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ABSTRACT: A combination of nonpolymerizable phospholipids (DPPC or
DPhPC) and a smaller amount of cross-linking photopolymerizable
phospholipids (23:2 DiynePC) is incorporated in an unsupported artiﬁcial
lipid bilayer formed using the droplet interface bilayer (DIB) approach. The
DIB is formed by contacting lipid monolayer-coated aqueous droplets against
each other in a dodecane−lipid medium. Cross-linking of the photopolymerizable lipids incorporated in the DIB was obtained by exposure to
UV−C radiation (254 nm), resulting in pore formation. The eﬀect of crosslinking on the DIB properties was characterized optically by measuring the
diﬀusion of selectively encapsulated dye molecules (calcein) from one droplet
of the DIB to the other droplet. Changes in DIB conductivity due to UV−C
exposure were investigated using current−voltage (I−V) measurements. The
leakage of dye molecules across the DIB and the increase in DIB conductivity
after UV−C exposure indicates the formation of membrane pores. The results indicate that the DIB approach oﬀers a simple and
ﬂexible platform for studying phototriggered drug delivery systems in vitro.
lipids in lipid bilayers dates back to the 1980s.20−33 This
process was developed mainly to enhance the stability of lipid
bilayers, more speciﬁcally for liposomes as they are typically
used for drug delivery. Several comprehensive reviews of
polymerizable amphiphiles and their applications have been
published.34−38 Unlike semispherical, enclosed lipid bilayer
structures such as liposomes and vesicles, the DIB is an openended, planar unsupported membrane. Planar membranes are
typically used for transmembrane studies, such as transport of
ions and molecules through various types of proteins and
nanopores in the membrane. Even though polymerizable
amphiphiles are extensively studied for application mainly in
liposomes and vesicles, some researchers reported on their use
in planar lipid bilayers. Pore insertions in bilayer membranes
were recorded39,40 even after photopolymerization of lipids,
indicating that photopolymerizable lipids enhanced membrane
stability and allowed for ion channel insertions even after
photopolymerization. In supported lipid bilayers, these types of
lipids were mainly used for lithographic patterning,41,42 for
studying bilayer stability,43,44 and for demonstrating molecules
activity retention45,46 in the bilayer even after polymerization.
An interesting phenomenon associated with the combination
of diﬀerent types of lipids in bilayers is the existence of phaseseparated domains.34,42,47 Decreasing the ratio of nonpolymerizable to polymerizable lipids in a liposome results in reduced
stability.21,48 Recently, Yavlovich et al.49 designed liposomes

I. INTRODUCTION
Phospholipids are key constituents of biological cellular
membranes.1 The phospholipid head groups are hydrophilic,
while the fatty acid tails are hydrophobic. In aqueous
environments, when two sheets of lipid monolayers come
into contact with their hydrophobic tails facing each other, an
artiﬁcial lipid bilayer can be formed. There are a wide range of
artiﬁcial lipid bilayers, such as planar, supported, vesicles, and
liposomes.2 These artiﬁcial lipid bilayers have been applied to
various biomimetic studies and applications.2 A relatively recent
approach for forming artiﬁcial lipid bilayers is the droplet
interface bilayer (DIB). This approach involves dispensing
aqueous droplets (with volumes ranging from picoliters to
microliters) in an alkane bath containing a mixture of lipid
molecules. The lipid molecules surround the aqueous droplets,
with the headgroup in contact with the droplet and the tail
remaining in the oil. When two lipid monolayer-coated droplets
are brought into contact, they form a lipid bilayer at their
interface. This idea originates from the earlier contributions by
Tsoﬁna et al.3 The ﬁrst DIB was reported by Funakoshi et al.4
Signiﬁcant advances in DIB understanding and applications
have been reported over the past 4 years on DIB characteristics,5−7 functional networks8−10 (screening pore blockers,
light sensing, biobattery), asymmetric DIBs,11 electronic
circuits,12 light driven motion of DIB forming droplets,13
external feedback control,14 mechanical means of controlling
DIB,15 nanopore translocation,16 and diﬀerent microﬂuidic
approaches17−19 to form DIBs.
In this paper, we present results on the incorporation of
photopolymerizable lipids in DIBs. Photopolymerization of
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nePC) were used as regular and photopolymerizable lipids (purchased
from Avanti Polar Lipids, Inc.), each at 5 mg/mL in dodecane (99%,
Acros Organics). Dodecane−lipid suspensions were stored in a freezer.
With either “Dodecane-DPPC” or “dodecane-DPhPC”, “Dodecane23:2 DiynePC” was mixed in 4:1 by volume for experiments. DPPC
and 23:2 DiynePC have rather high turbidity (milky white appearance)
in dodecane. Therefore, probe sonication (Misonix S-4000) is
performed prior to use to make these suspensions transparent for
experiments. The temperature during sonication was less than the
transition temperature of the lipids (≤40 °C). “Dodecane-DPhPC” is
transparent, and hence, only mild sonication was done in an
ultrasound sonicator (Fisher Scientiﬁc FS60H) prior to experiments.
Droplets. The “150 mM KCl-10 mM HEPES” buﬀer solution at
neutral pH was used for droplets. Droplet volume in most of the
experiments was 500 nL. For experiments involving UV−C triggered
release of ﬂuorescent contents, calcein (MS Biomedicals, LLC) was
mixed in the above-mentioned buﬀer (1 mg/mL). Calcein is a
ﬂuorescent dye with excitation and emission wavelengths of 495 and
515 nm, respectively, at neutral pH. The net charge of calcein51 is −3.
Substrates. Rectangular channels were laser cut in acrylic sheets
and epoxy bonded to thin plastic slides. These channels contained
minute quantities of dodecane−lipid suspensions (≤200 μL) and
aqueous droplets.
Experimental Setup. Experiments were carried out on the stage
of a Nikon Eclipse Ti-U inverted ﬂuorescent microscope equipped
with a Nikon DS-Qi1Mc monochrome camera and NIS Elements
Basic Research software. The experimental setup consisted of a
microsyringe (0.5 μL, Stoelting Co.), UV−C lamp (USHIO G8T5 8W
254 nm, 115 V, 60 Hz), PicoAmp 300B BLM ampliﬁer (Eastern
Scientiﬁc, LLC) with ADA 1210 DAQ analog-to-digital converter and
TracerDAQ software, 125 μm diameter Ag/AgCl wire electrodes with
5 wt % agarose coating at one of their ends, and a homemade Faraday
cage. For capacitance measurements, HP 4275A LCR meter was used
at 10 kHz.
DIB Formation and Recordings. Two aqueous droplets (∼ 500
nL) were injected in a ﬂuidic channel, ﬁlled with ∼200 μL of lipid−oil
(DPPC/23:2 DiynePC combination or DPhPC/23:2 DiynePC
combination in 4:1 by volume), using a microsyringe. A lipid
monolayer formed around each droplet. Two Ag/AgCl wire electrodes
(∼ 125 μm diameter) were used, one for each droplet. One end of
each wire electrode is coated with 5 wt % agarose and inserted into
each droplet. Lipid monolayer coated aqueous droplets are anchored
to the hydrogel coated ends of the wire electrodes. A portion of each
wire is clamped to the arm of an XYZ micromanipulator, and other
end of the wire electrodes soldered to a gold plated 1 mm male pin.
These gold plated pins are inserted into the headstage of a bilayer
ampliﬁer for varying voltage across DIB and for recording DIB current.
By moving the manipulators’ electrode arms manually, movement of
each droplet inside the channel is controlled and a DIB membrane is
formed at the interface of two lipid monolayer coated droplets. DIB
formation is initiated 10−15 min after the injection of droplets in
lipid−oil in order to allow for suﬃcient lipid monolayer coating
around each droplet. For current versus voltage recordings (before and
after UV−C exposure of DIB), the DC voltage is varied across the DIB
in step increments using the bilayer ampliﬁer. Current traces with time
are recorded at each DC voltage for at least 30 s using an ADA 1210
DAQ analog-to-digital converter and TracerDAQ software. The
average value of the current is then computed at each DC voltage.
A home-built Faraday cage is used to minimize electrical noise during
current recordings across DIB. Electrical recordings are carried out in
darkroom conditions to minimize noise. Simultaneous electrical and
optical recordings are performed on the DIB membranes. For UV−C
exposure, a USHIO G8T5 UV−C lamp was placed on the microscope
stage approximately 5 cm above the sample. Current recordings are
not performed when the UV−C lamp is on because of increased noise
level. After 5 min of UV−C exposure, the lamp is turned oﬀ, and
electrical measurements are restarted. This procedure is repeated after
additional UV−C exposures.
A HP 4275A LCR meter was used DIB capacitance measurements
at 10 kHz and 100 mV rms applied voltage. Low-noise BNC cables

with a combination of nonpolymerizable (DPPC = 1,2dipalmitoyl-sn-glycero-3-phosphocholine) and polymerizable
(23:2 DiynePC = 1,2-bis(10,12-tricosadinoyl)-sn-glycero-3phosphocholine) lipids for triggered release of contents.
Various combinations of regular lipids and photopolymerizable
lipids were tested under diﬀerent ultraviolet C (UV−C)
exposure conditions and analyzed for optimum conditions for
release of ﬂuorescent molecules from their liposomes. Recently,
Yavlovich et al.50 reported the use of visible light (514 nm
laser) triggered release of liposome contents, demonstrating the
usefulness of this approach to in vivo drug delivery applications.
In this work, we have adopted a lipid-mixture composition
(∼80 vol % DPPC and ∼20 vol % 23:2 DiynePC) in our DIB
that is similar to one of the best performing compositions in
liposomes designed for UV−C triggered release of contents.
We have also investigated DPhPC (1,2-diphytanoyl-sn-glycero3-phosphocholine) as an alternative to DPPC. A schematic
diagram of the DIB formation using a mixture of DPPC (or
DPhPC) and 23:2 DiynePC and its electrical investigation is
shown in Figure 1a. The photopolymerization of 23:2 DiynePC

Figure 1. Schematic diagrams: (a) droplet interface bilayer (DIB)
formed using a mixture of DPPC or DPhPC and 23:2 DiynePC (4:1
vol %; 5 mg/mL) in dodecane; (b) cross-linking of 23:2 DiynePC lipid
domains under UV−C exposure (254 nm).

lipid domains in the DIB is shown schematically in Figure 1b.
Signiﬁcant changes in the current across the DIB after UV−C
exposure (with a peak wavelength of 254 nm) were observed,
presumably resulting from the cross-linking of the photopolymerizable lipids in DIB. Also, the transfer of encapsulated
ﬂuorescent contents (calcein) across the DIB from one drop to
the other was observed after exposure to UV−C. Experimental
procedure, results, and discussion are presented in the following
sections.

II. EXPERIMENTAL PROCEDURE
Lipid Oil. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), and 1,2-di(10z,12z-tricosadiynoyl)-sn-glycero-3-phosphocholine (23:2 DiyB
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“150 mM KCl-10 mM HEPES” droplets were used to form
diﬀerent DIBs with DPPC-23:2 DiynePC (4:1 by vol) and with
DPhPC-23:2 DiynePC (4:1 by vol). The voltage across each
DIB was increased in 20 mV increments. At each DC voltage,
current traces were recorded with time. The average current at
each voltage was then calculated using the current trace data. I−
V characteristics for two diﬀerent DIBs (DIB#1 and DIB#2)
formed with “DPPC-23:2 DiynePC” and “DPhPC-23:2
DiynePC” are shown in Figure 3a and b, respectively. The
DIB resistance was typically in the range of 3−10 GΩ.

were used between the LCR meter and the micromanipulator arms.
The DIB capacitance was recorded before and after UV−C exposure.
Simultaneously, optical recordings were performed to measure the
DIB lateral length and thus be able to calculate the capacitance per
unit area. For analyzing the calcein leakage across the DIB, gray scale
values were obtained along a line running equidistant on both sides of
the DIB using the plot proﬁle function in Image J software.

III. RESULTS
A. Characterization. The presence of photopolymerizable
lipids in lipid oil was conﬁrmed using spectrophotometer
analysis. “Dodecane-DPPC” (5 mg of DPPC/1 mL of
dodecane) and “Dodecane-23:2 DiynePC” (5 mg of 23:2
DiynePC/1 mL of dodecane), prepared in two diﬀerent vials,
are mixed in 4:1 ratio by volume. From that mixture, a 2 μL
volume was placed in the Nanodrop 1000 apparatus (Thermo
Scientiﬁc), and absorbance was recorded across a range of
wavelengths. Spectra showing optical absorbance versus
wavelength are shown in Figure 2a. An increase in absorbance

Figure 2. Characterization of photopolymerizable lipids in dodecanelipid medium: (a) Spectrophotometer’s absorbance versus wavelength
for “Dodecane-DPPC-23:2 DiynePC” (4:1 by vol, 5 mg/mL each)
sample; (b) color change of “Dodecane-23:2 DiynePC”, “DodecaneDPPC-23:2 DiynePC”, and “Dodecane-DPhPC-23:2 DiynePC” after
UV−C exposure.

Figure 3. Plot of average current magnitude versus DC voltage under
negative bias in the absence of UV−C exposure for diﬀerent DIBs
formed with (a) DPPC-23:2 DiynePC (4:1 by vol); (b) DPhPC-23:2
DiynePC (4:1 by vol).

The DIB capacitance was measured before and after UV−C
exposure. The capacitance is recorded vs time while a DIB is
formed between two 1 μL “150 mM KCl-10 mM HEPES”
droplets in “Dodecane-DPhPC-23:2 DiynePC” solution at 100
mV rms 10 kHz. As shown in Figure 4a, before DIB formation,
there is no signiﬁcant capacitance measured. As soon as the
DIB is formed, the applied voltage is dropped across the lipid
bilayer and the capacitance suddenly increased and then
stabilized with time. To illustrate the stability of the DIB with
UV−C exposure, after initial measurement, the droplets are
separated and exposed to UV−C for 15 min. The DIB is then
reformed after UV−C exposure and the capacitance is
remeasured. The lateral DIB dimension was measured using
the optical microscope. As aqueous drops are not ideally
spherical on ﬂat substrates, an elliptical area is assumed for DIB
area with minor axis as half of major axis (lateral DIB

was observed at UV−C wavelengths (close to 254 nm), which
is an indication of the presence of monomeric 23:2 DiynePC. A
dodecane only sample is used as reference for measurements.
Another characteristic of photopolymerization of 23:2 DiynePC
lipids is the color change to red after UV−C exposure. This was
observed by exposing a channel ﬁlled with ∼200 μL to UV−C
lamp using dodecane solutions with photopolymerizable lipids
(23:2 DiynePC) only or solutions with 4:1 by volume ratio of
nonphotopolymerizable (DPPC or DPhPC) to polymerizable
lipids. Figure 2b shows respective channel images before and
after UV−C exposure. As expected, the strongest color change
to red occurs in the sample with highest 23:2 DiynePC
concentration.
The resistance of the DIB was calculated based on average
current (I) versus DC voltage (V) response. For this, 500 nL
C
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B. Eﬀect of UV−C Exposure on DIB Conduction. The
500 nL “150 mM KCl-10 mM HEPES” drops are dispensed in
“Dodecane-DPPC-23:2 DiynePC”. Agarose coated (5 wt % in
DI water) Ag/AgCl electrodes were inserted into the droplets.
DIB was formed, and current traces (with time) were recorded
at diﬀerent DC voltages before UV−C exposure, after 5 min of
UV−C exposure, and after an additional 5 min of UV−C
exposure. A plot of average current versus DC voltage is shown
in Figure 5. It is important to note that there is negligible

Figure 5. Plot of average current magnitude versus DC voltage under
negative bias in the presence of UV−C exposure for a DIB formed
with 500 nL “150 mM KCl-10 mM HEPES” drops in “DodecaneDPPC-23:2 DiynePC” (4:1 by vol, 5 mg/mL each).
Figure 4. DIB capacitance at 100 mV rms 10 kHz across 1 μL “150
mM KCl-10 mM HEPES” drops in “Dodecane-DPhPC-23:2
DiynePC” (4:1 by vol, 5 mg/mL each): (a) capacitance versus time
before and after UV−C exposure; (b) capacitance versus mechanical
overlap.

current prior to UV−C exposure. As the UV−C exposure time
was increased from 5 to 10 min, the current across the DIB
increased at all voltages. This indicates that photopolymerizable
lipid domains in DIB have cross-linked and have shrunk in
size,35,52,53 resulting in pores between lipid domains in the DIB.
Changes in current with exposure to white light of microscope
are minimum (see Figure 3a) when compared to that of UV−C
exposure. This conﬁrms that UV−C has a dominant eﬀect on
cross-linking of photopolymerizable lipids and pore formation
in DIB.
C. Release of Droplet-Encapsulated Contents in DIB
after UV−C Exposure. A potential application of having
photopolymerizable lipids in DIB is the triggered release of
encapsulated contents in droplets across the DIB. If porosity
arises in the DIB lipid membrane due to cross-linking of
photopolymerizable lipids upon UV−C exposure, then
contents in one droplet should diﬀuse through the pores
generated in the DIB to the other droplet. A schematic diagram
of this application is shown in Figure 6. To demonstrate this
eﬀect, calcein was encapsulated in a droplet at a concentration
of 1 mg/mL in “150 mM KCl-10 mM HEPES”. Only one of
the two DIB forming droplets was loaded with calcein at the
beginning of the experiment. DIB was formed and observed
with time, while ﬂuorescence microscopic images of the DIB
along with the droplets in the channel were simultaneously
observed. Control experiments, with no UV−C exposure,
yielded no signiﬁcant release of calcein across the DIB. We
observed signiﬁcant release of calcein with time across DIB
from one drop to another upon UV−C exposure. This passive
release of calcein across the DIB is due to the pores formed in
DIB during the photopolymerization of 23:2 DiynePC. To
increase calcein diﬀusion rate (active diﬀusion) and to ensure

dimension). Speciﬁc capacitance is calculated by dividing
recorded capacitance at a given time by DIB area at that
time. As can be seen in Figure 4a, the DIB capacitance after
UV−C exposure is stable with time. The diﬀerence in the
steady state capacitance value is due to the diﬀerence in DIB
dimension. At 15 min measurement, the measured DIB
capacitance values before and after UV−C exposure are 311.3
and 227.6 pF, respectively. The corresponding DIB lateral
dimension before and after UV−C exposure are 439 and 377
μm, respectively. This results in nearly equal calculated speciﬁc
capacitances before and UV−C exposure of ∼0.41 μF/cm2,
which is in reasonable agreement4 with reported speciﬁc
capacitances of artiﬁcial lipid bilayers. This indicates that the
lipid bilayer is in stable condition even after UV−C exposure.
The mechanical stability of the lipid membrane is tested by
forming the DIB with minimum droplet interface and then
manually pressing droplets toward each other using electrodes
that are attached to micromanipulators, thereby increasing DIB
lateral dimension. If the lipid membrane is weak, the DIB
would break immediately as DIB drops are pushed toward each
other. In general, we observed good stability of DIB even at
larger DIB lateral dimensions. An example is shown in Figure
4b, where the capacitance of a UV−C exposed DIB is seen to
increase linearly as DIB lateral dimension was mechanically
increased. Typical error in measuring the DIB lateral dimension
in the microscope is of the order of a few (∼1−3) micrometers.
D
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Figure 6. Schematic diagram showing the mechanism behind the UV−C triggered release of encapsulated contents of a drop across DIB that is
formed with a mixture of DPPC or DPhPC and 23:2 DiynePC in dodecane.

that the DIB is intact (electrocompression), a DC voltage was
applied across the DIB during the UV−C exposure in some
experiments. To conﬁrm that calcein diﬀusion across DIB does
not occur due to any inherent membrane porosity and the
applied voltage, control experiments were performed with
voltage but no UV−C exposure. In those cases, only minimal
release of calcein across the DIB was observed. This indicates
that DC voltage by itself is not suﬃcient to produce diﬀusion
across the DIB membrane in the absence of UV−C exposure.
Signiﬁcant calcein release was observed only during UV−C
exposure. Results of triggered calcein release with DPhPC-23:2
DiynePC (4:1 by vol) in DIB are shown in Figure 7. Results of
triggered calcein release with DPPC-23:2 DiynePC (4:1 by vol)
in DIB are shown in Figure S1 of the Supporting Information.
For Figures 7a and S1a, plot proﬁle function of ImageJ software
(NIH) was used to quantify changes in ﬂuorescence associated
with calcein diﬀusion into the second droplet as a function of
time. Gray values were measured on microscopic ﬂuorescent
images to a distance of 250 μm on either side of the DIB along
a line intersecting the DIB and extending equally into both
droplets. The percent of calcein in the left droplet is relative to
the amount of calcein present in the right droplet, both at a
distance of 250 μm from the DIB. Microscopic images in
Figures 7b and S1b show DIBs along with droplets at diﬀerent
relative times under diﬀerent experimental conditions. Another
parameter of interest is droplet shape. In general, the droplet
shape can vary with time depending on the medium
surrounding it. In the case of DPhPC/23:2 DiynePC
combinations, the lipid-oil is initially transparent and remained
transparent during experiments. No signiﬁcant changes in
droplet shape with time were observed in this case. However, in
the case of DPPC/23:2 DiynePC combinations, the lipid-oil
was turbid (milky white) before experiment. A mild sonication
was performed (with temperatures below the transition
temperature) prior to experiment to make this lipid-oil
transparent for microscopic imaging. However, the DPPC/
23:DiynePC lipid-oil does return slowly to the turbid state
during the experiment. This turbidity change resulted in slight
droplet shape change with time in the case of DPPC/23:2

Figure 7. UV−C triggered release of calcein from right drop to left
drop across DIB formed with “Dodecane-DPhPC-23:2 DiynePC” (4:1
by vol, 5 mg/mL each): (a) plot showing percentage of calcein versus
time in left drop with respect to the right drop’s calcein for diﬀerent
experimental conditions at a distance of 250 μm from DIB; (b)
ﬂuorescence microscopic images of DIBs and droplets in channel with
relative times for diﬀerent experimental conditions (dark areas imply
no calcein, and bright white areas show presence of calcein).

DiynePC combinations. However, turbidity changes and
droplet shape changes were not signiﬁcant during the time of
E
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group of liposomes are experimented in a vial or a well-plate. In
the case of DIBs, leakage conditions are focused on a deﬁned
planar lipid membrane area. In DIB, the surrounding medium
for droplets is a dodecane−lipid mixture. The release of watersoluble encapsulates from the loaded aqueous droplet will
preferentially occur to the virgin aqueous droplet through the
pores generated in the deﬁned DIB lipid membrane area.
Speciﬁc advantages of using the DIB approach for drugdelivery in vitro studies are the simplicity and ﬂexibility in using
DIBs. The DIB approach uses minute quantities of aqueous
droplets (picoliters to nanoliters to microliters) and of assorted
dodecane−lipid combinations (≤200 μL). It is also very simple
to form the desired alkane−lipid mixtures. There are also some
limitations to the use of the DIB approach. DIBs are intended
only for in vitro studies, while liposomes can eventually be used
for in vivo applications. Another limitation in DIB-based studies
is material compatibility. Some lipids do not suspend well in
dodecane, resulting in turbidity. This causes diﬃculties in
visualizing the aqueous droplets by microscope, as well as in
maintaining good droplet shape with time inside the
dodecane−lipid medium. However, before investing time and
resources on new experiments involving radiation based release
of liposomal contents, it is worth using the DIB approach as a
relatively simple and fast method to determine if the
compounds are suﬃciently promising to warrant investigation
using liposomes. In terms of future DIB experiments, it will be
interesting to experiment with diﬀerent types and proportions
of photopolymerizable and nonphotopolymerizable lipids in
DIB. Also, based on a recent report by Yavlovich et al. (ref 53),
it will be interesting to observe the eﬀects of various
wavelengths in the visible range on DIBs containing certain
photopolymerizable lipids.

experiments and did not cause diﬃculties with simultaneous
electrical and optical recordings.

IV. DISCUSSION
In this section, the eﬀects of 23:2 DiynePC photopolymerization in DIB are discussed and compared with that in liposomes.
As was described in the previous section, with UV−C exposure,
23:2 DiynePC domains in DIB are polymerized, leading to an
increase in DIB membrane permeability presumably due to an
increase in porosity. Photopolymerization of 23:2 DiynePC
domains that are present in a signiﬁcantly smaller proportion
compared to DPhPC or DPPC does not change the speciﬁc
capacitance of the lipid bilayer membrane. The DIB capacitance
measurements with time, before and after UV−C exposure,
showed a consistent speciﬁc capacitance that is in reasonable
agreement with reported values for other model lipid bilayers.
Also, photopolymerization of 23:2 DiynePC domains, present
in limited proportion, does not result in large pores and does
not make the membrane mechanically weak. This was evident
from the capacitance versus DIB lateral dimension measurements where DIB capacitance increased as the DIB dimension
was increased using micromanipulators. Droplets did not fuse
even at larger DIB lateral dimensions, indicating that the DIB
membrane is mechanically robust.
With some photopolymerizable lipids present in the DIB,
current versus voltage recordings showed an increase in current
across DIB after UV−C exposure, indicating that the DIB
membrane became more permeable after UV−C exposure.
This increase in permeability indicates that the membrane
became relatively more porous with UV−C exposure. It has
been shown21,40 that bilayer membranes or vesicles formed
with photopolymerizable lipids display an increase in
membrane stability. However, in the conditions used here,
the photopolymerizable lipids are in relatively lower concentration in the bilayer membrane and, thus, local polymerization
can occur in phase-separated domains. This will result in
membrane porosity and an increase of permeability. It is
important to point out that, in the case of DIB with DPPC
lipids, there was always breakage of the DIB lipid membrane
(droplet fusion) upon UV−C exposure. This DPPC lipid based
DIB breakage was not instantaneous upon turning on the UV−
C source. Droplet fusion occurred after some period of
exposure, as shown in Figure S1. Before breakage, there was no
leakage of calcein across DIB. Upon breakage, calcein diﬀusion
occurred rapidly, as indicated by a spike in the corresponding
plots in Figure S1a. Calcein leakage data after DIB breakage was
obtained using the ImageJ plot proﬁle function on the
microscopic images. When DIB breakage happened for the
“UVC only” case in Figure S1, ﬂuorescent microscopic images
were not available as the microscope was in bright ﬁeld light
mode during the breakage time. Hence, for the Figure S1 “UV−
C only” case, a dotted line is shown. However, in the case of
DIB with DPhPC lipids, the DIB lipid membrane did not break
upon UV−C exposure and a time release of calcein was
observed. It is believed that this is because of the additional
membrane stability oﬀered by the structure of DPhPC.
There are certain diﬀerences between a triggered release of
liposomal contents versus a release across a DIB. In the case of
liposomes that are three-dimensional and semispherical, the
entire encapsulated contents release into the surrounding
aqueous medium immediately as soon as a small break occurs at
any point on the liposome surface. In addition, individual
liposomal release is not normally monitored, as typically a

V. SUMMARY AND CONCLUSIONS
DIB lipid membranes are formed using a mixture of DPPC or
DPhPC (nonpolymerizable) and 23:2 DiynePC (polymerizable) in 4:1 by volume in dodecane (5 mg/mL each). 23:2
DiynePC domains in DIB were cross-linked by exposure to
UV−C. Photopolymerization of 23:2 DiynePC in dodecane−
lipid medium was conﬁrmed using spectrophotometer analysis
and color changes after UV−C exposure. DIB electrical
resistance is in the 3−10 GΩ range in the absence of UV−C
exposure. In the presence of white light, the DIB conductivity
varied only slightly. With exposure to UV−C, the DIB
conductivity increased signiﬁcantly, indicating that cross-linking
in domains of 23:2 DiynePC due to photopolymerization is
resulting in a porous DIB membrane. Release of encapsulated
ﬂuorescent contents (calcein) from the loaded droplet to the
virgin droplet across the DIB upon UV−C exposure was
observed using ﬂuorescence microscopy. These results indicate
that it is possible to control DIB porosity with UV−C exposure
when the lipid bilayer membrane contains photopolymerizable
lipids. In conclusion, DIB oﬀers a simple and ﬂexible platform
for investigating various in vitro phenomena.
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Additional ﬁgure showing UV−C triggered release of calcein.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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