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Vesicles have unique characteristics that enable the release of drugs as well as encapsulation while
maintaining  biocompatibility. A  photo-polymerizable liposome composed of 1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine (23:2 DiynePC) has been investigated as vehicles for
triggered delivery of drugs to cells. In this study, we confirmed for the first time that supported lipid
bilayers (SLBs) prepared with a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/DiynePC mixture
generated pores ca. 100-300 nm in size on the membrane after UV polymerization. This direct
observation was done by analyzing the SLBs formed with the DPPC/DiynePC mixture by employing
atomic force microscopy (AFM) in a liquid environment. However, photo-polymerization did not occur in
the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/DiynePC mixed bilayer and pores were not
formed. A theoretical study was performed to explore the phase behavior of the lipid mixtures. A coarse-
grained model of DiynePC was developed that is comparable with the Martini force field; the parameters
were validated against atomistic simulations. Transition from fluidic to gel phase was observed only
when DiynePC was mixed with DPPC, whereas the DOPC mixture remained fluidic over the entire
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Introduction

Encapsulation of drugs in liposomes is utilized for targeted
delivery of biologically active compounds and controlled release
at the site of action using unique properties including
biocompatibility, low toxicity, and non-activation of the
immune system."* For biomedical applications, encapsulated
drug release should be controlled for the desired rates and
quantity. To achieve these goals, temperature changes,
mechanical disruption and light stimulation have been applied
to trigger the release and to control the release rate.* Photo-
activation is an attractive option for triggering release because
it provides a broad range of adjustable parameters, such as
wavelength, duration, and intensity which can be optimized to
suit application needs.* Suitable light treatment can modulate
phospholipid molecules, which undergo photo-
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polymerization,® photo-sensitization by membrane anchored
hydrophobic moieties,*” photo-isomerization® and photo-
oxidation.® Thereby, photo-triggered liposome systems have
been extensively studied.'*** 1,2-bis(10,12-tricosadiynoyl)-sn-
glycero-3-phosphocholine (DiynePC), one of the photo-
polymerizable synthetic phospholipids, has been studied as
an artificial membrane component along with its unique
colored feature due to the conjugated nature of the cross-linked
diacetylene groups.'*** Benefits of using polymerizable lipid in
vesicle systems have been focused in order to improve physical
stability."'*"” The concept of polymerizable lipids as photo-
triggered drug carriers has only recently been used for drug
delivery applications.'®" These studies have shown that Diy-
nePC could become a good candidate for drug release owing to
the fact that the vesicles containing DiynePC are biocompatible
and can release the drug on demand. However, the generation
of membrane pores by photopolymerization has purely been
a hypothesis without evidence. Hence, in this study, we attempt
to discover empirical evidence of the appearance of the pores
generated upon photo-polymerization of the lipid membrane
containing DiynePC, for the first time. The bilayers of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) mixed with DiynePC
were analyzed utilizing atomic force microscopy (AFM) in liquid
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environment. Possibility of pore size control was also investi-
gated. To gain insight at the atomistic scale, we performed
molecular dynamics (MD) simulation of the DiynePC
membrane mixed with different matrix lipids. The use of
coarse-grained (CG) MD simulation enables examination of
processes occurring at longer time scales, such as membrane
domain formation, protein aggregation and structural packing
properties.”®** The phase transition from fluidic to gel phase
and polymerization-induced pore generation in the supported
DPPC bilayers containing pore-opening diacetylenic lipid are
discussed.

Results and discussion

Morphology and size analysis

To characterize shape and size of DPPC/DiynePC and DOPC/
DiynePC mixed vesicles, we carried out analyses with scan-
ning electron microscope (SEM) and electrophoretic light

(a)
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scattering (ELS). Chemical structures of the used lipid materials
are shown in Fig. 1a. DPPC/DiynePC vesicles had a spherical
structure; the mean vesicle diameter was 178.6 + 82.1 nm.
DOPC/DiynePC vesicles also had spherical structure and the
mean vesicles diameter was 120.2 + 87.5 nm (ESI Fig. S17).

Formation of supported lipid bilayers

In order to analyze the structural properties of lipid domain,
SLBs of the DPPC/DiynePC and DOPC/DiynePC mixtures were
fabricated on the mica substrate. Prior to structural analysis,
SLB formation was validated using QCM-D measurement
shown in Fig. 1b. Lipid vesicles were adsorbed on the substrate
as intact vesicle state. Frequency change (AF) has a negative
correlation with mass change on the sensor. We observed
decreased AF due to adsorption represented by black line.
Increasing dissipation change (AD) implies increased rigidity of
material adsorbed on substrate. AD was increased because
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Fig. 1

(a) Chemical structure of DiynePC, DPPC and DOPC, and (b) QCM-D frequency (black line) and dissipation (red line) change as a function

of time for DPPC/DiynePC vesicles on silicon dioxide coated quartz sensor. (c—e) Liquid-phase AFM images of SLBs of (b) DPPC/DiynePC (2 : 1)
mixture, (c) DPPC/DiynePC (4 : 1) mixture and (d) DPPC/DOPC (2 : 1) mixture, before polymerization.
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intact vesicles had water molecules inside and this was repre-
sented by red line. AF was increased again, whereas AD was
decreased sharply at 53 min. This result indicates lipid bilayer
formation caused by vesicle fusion; the mass absorbed on the
sensor and the rigidity decreased as the water inside the vesicle
escaped.

Fig. 1c-e are AFM images of the lipid bilayer containing
DiynePC formed on mica substrate. Each figure is in sequence
DPPC/DiynePC (2 :1), DPPC/DiynePC (4:1) and DOPC/
DiynePC (2 : 1) mixed lipid bilayer, before UV irradiation. We
could observe that all SLBs were fabricated on the substrate and
formed lipid domains have a height difference of approximately
1 nm. DOPC/DiynePC (2 :1) bilayer had most flat surface
compared with DPPC/DiynePC mixed bilayers.

Simulation results

To investigate phase behaviors of DiynePC depending on matrix
lipid in atomistic scale, we first validated our CG model of Diy-
nePC by comparison with all-atom simulation results. The
parameterization of the CG model of DiynePC was based on the
results from AA simulation results. The mapping scheme results
of parameterization and CG simulation setup were summarized
in Fig. S2, Tables S1 and S2,7 respectively. Fig. 2 shows snapshots
of the AA and CG models of the DiynePC bilayer. The equilibrium
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Fig. 2 (a) Snapshots of a DiynePC bilayer simulated with an atomistic
model (left) and with the CG model (right). The choline groups are
colored blue, phosphatidylcholine groups in red, the glycerol back-
bone in orange, the tails in green. A darker shade of gray is used to
distinguish the terminal methyl group. Water is colored cyan. (b)
Comparison of density distributions obtained from atomistic (solid
lines) and coarse grained (dashed) simulations. The water density is
shown in cyan, the density of NC3 groups in blue, PO4 groups in red,
the glycerol backbone in orange, the terminal tail groups in green and
diacetylene groups in gray. The bilayer center is located at 0 nm. (c) P2
order parameter of consecutive bonds with respect to the bilayer
normal. Results obtained for the CG bilayer are marked with circles,
those for the atomistic bilayer with squares. Data are averaged over
both tails.
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area per lipid for DiynePC in the CG model at 323 K is 0.61 nm>.
This perfectly matches the results from AA, 0.61 nm”. Fig. 2b
compares the density profiles of an equilibrated CG DiynePC
bilayer to profiles of one simulated in AA. Both density distri-
butions were obtained from 128 DiynePC lipids at full saturation
(50 waters per lipid). The peaks in the density distributions
coincide to within 0.1 nm, for each of the membrane compo-
nents. The thicknesses of the bilayers in the AA and CG model,
measured from the peaks of the phosphate distribution, were
4.6 nm and 4.8 nm, respectively. We analyzed the order param-
eters for both the CG and AA DiynePC bilayers. As shown in
Fig. 2c¢, the profiles were quite close. This indicated that not only
the overall structure but also the alignment of the alkyl chain is
well represented in the CG model of the DiynePC bilayer. The
close correspondence of structural features between the bilayer of
the CG and AA indicates developed CG model of DiynePC was
valid to further investigation of mixture system. After parame-
terization of DiynePC in the CG model, we analyzed the phase
behaviors of the DPPC/DiynePC and DOPC/DiynePC mixtures
with a 2 : 1 molar ratio at 305 K to investigate the effect of the
matrix lipid on the phase transition of DiynePC. Fig. 3a and
b show the difference of the gel (or crystalline) and liquid phases
when DPPC and DOPC were each mixed with DiynePC at a molar
ratio of 2 : 1. Fig. 3c—e are CG configurations of lipid bilayer and
height of each bilayer obtained from density distribution profiles.
In the case of DPPC/DiynePC mixtures, we identified that a local
hexagonal structure is seen and non-ideal mixing of the two
components is visible. Position A is gel phase and this area is
shown in Fig. 3c while outside position B is fluidic shown in
Fig. 3d. Each domain has height about 5.42 nm and 4.47 nm
respectively and this height difference around 1 nm can be seen

(a)
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-

Fig. 3 Final configuration of the (a) DPPC/DiynePC and (b) DOPC/
DiynePC mixtures with molar ratio 2 : 1 at 305 K, respectively. Water
has been removed for clarity, DPPC and DOPC are shown in green,
and DiynePC in red (scale bar: 3 nm). Dotted lined area in (a) indicates
the gel phase and the outside is fluidic. Entire area in (b) is fluidic. (c—e)
Side views and bilayer thickness in (c) DPPC/DiynePC (2 : 1) mixed
bilayer at position A, (d) DPPC-rich bilayer at position B and (e) DOPC/
DiynePC (2 : 1) mixed bilayer at position C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Radial distribution functions (RDFs) of glycerol centers of the
lipids for the (a) DPPC/DiynePC (2 : 1) mixture and (b) DOPC/DiynePC
(2 : 1) mixture; probability of occurrence of pair forms in DiynePC/
DiynePC, matrix lipid/matrix lipid, and matrix lipid/DiynePC drawn
compared to random mixing having RDF of 1.

in previous AFM images (Fig. 1c and d). However, the bilayer
composed DOPC/DiynePC shows fluidic phase area and height
about 4.30 nm (Fig. 3b and e). Position C is fluidic phase
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throughout all region so that the DOPC/DiynePC bilayer had
much flatter surface corresponding with AFM analysis.

To investigate the phase of the DPPC/DiynePC and DOPC/
DiynePC lipid mixtures, we analyzed the radial distribution
function (RDF) for both cases (Fig. 4). Glycerol beads are used to
calculate RDF because the same number of them is found in all
lipid components. The data show that there is a tendency
toward nonideal mixing between the matrix lipid and DiynePC
regardless of the matrix lipid. However, when the matrix lipid is
DOPC, the g(r) value converges to 1; it oscillates in the case of
DPPC, indicating that the gel and liquid phases are formed
when the matrix lipids are DPPC and DOPC, respectively. We
observed that there is a different trend in the RDF analysis with
different leaflets (ESI Fig. S31). In the case of the DOPC/DiynePC
mixture, there was no significant correlation between inter-
leaflets. However, in the DPPC/DiynePC mixture, there was
a peak at r = 0 in the DPPC/DiynePC distribution, demon-
strating that it is more likely that the opposite lipid type is below
the given lipid.
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Fig. 5 (a—c) AFM images of lipid bilayers containing DiynePC after photo-polymerization (254 nm, 2 mW cm™2, 15 min) in liquid environment.
Pore size of (a) is 191 + 128 nm, (b) is 122 + 70 nm and (c) is not found. (d and e) Visible absorption spectra before (dashed line) and after (solid line)
polymerization of vesicles; (a and d) DPPC/DiynePC (2 : 1), (b and e) DPPC/DiynePC (4 : 1) and (c and f) DOPC/DiynePC (2 : 1) mixtures.
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Pore formation on SLBs after photo-polymerization and its
size control

To observe the effect of photo-polymerization on structural
change, we analyze SLBs of DPPC/DiynePC and DOPC/DiynePC
mixture using AFM in liquid environment. When DPPC/
DiynePC (2 :1) mixed bilayer was irradiated with UV light
(254 nm, 2 mW cm?) for 15 min, pores with a height of
approximately 5 nm, the height of the bilayer, were created
throughout the bilayer area (Fig. 5a). As a result of pore analysis
in the membrane, the mean diameter of the pores was 191 +
128 nm, and their total area was 2.335 um?>. As shown in Fig. 4b,
DPPC/DiynePC (4 : 1) mixture shows generally smaller pores
than (2 : 1) mixture upon UV irradiation. The mean length of
the pores was 122 + 70 nm, and total area was 1.293 pm?>.
Clearly, the mean size and total area of the pores both decreased
when compared with the case of 2 : 1 mixed bilayer. Histogram
analysis of pore size reveals widespread distribution in DPPC/
DiynePC (2 :1) mixed bilayer (ESI Fig. S4f). On the other
hand, we could not observe pores at all in DOPC/DiynePC (2 : 1)
mixed bilayer, implying that polymerization did not occur in
mixture (Fig. 5¢). This result corresponds with CG simulation
result explaining about formation of gel phase in DPPC/
DiynePC mixture and fluidic phase in DOPC/DiynePC mixture.
Polymerization upon UV irradiation could be confirmed not
only in SLBs but also in vesicle form. In the visible absorption
spectra of the DPPC/DiynePC (2:1) and (4 : 1) vesicles, the
monomeric phase did not have a specific absorption spectrum.
However absorption peaks at 480 nm and 530 nm were observed
after UV irradiation (Fig. 5d and e). This indicates that both
DPPC/DiynePC mixtures (i.e. 2:1 and 4:1 cases) were poly-
merized under the influence of the diacetylenic group. This
could be also confirmed by naked-eye observable colorimetric
change from colorless to orange-red. However, as shown in
Fig. 5f, no spectral absorption was observed in the vesicle
solution composed of DOPC matrix, which elucidated that
polymerization of diacetylenic lipid did not occur.

Effect of DiynePC composition on calcein release induced by
polymerization

From previous results, we demonstrate pore formation in
DPPC/DiynePC bilayers and its size control by manipulating the
composition of polymerizable lipid. We further examined the
effect of controlled pore size on the release rate of encapsulated
molecules. We utilized calcein, which is known as self-
quenched dye, as encapsulated molecules. Photo-triggered
pore formation caused self-quenched calcein to release from
the DPPC/DiynePC vesicles, and fluorescence intensity
increased upon UV irradiation. A total (100%) release of calcein
was obtained after the addition of Triton X-100, which is known
to break the structure. As shown in Fig. 6, release rate of calcein
in DPPC/DiynePC (2 : 1) mixed vesicles at the early stage is
higher than in DPPC/DiynePC (4 : 1) vesicles. These results are
consistent with pore size analysis describing that larger pores
were formed after photo-polymerization when more pore-
opening diacetylenic lipid was present. In both cases, calcein
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Fig. 6 Effect of composition of DiynePC on calcein release from
vesicles by exposure to UV light with time. Triton X-100 line means
100% calcein release; (a) DPPC/DiynePC (2 : 1) vesicles and (b) DPPC/
DiynePC (4 : 1) vesicles.

release continued and approached toward 100% as exposed to
Triton X-100.

Conclusions

In the study described above, we confirmed photo-triggered
pore generation on planar lipid bilayers containing the poly-
merizable lipid. Polymerization in DiynePC domains depends
on which matrix lipid is used. To understand phase behaviors of
lipid mixture, we carried out MD simulation of matrix/
polymerizable lipids. The results of simulation provide infor-
mation that DPPC/DiynePC mixture only shows formation of
the local domains which are gel phase and rich in DiynePC
content. These domains are prone to photo-polymerization
generating pores that is in good agreement with the observa-
tion obtained by AFM analysis. The size of pores depended

This journal is © The Royal Society of Chemistry 2018
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upon the composition of DiynePC; the higher the content of
polymerizable lipid, the larger the pore. In addition, this can
also correlate to the release of encapsulated calcein through the
vesicles' bilayers. The release rate of the calcein at the early
stage was higher in DPPC containing large amount of DiynePC
contents functioning as pore-opening tool. With combination
of insights provided from the experiment and the theoretical
studies, the pore-controlled bilayer system activated by light
would be valuable for controlled drug release.

Experimental methods

Preparation of polymerizable vesicles

DiynePC, DPPC, DOPC were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). The fluorescent dye calcein was
obtained from Tokyo Chemical Industry. Other solvents and
buffers were reagent grade. DPPC (or DOPC) and DiynePC were
dissolved in chloroform (1 mg ml~') and mixture was dried with
a gentle stream of nitrogen gas to leave a thin layer on the flask.
The flask was placed in a vacuum desiccator to ensure no
chloroform remained. After several hours, the dried lipid was
rehydrated in phosphate buffered saline (PBS buffer, pH 7.4) to
a final concentration of 2 mM. The solution was heated at 60 °C
for 30 min and was subjected to five freeze-thaw cycles. The
final step to make unilamellar liposomes was the extrusion
method, which easily and rapidly generates uniform pop-
ulations of liposomes. All equipment for extrusion was
purchased from Avanti Polar Lipids, Inc. Each 1 ml of solution
was passed through the membrane 21 times using the extruder,
and the finished sample was stored at 4 °C. We wrapped the
vesicles with aluminum foil to protect them from pre-
polymerization.

Formation of supported lipid bilayers

We prepared clean and flat mica discs (Ted Pella, Inc.) by
continuous exfoliation using sticky tape. We fabricated SLBs by
the vesicle fusion method, the most widely used, because it
utilizes pure phospholipid vesicles and promotes the self-
assembled bilayer spontaneously without the need for addi-
tional components.”**® Vesicles mixed with deionized water
were incubated on mica substrate at 60 °C for 90 min. After
incubation, the sample was washed gently with PBS buffer and
water to remove excess residue.

Fabrication of calcein encapsulated vesicles

Calcein was used as an encapsulated fluorescent dye because it
has no permeability in the membrane and self-quenching
properties at concentrations above 70 mM. The basic method
to make the lipid thin layer was the same as that for preparing
polymerizable vesicles. It was rehydrated in deionized water
containing 70 mM calcein, and the mixture was placed in
a thermostat at 60 °C for 30 min. The extrusion method could
not be used because of clogging in the membrane due to the
high calcein concentration. Therefore, a probe sonicator
(amplitude 20%, 15 min) was used, and the sample was stabi-
lized at 4 °C. We used a dialysis method to separate free calcein

This journal is © The Royal Society of Chemistry 2018
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and encapsulated vesicles in this experiment. The sample was
inserted in a dialysis membrane (molecular weight cut-off =
3500) in deionized water. Free calcein exited the membrane and
the bulk solution outside the membrane became a yellow-green
color. The external solution was replaced at intervals of several
hours until the color did not change.

Characterization

The morphology and size of the vesicles were analyzed by using
SEM (S-4700, Hitachi) and ELS (ELS Z-1000, Otsuka Electronics).
The optical properties were examined with UV-Vis spectroscopy
(8453, Agilent) and fluorescence spectrophotometry (F-7000,
Hitachi). Bilayer formation on mica of the vesicles was vali-
dated using QCM-D (Q-Sense E4). A quartz sensor coated with
silicon dioxide, a major component of mica,* was used for the
measurement (QSX-303). Based on the QCM-D analysis using
SiO, substrate for 70 min, we fabricated SLBs of DiynePC/matrix
lipid mixtures on mica during same duration and these were
used for further analysis. Structure analysis was carried by AFM
(NX10, Park Systems) with BL-AC40RS-C2 cantilevers (spring
constant with 0.09 N m~" and resonance frequency with 110
kHz) in AC mode. Measurements of all samples were carried out
in liquid environment. Pore sizes in the AFM images were
analyzed using the XEI program (Park Systems).

Simulation methods

All molecular dynamics runs were performed with Gromacs 4.6.7
(ref. 25-27) using the Martini force field (FF)***** for CG-MD and
the CHARMM lipid FF.** To control the temperature, a v-rescale
thermostat®® was used. The pressure was maintained at 1 bar
using the Berendsen®* and Parrinello-Rahman?® barostats for the
equilibrium and production run, respectively. Neighbor lists were
built using the Verlet cut-off scheme with a cut-off radius of
1.2 nm, and updated at each step. The linear constraint solver
(LINCS) algorithm was used to constrain the bond lengths.>**” All
simulations were conducted using a leap-frog integrator with
time steps of 20 and 2 fs for CG-MD and AA-MD, respectively.

Coarse-grained simulation

The DiynePC molecule was described by 16 beads using the
conventional Martini scheme (ESI Fig. S2at). Detailed parame-
ters and force constants for bond lengths and angles are listed in
the ESI Table S1f. Initial configurations with 2700 matrix lipids
(DPPC and DOPC), 1350 DiynePC lipids, and 30375 W beads were
obtained using the “insane.py” script.*® Periodic boundary
conditions were applied to the x, y, and z directions of the
simulation cells with an initial cell size of 32 x 32 x 10 nm?®. All
bilayers were equilibrated at 323 K for 1 ps, and phase behaviors
were observed at 300 K for 4 pus. An NPT ensemble was used for
the CG-MD simulations with semi-isotropic pressure coupling.
Configurations of the CG-MD are shown in ESI Table S2.}

Atomistic simulation

For the simulation of the bilayer system of DiynePC, the initial
configuration was obtained using the packmol program.** The

RSC Adv., 2018, 8, 27988-27994 | 27993
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unit cell had dimensions of 6.5 x 6.5 x 8 nm?®, contained 128
DiynePC and 4232 water molecules, and was equilibrated for 50
ns at 323 K. The NPT production runs were carried out for 100
ns at 323 K. The TIP3P model was used for water and electro-
static interactions were calculated using particle mesh Ewald*’
with a cutoff of 1.2 nm.
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