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ABSTRACT

The fusion of proteoliposomes is a promising approach for incorporating membrane proteins in artificial lipid
membranes. In this study, we employed an electrostatic interaction between vesicles and supported bilayer lipid
membranes (s-BLMs) to control the fusion process. We combined large unilamellar vesicles (LUVs) containing
anionic lipids, which we used instead of proteoliposomes, and s-BLMs containing cationic lipids to control
electrostatic interaction. Anionic LUVs were never adsorbed or ruptured on the SiO, substrate with a slight
negative charge, and selectively fused with cationic s-BLMs. The LUVs can be fused effectively to the target
position. Furthermore, as the vesicle fusion proceeds and some of the positive charges are neutralized, the
attractive interaction weakens and finally the vesicle fusion saturates. In other words, we can control the number
of LUVs fused with s-BLMs by controlling the concentration of the cationic lipids in the s-BLMs. The fluidity of
the s-BLMs after vesicle fusion was confirmed to be sufficiently high. This indicates that the LUVs attached to the
s-BLMs were almost completely fused, and there were few intermediate state vesicles in the fusion process. We
could control the position and amount of vesicle fusion with the s-BLMs by employing an electrostatic inter-

action.

1. Introduction

Artificial bilayer lipid membranes (BLMs) are simple models with
which to understand the functional and structural complexity of cel-
lular systems under chemically controlled conditions [1,2]. The basic
properties of a lipid membrane (fluidity, continuity, and defects [3])
and related phenomena (vesicle fusion [4] and phase separation [5]),
which have been actively studied by using artificial BLMs, constitute
indispensable knowledge as regards understanding biological phe-
nomena. In addition, systems combining artificial BLMs and membrane
proteins extracted from biological cells are useful for understanding the
function of membrane proteins [6]. Membrane proteins, which con-
tribute to signal transduction and material transport in biological cells,
do not function without a lipid membrane. When the proteins of in-
terest are purified and reconstituted into artificial BLMs, it is possible to
undertake their functional analysis while completely excluding the
contributions of untargeted proteins [6]. Assay systems that combine
membrane proteins and artificial BLMs have also been proposed and
extensively studied. The combination of semiconductor micro- or nano-
fabrication techniques and artificial BLMs with membrane proteins is a
promising approach as regards device application [7-10]. We have
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reported that Ca®* ion transport through an a-hemolysin channel could
be analyzed by observing the fluorescence of microwells sealed by
BLMs on a Si substrate [9]. The insertion of toxin-type ion channels
such as a-hemolysin into BLMs occurs spontaneously when they are
added to the solution. However, when trying to extend this system to
receptor proteins (e.g. ionotropic glutamate receptors [11]), insertion
into the BLMs is not so simple [12]. One promising approach is the
vesicle fusion of proteoliposomes, which are vesicles containing mem-
brane proteins, into the BLMs [6]. To promote vesicle fusion, additional
factors such as osmotic pressure [13], SNARE protein [14,15], DNA
[16], and centrifugal force [17] have been proposed. Electrostatic in-
teraction is also widely used to control and promote vesicle fusion [4].
Electrostatic attraction between cells and cationic vesicles has also been
commonly used for transfection [18]. In this study, we investigated
vesicle fusion under electrostatic attractive interaction with supported
bilayer lipid membranes (s-BLMs) on a SiO, substrate. Since the surface
of a SiO, substrate is negatively charged in most of the pH range [19],
we adopted a combination of cationic s-BLMs and anionic vesicles, as
shown in Fig. 1. We tried to control the position and the amount of
vesicle fusion. The knowledge obtained in this study will be extended to
the fusion of proteoliposomes and contribute to the arrangement of
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Fig. 1. Schematic images of vesicle fusion by elec-
trostatic interaction. (a) Cationic s-BLMs (shown in
green) were placed on a negatively charged SiO,
substrate. (b) After adding anionic vesicles (shown in
red), vesicles preferentially attached to and fused
with the cationic s-BLMs.
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membrane proteins for device applications.

2. Materials and methods
2.1. Materials

1,2-diphytanoyl-sn-glycero-3-phosphocholine  (DPhPC), 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine (EDOPC), 1,2-dioleoyl-sn-glycero-3-phospho-i-
serine (sodium salt) (DOPS), 2-dioleoyl-sn-glycero-3-phosphoethanola-
mine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-
DOPE), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lis-
samine rhodamine B sulfonyl) (ammonium salt) (Rhod-DPPE) were
purchased from Avanti Polar Lipids (Alabaster AL). Cholesterol (Chol)
was purchased from Avanti Polar Lipids or obtained from Wako Pure
Chemicals (Osaka, Japan) and recrystallized three times from me-
thanol.

2.2. GUV preparation

The s-BLMs were prepared by rupturing giant unilamellar vesicles
(GUVs). Cationic GUVs were prepared by the electroformation method
[20] from EDOPC, DPhPC and cholesterol (x:80-x:20). EDOPC is a
biocompatible synthetic lipid with one positive net charge per mole-
cule. The concentration (x) of the cationic lipids in the cationic GUVs
was in the 5-20% range. These GUVs contained 0.5 mol% NBD-DOPE
for labeling the lipid membranes. As a control experiment, we also
prepared neutral GUVs that contained no EDOPC (x = 0). The typical
conditions for the electroformation of GUVs in this study were as fol-
lows. A chloroform solution of a lipid mixture with a final concentration
of 2.5 mM was spread evenly on an indium tin oxide (ITO)-coated glass
slide. The slide was dried in a vacuum for 2 h, and then a chamber was
constructed from a lipid-coated slide and an uncoated slide coupled
with 1-mm-thick silicone rubber. The chamber was filled with sucrose
solution (200 mM). The GUVs were grown by supplying an AC voltage
of 1 Vat 10 Hz for 2 h at 60 °C. It is somewhat difficult to form GUVs by
the electroformation method when they are mixed with cationic lipids.
The average diameter of a cationic GUV is smaller than that of a neutral
GUV. However, under the experimental condition we used for electro-
formation, we were able to obtain GUVs with diameters exceeding
10 pum. This is large enough for our purpose in this study and for future
applications.
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2.3. LUV preparation

Anionic large unilamellar vesicles (LUVs) were prepared from DOPS
and DOPC (10:90). Rhod-DPPE at 0.5 mol% was used for labeling the
lipid membrane. A chloroform solution of anionic lipid was dried in a
glass vial and suspended in sucrose solution (200 mM) at a lipid con-
centration of 5 mM. The lipid suspension, which consisted of multi-la-
mellar vesicles, was frozen and thawed five times. In this step, the
multi-lamellar vesicles became unilamellar vesicles [21]. To obtain
uniformly sized vesicles the unilamellar vesicles were extruded with a
mini-extruder (Avanti Polar Lipids) using a Nuclepore polycarbonate
membrane with a pore size of 100 nm (Whatman, GE Healthcare UK
Ltd.).

2.4. Formation of s-BLMs

Substrates consisting of a Si(001) wafer were covered with a
thermal silicon dioxide layer (120 nm). The substrates were chemically
treated with piranha solution (H»SO4: HoO, = 2: 1), followed by NH4F
for 3 min, and then piranha solution again. To obtain cationic s-BLMs,
several microliters of dispersed cationic GUVs were added to glucose
solution (200 mM) placed on a substrate, and the GUVs sank to the
substrate surface. After incubation for a few minutes, the GUVs rup-
tured on the substrate as the result of an attractive electrostatic inter-
action. The excess GUVs were rinsed off with glucose solution
(200 mM), and the sample was observed with a confocal laser scanning
microscope FV1200-BX61 (Olympus) under a X 10 or x40 objective
lens. We used laser light sources emitting at 473 and 559 nm for ex-
citation, and 490-540 and 575-675 nm band-pass filters to detect the
fluorescence from NBD and rhodamine, respectively.

2.5. Observation of vesicle fusion

The SiO, substrate was placed on a microscope slide, and covered
with a chamber consisting of silicone rubber and a cover slip. The
chamber contained about 300 uL of glucose solution. After confirming
the formation of s-BLMs, 1 uL of anionic LUV suspension, which was
diluted 50 times to facilitate LUV diffusion, was added to the chamber
and fusion with s-BLMs was observed. The evaporation of the solution
during the 30-60 min observation can be negligible because there are
few openings in the chamber. The samples were observed from the top
by using an upright microscope system.
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Fig. 2. Typical fluorescence microscope images of
vesicle fusion. (a) Cationic s-BLMs before adding the
anionic LUVs, (b)-(c) after vesicle fusion by electro-
static interaction in glucose solution (200 mM), (b)
the area of s-BLMs were increased after 30 min
(473 nm excitation), (c) Rhod-DPPE intensity ob-
served at the cationic s-BLMs (559 nm excitation).
(a)-(c) Scale bar: 10 um. (d) Neutral s-BLMs before
adding the anionic LUVs, (e)-(f) after vesicle fusion in
glucose solution (200 mM) containing CaCl,2H,0
(5 mM). (e) The shape of the neutral s-BLMs was not
maintained (473 nm excitation), (f) Rhod-DPPE in-
tensity was observed at the SiO, substrate (559 nm
excitation). (d)—(f) Scale bar: 50 um.

--

3. Results and discussion
3.1. Fusion of anionic LUVs with s-BLM

Fig. 2(a) shows a fluorescence image of a patch of cationic s-BLM on
the substrates (the EDOPC concentration was 10 mol%). Then, we
added a solution of anionic LUVs to a chamber containing the substrate.
After 30 min, the patch became slightly larger because vesicle fusion
with the anionic LUVs occurred, as shown in Fig. 2(b). An increase in
patch size was observed for several independent patches (n = 45)
during vesicle fusion for 30-60 min, and the rate of increase AS/S,
where S is the patch area after vesicle fusion, was estimated to be
18.3 + 8.3%. The clear observation of rhodamine fluorescence at the
cationic s-BLM patch also indicates vesicle fusion (Fig. 2(c)). The rho-
damine fluorescence was limited at the patch, and no fluorescence was
observed on the substrate. Under this condition, since the surface of the
SiO, substrate was slightly negatively charged, neither rupture nor
adsorption was caused by the electrostatic repulsion with the anionic
LUVs. Vesicle fusion occurred selectively only on the cationic s-BLM
patch. Fig. 2(d)-(f) show results obtained on neutral s-BLMs for com-
parison. The neutral s-BLMs were formed by rupturing neutral GUVs in
glucose solution (200 mM) containing CaCly2H,O (5 mM) and ob-
served in the same solution. Even if the GUVs are neutral, their surfaces
are slightly negatively charged due to the polarization of the phosphate
groups in phosphatidylcholine in a solution with a pH of around 7.
Therefore, vesicle fusion and rupture are suppressed by the electrostatic
repulsion between the lipids and the SiO, substrate. Neutral s-BLMs
could be formed by adding cations to the solution. Monovalent ions
such as Na™ are also effective, but divalent ions such as Ca?" are more
effective. It is likely that this is due to the ability of the divalent ions to
“bridge” negatively charged entities such as the phosphate groups in
DOPC and negative charges on the SiO, surface [22,23]. Fig. 2(d) shows
an initial s-BLM, and Fig. 2(e) and (f) show s-BLMs after the fusion of
the anionic LUVs. The rhodamine fluorescence was observed on the
SiO, substrate after 3 min incubation, and this means that the anionic
LUVs were adsorbed, ruptured, and/or fused on the substrate as well as
on the s-BLM patch, as shown in Fig. 2(f). The NBD fluorescence also
spread across the substrate, and did not maintain the shape of the
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original patch (Fig. 2(e)). After 30 min, the shape of the patch caused
by the vesicle fusion process had completely disappeared. This indicates
that s-BLMs were formed over the entire substrate and that there was
lateral diffusion of the NBD-DOPE. With the neutral s-BLM, cations
were required in the solution for s-BLM formation and for vesicle fusion
to cancel the electrostatic repulsion. Therefore, it is impossible to
control the fusion site. Controlling electrostatic interactions with the
cationic s-BLMs is a promising method for controlling the location of
vesicle fusion.

3.2. LUV fusion dependence on cationic lipid concentration

We observed the time-lapse fluorescence intensity for the vesicle
fusion of different concentrations of cationic lipids to control the
quantity of LUVs fused to the s-BLM patch. Fig. 3 shows a plot of the
average fluorescence intensity of rhodamine at s-BLMs as a function of
elapsed time. The intensity increases with elapsed time, and this in-
dicates the progress of vesicle fusion with the s-BLMs. The fluorescence
intensity could be converted to the rhodamine concentration with a
calibration curve, which was obtained from fluorescent images of s-
BLMs with concentration controlled rhodamine in the 0.01-0.1 mol%
range. The fluorescent images for calibration were obtained with ex-
actly the same parameters as the time lapse images. (The calibration
curve is not shown here.) The amount of fusion R defined as the fraction
of lipids from the fused anionic LUVs in the s-BLM patch could be es-
timated from the fluorescence intensity, and is shown on the right axis
in Fig. 3. At the initial stage of vesicle fusion, the fluorescence intensity
increased linearly. However, the rate of increase gradually slowed, and
finally the intensity saturated. With a 5% concentration of cationic li-
pids in the s-BLMs, the time during which the intensity increased was
short, and the intensity change was no longer observed after 500 s. This
indicates that vesicle fusion no longer occurred. The fusion of the an-
ionic LUVs neutralized some of the positive charges in the s-BLMs and
weakened the electrostatic attractive interaction between the LUVs and
the s-BLMs. Since the attractive force was no longer sufficient to induce
vesicle fusion, the fluorescent intensity change became saturated. With
higher cationic lipid concentrations in the s-BLMs, although the time
during which the intensity increased became longer, the rate of increase
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Fig. 3. The time lapse of the fluorescence intensity depended on the cationic lipid con-
centration. Each slope was an average of the measurements of the Rhod-DPPE intensity
whose EDOPC concentrations were 5% (/\black, n = 25), 10% ([Jblue, n = 40), and
20% (Ored, n = 50).

eventually became slow and saturated. In the initial stage of vesicle
fusion, LUVs that have reached the s-BLMs can fuse at a constant rate,
and this is independent of the cationic lipid concentration in the s-
BLMs, because the electrostatic attractive interaction is sufficiently high
for vesicle fusion. However, as the vesicle fusion proceeds and some of
the positive charges are neutralized, the attractive interaction becomes
weaker and finally vesicle fusion is saturated.

With 5%-EDOPC in the s-BLMs, the amount of fusion for saturation
was estimated to be R = 4%, as shown in Fig. 3. Since the ratio of the
anionic lipid (DOPS) in LUVs is 1/10, the fraction of the anionic lipid in

1.2
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the s-BLMs after saturation of fusion is only around 0.4%. This value is
much smaller than the fraction of the cationic lipid in s-BLMs, which
was estimated to be 5 X (1 — R) = 4.8%. It is indicated that a con-
siderable amount of excess cationic lipid is needed in the s-BLMs to
induce vesicle fusion. This suggests that a large part of the positive
charge in the s-BLMs is used to attract the negative surface charge of the
SiO, substrate and keep the supporting membrane stably. With 10%
EDOPC, the amount of fusion 1800 s after the start of vesicle fusion was
estimated to be R = 12%. Furthermore, it does not saturate at 1800s,
but vesicle fusion continues. This value is somewhat larger than the
estimated area increase AS/S = 18.3 + 8.3%, but it does not conflict if
the vesicle fusion continues to occur after 1800s. When we consider the
error in the area measurement, it can be regarded as consistent. When
we double the cationic lipids in the s-BLMs, the amount of anionic
vesicle fusion after saturation is much greater than double. This is be-
cause the proportion contributing to the interaction with the SiO,
substrate is large while the concentration of the cationic lipid in the s-
BLMs is low. When the concentration of the cationic lipid in the s-BLMs
is increased above that needed to hold the supported membrane, it
helps to induce vesicle fusion. Saturated fluorescent intensity, i.e. the
amount of vesicle fusion, is determined by the excess positive charge in
the s-BLMs. This suggests that the amount of fusion after saturation can
be controlled by the initial concentration of the cationic lipid in the s-
BLMs.

3.3. Fluorescence recovery after photobleaching

Next, we examined the state of the s-BLMs after vesicle fusion by
employing fluorescence recovery after photobleaching (FRAP). FRAP
has been commonly used to evaluate the fluidity of s-BLMs and to de-
termine their diffusion coefficient [3]. The FRAP measurement of rho-
damine, which was transferred from LUVs to s-BLMs by vesicle fusion,
also enables us to evaluate the progress of vesicle fusion. Fig. 4(a)—(e)
show fluorescence images of the FRAP process of the cationic s-BLMs
(with an EDOPC concentration of 10 mol%) after adding the anionic

Fig. 4. Fluorescence image in the FRAP process of
cationic s-BLMs after adding an anionic vesicle con-
taining 0.5% Rhod-DPPE. (a) Before bleaching, (b)
while bleaching (t = 0s), (c)t = 10s,(d) t = 20s,
(e) t = 140 s. Scale bar: 10 um. (f) The fluorescence
recovery curve of the cationic s-BLMs after vesicle
fusion. Dots show results obtained experimentally
with the FRAP measurement, and the solid line re-
presents the fitting curve obtained using Eq. (2).
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vesicles. We set the parameters of the confocal microscope used to
acquire the FRAP images as follows; a sampling speed of 0.429 s/frame
(2.0 pus/pixel; image size, 256 X 256 pixels), a bleaching time of
0.858 s, and a bleaching radius of 6.2 pm (50 pixels). The Rhod-DPPE in
cationic s-BLMs was bleached so that it became dark with a laser beam
(Fig. 4(b)). The lipid molecules diffused in the cationic s-BLMs, thus the
fluorescence intensity in the bleached area gradually recovered
(Fig. 4(c)-(e)). Fig. 4(f) shows the fluorescence recovery curve obtained
by FRAP measurement of the Rhod-DPPE intensity (Fig. 4(a)—(e)). The
recovery ratio, which was defined as f(¢t) = {f;t):Fi‘}’}, was calculated
and fitted with the experimental data. Here, F(t), Fy, and F. are the total
fluorescence intensities in the bleached area at time t, at just after
bleaching, and before bleaching, respectively. FRAP analysis has al-
ready been established, and in many cases the recovery curve can be
described with a simple closed form [24,25]. In this work, however, the
diameter of the bleaching area was limited by the size of the patch of
the s-BLMs, which were formed by rupturing GUVs. For a small
bleaching area, the divergence of the laser beam used for bleaching and
the diffusion of the fluorescent dyes during the bleaching process are
not negligible. The simple method underestimates the diffusion coeffi-
cient. Therefore, we adopted a numerical calculation for the diffusion
equation to obtain the theoretical fluorescence recovery curves. In the
calculation of the fitted recovery curve, which assumes isotropic dif-
fusion and circular bleaching, the concentration C(r,t) of unbleached
fluorophores is represented by the following diffusion equation.

a0 _ D{lacu, n, &, :)}

ot r or or? 1

Here, r is the distance from the center of the bleached circle, t is the
elapsed time after bleaching is complete, and D is the diffusion coeffi-
cient. Bleaching was assumed to have been accomplished by under-
taking a uniform scan in the area r <ry (rp = 6.2 um in this experi-
mental condition) with a laser beam that had a Gaussian intensity
profile whose standard deviation o = 1 um. The concentrations during
and after bleaching were calculated numerically by

Cit1jo1 — Cimyjo
Ci,j — Ci\j,1 + D{ 1 ( i+1,j-1 i—1,j 1)

Ar-i 2Ar
+ (Cit1jo1 — 2C1 + Cimyjo) At
Ar? )

with sufficiently small values of Ar = 0.01 um and At = 0.01 ms. The
position r and the elapsed time t are represented by r = Ar-i and
t = Atj — Thieach, respectively. Here, Tpeqcn is the bleaching period.
During bleaching (—Tjeqcn < t < 0), in addition to the lateral diffusion
described by Eq. (2), we also calculated the reduction in C;; caused by
laser irradiation. By fitting the theoretical curve with experimental
data, we estimated the diffusion coefficient D and mobile fraction A of
Rhod-DPPE in the cationic s-BLMs after fusion of the anionic LUVs to be
D = 1.26 + 0.12um?/s and A = 0.83 = 0.04 (n = 10), respectively.
Here, mobile fraction A is defined as the recovery rate f(e) after suf-
ficient time has elapsed. It means that 83% of the Rhod-DPPE could
diffuse laterally in the s-BLMs. In the vesicle fusion process, it is well
known that there are intermediate stages such as adsorption and hemi-
fusion before complete fusion [13]. Hemi-fusion structures represent
connections between the outer leaflets of the LUVs and the upper
leaflets of the s-BMLs, while the inner leaflets remain distinct. The inner
leaflets of the LUVs and the lower leaflets of the s-BMLs combine by
forming fusion pores, and the fusion is completed. We assumed that the
fusion between the vesicles and the s-BMLs is a similar fusion process to
that described in reference [13]. Different fusion processes should be
considered at the edge of the s-BML patches. However, it cannot be fully
understood from this study. It constitutes a future task. Because some of
the LUVs had not completed their fusion process, there was some Rhod-
DPPE that could not freely diffuse in the s-BLMs. However, the high
value of mobile fraction A indicates that almost all the LUVs attached to
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the s-BLM were completely fused. As mentioned in Section 3.2, the area
increase AS/S agrees with the amount of fusion R. It means that fused
LUVs widen the area of the patch. This is consistent with a high mobile
fraction. The estimated diffusion coefficient shows a sufficiently high
fluidity, and it is also consistent with the fusion process being almost
complete. This diffusion coefficient is somewhat larger than that mea-
sured for an s-BLM before vesicle fusion. The initial diffusion coefficient
(Di) for a cationic s-BLM, which was labeled with Rhod-DPPE instead of
NBD-DOPE, was Di = 0.77 = 0.09 umz/s (n = 11) (figure not shown).
Vesicle fusion with anionic LUVs neutralized the positive charge in
cationic s-BLM and reduced the electrostatic attraction with the sub-
strate. This may be the reason for the changing diffusion coefficient, but
the details will be discussed elsewhere. The sufficiently high diffusion
coefficient of the s-BLM after vesicle fusion confirmed that we had
realized a continuous and fluidic bilayer, which is one of the key re-
quirements for a platform if membrane proteins are to function.

In this study, we have shown that the combination of cationic s-
BLMs and anionic LUVs is effective for vesicle fusion control. This
control method is also expected to introduce membrane proteins into
the s-BLMs. The biological cell membranes contain anionic lipids such
as DOPS. Therefore, the membrane fraction containing membrane
proteins prepared from the biological cell has some negative charges. It
is also common to mix anionic lipids when we prepare the proteoli-
posomes by reconstitution techniques using purified membrane pro-
teins. Therefore, we will be able to control the fusion into the s-BLMs of
membrane fractions or proteoliposomes with some negative charges.

4. Conclusions

In conclusion, we demonstrated the control of vesicle fusion by
employing an electrostatic interaction between cationic s-BLMs and
anionic LUVs. The anionic vesicle fused selectively with the cationic s-
BLMs. The vesicle fusion was enhanced as the cationic lipid con-
centration increased. These results suggest that we can control the
amount of LUV fusion by changing the cationic lipid concentration. We
also confirmed that there are not many intermediate state vesicles in
the fusion process, and the fluidity of the s-BLMs after vesicle fusion is
sufficiently high for device applications. Furthermore, this electrostatic
method for controlling vesicle fusion could also be applied to the in-
troduction of membrane proteins into s-BLMs, because membrane
proteins extracted from biological cells are generally included in lipo-
somes containing DOPS and DOPC.
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