in the inner leaflet. When these
highly asymmetric vesicles are annealed for 22 h at 75 °C, the
peak area fractions show that 52.7 + 0.9 mol % of hDPPC is in
the outer leaflet and 47.3 + 0.8 mol % is in the inner leaflet,
which correspond to a symmetric distribution of hDPPC in
these small unilamellar vesicles.

Comparing the results on hDPPC/d7SDPPC vesicles
measured by '"H NMR and the hDPPC/d62DPPC vesicles
measured by SANS, we find that both systems show a large
degree of asymmetry in their initial hDPPC distribution:
hDPPC/d62DPPC vesicles have 75.6 + 2.6 mol % of the
transferred h-lipids residing in the outer leaflet, while in
hDPPC/d75DPPC vesicles, 76.1 + 1.6 mol % of hDPPC
resides in the outer leaflet, which means that they attained
essentially the same asymmetric distribution of hDPPC within
the measurement uncertainty confidence interval. From the
GC analysis of hDPPC/d62DPPC and hDPPC/d75DPPC
vesicles (shown in Table 1), we find that both have very similar
compositions; for example, both have a slight increase in their
POPG content after d62DPPC vesicles or d7SDPPC vesicles
were annealed with lipid-coated silica nanoparticles and both
have a similar fraction of hDPPC. This result shows that the
protocol is robust and reproducible.

Differential scanning calorimetry (DSC) was used to also
assess the amount of hDPPC transferred to d62DPPC.
Because the chain melting temperature of homogeneous
mixtures of hydrogenated and tail-deuterated DPPC shifts
linearly as a function of the mixture composition,'” we were
able to extract the mean fraction of hDPPC in hDPPC/
d62DPPC. Figure 4A shows chain melting heat rate peaks
corresponding to =50 nm vesicles of d62DPPC, hDPPC, and
the symmetric hDPPC/d62DPPC vesicles (after being
annealed for 22 h at 75 °C). The peaks for all vesicles are
broad due to not only the high curvature of these unilamellar
submicron vesicles,”® but also as a result of the mixing of the
two isotopic species hDPPC and dDPPC." Using Lorentz
distribution functions to fit the chain melting heat rate peaks,
we found that the chain melting temperature for hDPPC (with
2 mol % POPG) was 41.15 + 0.01 °C, while for d62DPPC
(with 2 mol % POPG), it was 37.43 + 0.02 °C, where the
uncertainty in all presented melting temperatures represents
one standard deviation. These vesicles, being SUVs, have a
lower T,, (~1 °C) relative to LUVs.””** From the peak
position of symmetric hDPPC/d62DPPC vesicles (Figure 4A),
we find that its chain melting temperature was 38.91 + 0.09
°C, which meant that the molar fraction of hDPPC in the
d62DPPC vesicles was 39.8 + 2.4 mol %, where the
uncertainty represents one standard deviation and this value
is within the uncertainty confidence interval of what was found
by GC and SANS. Because the chain melting peak follows a
linear relation with respect to the mixture of hydrogenated and
deuterated DPPC, we expected to observe a broader and lower
melting peak for the asymmetric vesicles. However, as shown
in Figure 4B, the position, width, and height of the chain
melting peaks of the symmetric and asymmetric systems
coincide, suggesting that the process of chain melting is
cooperative, i.e., chain melting for each leaflet occurs
simultaneously, at their average composition rather than
independently, and corresponding to each leaflet’s very distinct
composition. The chain melting curves presented in Figure 4B
show, in addition, that this protocol does not have any
spurious lipid contamination (i.e., lipid-coated silica or free
vesicles of hDPPC).
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Figure 4. (A) Calorimetric traces for the chain melting of hDPPC
(red, T,, = 41.15 % 0.01 °C), d62DPPC (orange, T, = 37.43 = 0.02
°C), and symmetric hDPPC/d62DPPC DPPC vesicles—annealed for
22 h at 75 °C. (B) Calorimetric traces for symmetric hDPPC/
d62DPPC (T,, = 3891 + 0.09 °C) and the asymmetric hDPPC/
d62DPPC (T,, = 38.87 + 0.04 °C) vesicles. Both symmetric and
asymmetric hDPPC/d62DPPC vesicles were also measured by SANS
and are shown in Figure 2. The rate of heating was 1 °C/min between
20 and S0 °C. The stated uncertainty represents one standard
deviation.

Although we did not perform an in situ measurement on
hDPPC/d62DPPC asymmetric vesicles to follow, in detail, the
flip—flop process using SANS, we did collect 'H NMR spectra
for the case in which hDPPC/d75DPPC asymmetric vesicles,
from the same batch of vesicles shown in Figure 3, were
annealed for 6 h at 75 °C (see Figure S2 of the Supporting
Information). The distribution of hDPPC in hDPPC/
d75DPPC vesicles for unannealed vesicles and annealed for
6h and 22 h at 75 °C is shown in Table 3. This information is
enough to directly compare with the previously published
results on the rate of homogenization in asymmetric DPPC
vesicles _Erepared using the cyclodextrin-mediated exchange
method.

Table 3. "TH NMR Peak Area Fractions for the Outer and
Inner Choline Peaks Relative to Total Choline Peak Areas
as a Function of the Annealing Time at 75 °C“

'"H NMR choline h/d7SDPPC h/d7SDPPC h/d75SDPPC

hDPPC t=0 t=6h t=22h

mol % in inner leaflet relative to  23.9 + 0.9 43.6 + 0.8 47.5 + 0.8
total

mol % in outer leaflet relative to  76.2 + 1.6 56.4 + 0.8 52.7 £ 0.9

total

“Uncertainties represent one standard deviation.

Starting from a highly asymmetric distribution of hDPPC in
the vesicles, we find that hDPPC redistributes at an estimated

average flip—flop rate of k = 0.154 + 0.001 h™’, as shown in
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Figure S. Distribution of hDPPC between the inner and the outer
leaflets in hDPPC/d7SDPPC vesicles as a function of the time taken
from Table 3. The average rate of homogenization was found to be %
= 0.154 + 0.001 h™'. Fits were done using eq 1 simultaneously.
Uncertainties represent one standard deviation.

Figure S. This value was obtained by simultaneously fitting the
values presented in Table 3 using eq 1 and 2, given by

— —2kt
fout,t - out,0 - fout,22)e +fout,22 (l)

f;n,t = (]in,ZZ _j;n,O)(1 - e_Zkt) +f;n,0 (2)

where f;, o and f,,.0 and, f;, ,, and f,», are the respective initial
and final fractions of hDPPC in the inner and outer leaflets and
k is the mean flip—flop rate.

Previously Marquardt et al. studied the flip—flop rates of
DPPC in 100 nm unilamellar vesicles having an asymmetric
distribution of deuterated and hydrogenated headgroups using
'"H NMR.*' The protocol they followed to prepare asymmetric
vesicles was the cyclodextrin-catalyzed lipid exchange ap-
proach.” From the study of the flip—flop rates at different
temperatures, Marquardt et al. obtained an activation energy
for the flip—flop of DPPC. From this result, it is possible to
extrapolate and obtain their predicted rate at 75 °C. The
extrapolated flip—flop rate at 75 °C, within the error in the
activation energy, is 0.115 + 0.004 h7%, where the uncertainty
represents one standard deviation. This value is similar to the
one we found here, which suggests that, even though the
system of Marquardt et al. shows the presence of some
cyclodextrin according to their 'H NMR spectr;1,7b’16’22 it is
clearly not having an effect on the flip—flop rate of DPPC.
Also, the slightly higher flip—flop rate found here is consistent
with a higher curvature of our vesicles.”* This type of
comparisons are important because, as we have argued before,
the protocols can have perturbing mechanisms beyond those
intended during the experimental inquiry. The use of thermally
driven exchange of lipids and the ease of preparation and
isolation of asymmetric vesicles, as presented here, are certainly
desirable to avoid possible biases.

B CONCLUSIONS

The field of the biophysics of membranes is moving forward in
studying model and biological membranes that have been
manipulated to create modified lipid distributions across the
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lipid bilayer.”> Asymmetric membranes are now bound to be
platforms for the study of many problems of biological
significance, such as the role of flipases, scramblases, and
transfer proteins as well as leaflet coupling,””' particularly
regarding the formation of lipid rafts.”'®**

Here, we presented a novel approach to create asymmetric
membranes in submicron size (~50 nm in diameter) small
unilamellar vesicles. The protocol consists of first letting a
mixture of initially symmetric vesicles and silica nanoparticles
coated with a single and symmetric lipid bilayer exchange lipids
via a thermally driven transfer process across the aqueous
environment. The composition of each leaflet of the vesicles’
membrane is determined by the rate at which the outer leaflet
composition changes due to the exchange with the lipid bilayer
coating the silica nanoparticles and how fast the lipids flip
between leaflets. Using an optimized temperature, time, and
ratio of donor to acceptor populations, we achieved a highly
asymmetric distribution of isotopically distinct DPPC lipids in
vesicles. Once the desired asymmetric state in the vesicles was
reached, the lipid-coated silica nanoparticles were easily
removed by centrifugation.

This protocol offers potentially ample flexibility in
asymmetric lipid compositions in submicron size (x50 nm
in diameter) vesicles. We have shown that it is possible to
make a stable solution of silica nanoparticles coated with a
single bilayer of dimyristoylphosphocholine (DMPC)” and
now with DPPC. Certainly, there are several other lipids that
are good candidates, such as other phosphocholine (PC) lipids
as well as sphingomyelins, or lipid mixtures, which we plan on
reporting in the near future. There are also some lipids that are
clearly not good candidates to form bilayers on silica
nanoparticles, for example, phosphoserine (PS) or phosphoe-
thanolamine (PE) lipids. However, the compositional
asymmetry of these lipids in vesicles can still be achieved if
at least one of the other lipids of interest can form a bilayer on
the silica nanoparticles. For example, we can start with PS
vesicles that exchange with PC-coated silica nanoparticles or
have vesicles, initially containing PE lipids (and PC), and the
PC-coated silica nanoparticles would then effectively deplete
the vesicles of PE. Hence, the method reported here opens
potentially a new route to forming asymmetric vesicles to
investigate complex and challenging dynamic flip—flop
processes occurring in submicron-size vesicles.

Overall, the use of thermally driven free diffusion of lipids
through an aqueous environment can be efficient in producing
exchange®'? and therefore in producing controlled asymmetry
in membranes without the need to build them layer by layer, or
using extraneous molecules, or having direct hemi-fusion
between membranes. Because protocols can have perturbing
effects beyond those intended during experimental inquiry, it is
critical that we have different strategies to form asymmetric
membranes to ultimately produce robust results. Indeed,
herein we found that the rate at which DPPC flips and
homogenizes in isotopically asymmetric membranes is similar
to that found in isotopically asymmetric membranes (vesicles)
prepared using the extraneous molecule cyclodextrin, suggest-
ing that this approach is, at least for DPPC, not perturbing the
system.
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GC trace; 'H NMR spectra, taken at S0 °C, for the
asymmetric SUVs prepared with d7SDPPC and hDPPC;
choline region "H NMR spectra, taken at 50 °C, for
asymmetric SUVs as prepared with d75DPPC and
hDPPC as well as after they have been annealed for 6h
and 22h at 75°C; SANS data for d62DPPC vesicles
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B ABBREVIATIONS

SANS, small-angle neutron scattering; TR-SANS, time-
resolved SANS; "H NMR, proton nuclear magnetic resonance;
NPs, nanoparticles; DPPC, dipalmitoylphosphocholine;
hDPPC, hydrogenated DPPC; d62DPPC, 62 deuterium
substitutions in DPPC; d7SDPPC, 75 deuterium substitutions
in DPPC; DMPC, dimyristoylphosphocholine; PC, phospho-
choline; PS, phosphoserine; PE, phosphoethanolamine; d,
deuterated; h, hydrogenated
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