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ABSTRACT As an approach to create versatile model systems of the biological membrane we have recently developed a novel
micropatterning strategy of substrate-supported planar lipid bilayers (SPBs) based on photolithographic polymerization of a
diacetylene phospholipid, 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine. The micropatterned SPBs are composed of
a polymeric bilayer matrix and embedded fluid lipid bilayers. In this study, we investigated the incorporation of fluid bilayers into
micropatterned polymeric bilayer matrices through the adsorption and reorganization of phospholipid vesicles (vesicle fusion).
Total internal reflection fluorescence microscopy observation showed that vesicle fusion started at the boundary of polymeric
bilayers and propagated into the central part of lipid-free regions. On the other hand, quartz crystal microbalance with dissipation
monitoring revealed that the transformation from adsorbed vesicles into SPBs was significantly accelerated for substrates with
micropatterned polymeric bilayers. These results indicate that the edges of polymeric bilayers catalyze the formation of SPBs by
destabilizing adsorbed vesicles and also support the premise that polymeric bilayers and embedded fluid bilayers are forming a
continuous hybrid bilayer membrane, sealing energetically unfavorable bilayer edges.

INTRODUCTION

Substrate-supported planar lipid bilayers (SPBs) are poten-

tially useful models of cell membranes in both biotechnolog-

ical applications and scientific studies (1,2). They are

composed essentially of a lipid bilayer membrane adsorbed

on the surface of a substrate by physical interactions or

chemical bonds. SPBs have some unique features compared

with other formats of model membranes (lipid vesicles, black

lipid membranes, etc.), including mechanical stability (in

contrast to black lipid membranes) and the accessibility to

various analytical techniques that can detect interfacial events

with an extremely high sensitivity (e.g., total internal reflec-

tion fluorescence microscopy (TIR-FM), surface plasmon

resonance (SPR), atomic force microscopy (AFM), and quartz

crystal microbalance with dissipation monitoring (QCM-D))

(3–10). These features render SPBs highly attractive for the

development of devices that utilize artificially mimicked

cellular functions. Another important feature of SPBs is the

potential to generate micropatterned membranes on the

substrate (11). This aspect allows the creation of designed

microarrays of model membranes and should facilitate

various new applications such as high-throughput drug

screening using arrayed receptors. A variety of micro-

patterning approaches have been reported, including me-

chanical scratching (12), prepatterned substrates (13–16),

microcontact printing (17), microfluidics (18,19), inkjet

printers (20), liftoff of prepatterned polymer films (21), and

photolithographic deep ultraviolet (UV) decomposition of

SPBs (22).

We have recently reported a novel micropatterning

method of SPBs based on photolithographic polymerization

of diacetylene-containing phospholipid (1,2-bis(10,12-trico-

sadiynoyl)-sn-glycero-3-phosphocholine (DiynePC)) (23–

26). The fabrication process comprises four steps (a sche-

matic illustration is given in Fig. 1): A), formation of a bilayer

consisting of DiynePC monomers on a solid substrate, B),

photolithographic polymerization by UV light, C), removal

of the protected monomers, and D), refilling the lipid-free

regions with new lipid bilayers. Fig. 1 E shows the chemical

structure of diacetylene phospholipid DiynePC and its

polymerization scheme. The most important feature of this

micropatterning strategy is the fact that polymeric and fluid

lipid bilayers are forming a hybrid bilayer structure. Poly-

meric lipid bilayer domains should act not only as a barrier to

confine fluid lipid bilayers in defined areas but also as a

framework to support embedded membranes. On the other

hand, the fluid bilayers retain some characteristic features of

native cellular membranes (e.g., lateral mobility of mem-

brane-associated molecules) and are intended to be used for

further biological applications.

Incorporation of fluid bilayers into the matrix of polymeric

bilayer is generally achieved by the adsorption and subse-

quent reorganization of phospholipid vesicles on the sub-

strate (27,28). This self-assembly process (vesicle fusion) is

essentially important for the micropatterning strategy here

because it ensures the integration of polymeric and fluid lipid

bilayers. Therefore, we have conducted a detailed study of

the vesicle fusion process in the presence of micropatterned

polymeric bilayers. We applied TIR-FM and QCM-D tech-

niques to assess the transformation microscopically and

kinetically. Both techniques showed unambiguously that the

transformation from spherical vesicles into SPBs was
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significantly accelerated by the presence of preformed poly-

meric bilayers. These results indicate that formation of SPBs

at the boundary of polymeric bilayers was promoted because

it effectively shielded the energetically unfavorable open

edge structure of the polymeric bilayers. We discuss the

implications of the obtained results to the fabrication strategy

of micropatterned biomimetic membranes.

MATERIALS AND METHODS

Materials

Diacetylene phospholipid (DiynePC) and phosphatidylcholine from egg

yolk (egg-PC) were purchased from Avanti Polar Lipids (Alabaster, AL).

Texas Red 1,2-dihexadecanoyl-sn-glycero-phosphoethanolamine (TR-DHPE)
was purchased from Molecular Probes (Eugene, OR). Sodium dodecyl

sulfate (SDS) was purchased from Nacalai Tesque (Kyoto, Japan). All

purchased chemicals were reagent grade and used without further purifica-

tion. The deionized water used in the experiments was ultrapure Milli-Q

water (Millipore, Bedford, MA) with a resistance of 18.2 MV cm. It was

used for cleaning the substrates and preparing the buffer solution (0.01 M

phosphate buffer with 0.15 M NaCl, pH 6.6).

Substrate cleaning

Microscopy coverslips and glass slides (Matsunami, Osaka, Japan) were

used as substrates for fluorescence microscopy observation. The substrates

were cleaned first with a commercial detergent solution, 0.5% Hellmanex/

water (Hellma, Mühlheim, Germany) for 20 min under sonication, rinsed

with deionized water, treated in a solution of 0.05:1:5 NH4OH (28%)/H2O2

(30%)/H2O for 10 min at 65�C, rinsed again with deionized water exten-

sively, and then dried in a vacuum oven for 30 min at 80�C. This protocol
resulted in clean and hydrophilic surfaces for the adsorption of lipid bilayer

membranes.

For the substrate of QCM-D monitoring, QCM sensor crystals with a thin

SiO2 layer were used (Q-sense, Göteborg, Sweden). The sensor crystals were

cleaned in 0.1 M SDS solution (immersed for 30 min at 30�C), rinsed with

deionized water, dried under a nitrogen stream, and further cleaned by the

UV/ozone treatment for 20 min (PL16-110, Sen Lights, Toyonaka, Japan).

Preparation of patterned DiynePC bilayers

Polymerizable bilayers of monomeric DiynePC were deposited onto

substrates from the air/water interface by the Langmuir-Blodgett (LB) and

subsequent Langmuir-Schaefer (LS) methods using a Langmuir trough

(HBM-AP, Kyowa Interface Science, Asaka, Japan). Monomeric DiynePC

was spread onto the subphase (deionized water) from a chloroform solution.

After evaporation of the solvent (30–45 min), the monolayer was

compressed to the surface pressure of 34 mN/m. While keeping the surface

pressure constant, the monolayer was transferred onto the cleaned substrates.

The first monolayer was deposited by dipping and withdrawing the substrate

vertically (LB method). The second leaflet was deposited onto the hydro-

phobic surface of the first monolayer by pressing the substrate horizontally

through the monolayer at the air/water interface and dropping it into the

subphase (LS method). After the deposition of the second monolayer, the

substrates were collected from the trough and stored in deionized water (in

the dark) for the polymerization.

Polymerization of DiynePC bilayers was conducted by UV irradiation

using amercury lamp (UVE-502SD,Ushio, Tokyo, Japan) as the light source.

The polymerizationwas conducted in a closed system that was composed of a

deionized water reservoir, a pump, and a cell (;4-ml volume). The water

reservoir was depleted of oxygen by purging it with argon.Oxygen-freewater

was circulated continuously by the pump through the cell where polymer-

ization of the bilayers was conducted. The cell had two walls on opposite

sides, one being the sample (the monomeric DiynePC bilayer was inside the

cell) and the other being a quartz window through which UV light was

illuminated. Desired patterns were transferred to the DiynePC bilayer in the

polymerization process by illuminating the sample through a mask (a quartz

slide with a patterned chromium layer coating) which was placed directly on

the DiynePC bilayer. After sufficient circulation of deaerated water (typically

for 15 min), the pump was stopped and the polymerization was started. The

applied UV intensity was typically 10 mW/cm2 at 254 nm. The irradiation

dosewas 4 J/cm2,whichwas previously shown to be sufficient to forma cross-

linked polymeric DiynePC bilayer (26). After the UV irradiation, non-

polymerizedDiynePCmolecules were removed from the substrate surface by

the treatment in 0.1 M SDS solution at 30�C for 30 min and then rinsed with

deionized water extensively. The patterned polymeric DiynePC substrates

were stored in deionized water in the dark at 4�C.

Preparation of patterned chromium substrates

Patterned chromium substrates were fabricated as follows. A chromium

layer (;100-nm thick) was deposited by sputtering on cleaned coverslips

(rate 0.3 nm/s, 0.3 Pa of argon gas, Rikensya RSP-4-RF5/DC5, Osaka,

FIGURE 1 (A–D) Schematic outline of the bilayer patterning procedure.

(E) The chemical structure of polymerizable diacetylene phospholipid,

DiynePC, and its photopolymerization scheme.
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Japan). Positive photoresist (AZ 1500 20 cP, Clariant, Muttenz, Switzerland)

was spin-coated on the coverslip with the thickness of 1 mm. The substrates

were exposed to a UV light through a mask (placed directly on the surface),

and the photoresist material in the exposed area was dissolved by the

developing agent (AZ 300 MIF, Clariant). The patterned substrates were

then immersed in a chromium etchant solution ((NH4)2Ce(NO3)6/HClO4/

H2O) for 120 s and then rinsed with deionized water for 30 s. Patterned

chromium substrates were obtained by removing the residual photoresists by

the treatment in acetone and UV/ozone cleaning.

Preparation of lipid vesicles

Vesicle suspensions of 1 mM egg-PC (containing TR-DHPE fluorescence

marker) were prepared according to the following protocol. (Egg-PC is a

mixture of various phosphocholines. Therefore, we used the average

molecular weight given by the manufacturer (760.08) for the calculation of

concentrations.) Lipidsweremixed in a chloroform solution, then dried under

a stream of nitrogen, and subsequently evaporated at least for 4 h in a vacuum

desiccator. The dried lipids were hydrated in a buffer solution overnight. The

resultingmultilamellar vesicles were put through five freeze/thaw cycles. The

vesicle suspensions were stored in the dark at 4�C and extruded by using a

LiposoFast extruder (Avestin, Ottawa, Canada) just before use, 10 times

through a polycarbonate filter with 100-nm pores, and subsequently 15 times

through a polycarbonate filter with 50-nm pores. The extruded vesicle

suspensions were diluted with a buffer solution before the experiments.

Fluorescence microscopic observation of the
vesicle fusion process

For the TIR-FM observation, an OLYMPUS IX81 inverted microscope with

a 603 PlanApo TIRFM oil immersion objective (numerical aperture (NA)

1.45, Olympus, Tokyo, Japan) was used. An argon ion laser (excited 488 nm)

was used as the light source. Fluorescence images were obtained with a

charge-coupled device (CCD) camera (C4742-95-12ERG, Hamamatsu

Photonics, Hamamatsu, Japan) and processed with the Meta-Vue program

(Molecular Devices, Sunnyvale, CA). The observation was performed with a

circular Teflon cell (diameter 2 cm). The substrate was mounted at the

bottom of the cell, and the buffer solution was added from the top. Then

vesicle suspensions were injected with a micropipette.

For measuring the time course of SPB formation, we used a flow cell in

which solutions could be exchanged. The cell was made of a coverslip and a

substrate fixed to each other with double-sided adhesive tapes so that there

was a narrow opening for inlet and outlet of the solutions. The solutions

were placed at the inlet with a micropipette and sucked with a filter paper at

the outlet. Fluorescence on the substrate surface was observed by using

an Olympus BX51WI upright microscope with a 603 water immersion

objective (NA 0.90, Olympus) and a xenon lamp (AH2-RX-T, Olympus).

Fluorescence microscopy images were collected with a CCD camera

(DP30BW, Olympus), and the area that exceeded the threshold fluorescence

intensity was calculated with the MetaMorph program (Molecular Devices).

QCM-D measurements of the vesicle
fusion process

QCM-D measurements were performed by using a Q-Sense D300 system

with a QAFC 302 axial flow chamber (Q-Sense). The QCM sensor crystal

was oscillated at its resonance frequency of 5 MHz and at three harmonics

(15, 25, and 35 MHz), and the frequency shift (Df) and dissipation (DD)
were monitored. The interval for data acquisition was 0.4 s. The mounted

QCM sensor crystal was equilibrated with a degassed buffer solution at

21.8�C. The buffer solution was subsequently replaced with the vesicle

suspension (lipid concentration 140 mM). Some sensors were coated with a

polymeric DiynePC bilayer. The bilayers were polymerized either homo-

geneously or with a stripe pattern (the same lithographic procedures as

described above), and monomers were removed with 0.1 M SDS at 30�C.
The width of line patterns was 10 mm, 20 mm, 50 mm, 100 mm, or 200 mm.

The sensors with preformed DiynePC bilayers were stored in deionized

water until they were used for the QCM-D measurements. After the QCM-D

measurements, each sensor surface was observed by the fluorescence

microscopy, using an OLYMPUS BX51WI upright microscope with a 603
water immersion objective (NA 0.90, Olympus) and a xenon lamp (AH2-

RX-T, Olympus). Fluorescence microscopy images were collected with a

CCD camera (DP30BW, Olympus) and processed with the MetaMorph

program (Molecular Devices).

RESULTS

TIR-FM observation of the vesicle fusion process

Fig. 2 shows the TIR-FM images during the vesicle fusion

process on a patterned DiynePC bilayer substrate (20-mm
stripes). The bright regions in Fig. 2 A are preformed

DiynePC bilayers before the addition of vesicle suspensions.

The fluorescence arises from the conjugated polydiacetylene

backbones of DiynePC bilayers. The dark stripes are the

lipid-free regions (glass surface). Fig. 2, B–F, shows the

FIGURE 2 TIR-FM images of the vesicle fusion process on a glass

substrate with patterned DiynePC bilayer. (A) Before the addition of

vesicles: The bright stripes are preformed DiynePC bilayers. (B–F) Time

lapse images after the addition of egg-PC vesicles containing 1 mol % TR-

DHPE: Vesicles adsorbed preferentially on the glass surface (B). Homoge-

neously fluorescent domains of SPBs were formed at the boundaries of

DiynePC bilayer (C) and expanded to the central region (D and E), finally
covering the glass surface completely (F). The scale bars correspond to 40

mm. The elapsed time is given at the top of each image.
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images obtained after adding vesicle suspensions of 100 mM
egg-PC containing 1 mol % TR-DHPE. It should be noted

that we did not actively mix the solution during the TIR-FM

observation. Therefore, the time necessary for vesicle fusion

was determined to a large extent by free diffusion of vesicles.

However, we assume a homogeneous distribution of vesicles

within the area observed by TIR-FM. The vesicles adsorbed

preferentially onto the glass surface between patterned

DiynePC bilayers (Fig. 2 B). The fluorescent dots should

be either individual vesicles or patches of SPB formed by

the rupture of vesicles. There is a slight accumulation of

fluorescent dots near the boundaries of DiynePC bilayers.

These are presumably planar bilayers (not intact vesicles)

because we did not observe preferential adsorption of

vesicles at the boundaries (vide infra). Formation of planar

bilayers near the boundaries became more clearly visible by

the appearance of homogeneously fluorescent domains (Fig.

2 C). The SPB domains subsequently expanded to the central

regions (Fig. 2, D and E) and finally covered the whole

surface between DiynePC bilayers (Fig. 2 F).
As a comparison to DiynePC bilayers, vesicle fusion on a

glass substrate with patterned chromium (20-mm stripes) was

observed (Fig. 3). The dark stripes are patterned chromium.

In this case, addition of 100 mM egg-PC (containing 1 mol %

TR-DHPE) resulted in random adsorption and rupture of

vesicles on the glass surface (Fig. 3, A–C), and SPBs finally

covered the whole areas between patterned chromium stripes

(Fig. 3 D). Egg-PC vesicles adsorbed also on the chromium

layer surfaces, which could not be observed by using

TIR-FM. Separately, we observed the vesicles on patterned

chromium stripes by using the upright fluorescence micros-

copy (data not shown). The continuity and fluidity of

adsorbed lipid layers were assessed by locally photo-

bleaching the fluorescence marker (TR-DHPE) and observ-

ing fluorescence recovery. Fluorescence of lipid layers on the

chromium stripes did not recover after photobleaching, indi-

cating that they are vesicles. On the other hand, fluorescence

recovery was clearly observed for lipid layers adsorbed on

the glass surface between the chromium stripes, indicating

that they are continuous and fluid SPBs.

Visualization of the vesicle fusion process by
using self-quenching vesicles

Although the TIR-FM observation in Fig. 2 shows the

general process of vesicle fusion on a patterned substrate,

distinction between adsorbed vesicles and SPB patches is

rather difficult, especially at the initial stage of vesicle fusion.

To distinguish between adsorbed vesicles and SPB disks, we

conducted vesicle fusion experiments using egg-PC vesicles

with 30 mol % TR-DHPE. At this high concentration of the

fluorophore, its fluorescence is highly quenched (self-

quenching). We could visualize the formation of SPBs as

an increased fluorescence intensity (dequenching). (The

same technique was previously applied by Johnson et al. to

elucidate the vesicle fusion mechanism (4).) For the TIR-FM

observation, a very low concentration of the labeled vesicle

suspension (0.1-mM lipid concentration) was first applied to

the patterned DiynePC substrate, resulting in a low surface

coverage (Fig. 4 B). The vesicles are visible as bright dots,

even though fluorescence from TR-DHPE is quenched to a

large extent. The vesicles adsorbed preferentially on the

glass surface between patterned DiynePC bilayers. It should

be noted that adsorbed vesicles were distributed randomly on

the glass surface, indicating that there was no preferential

adsorption of vesicles at the boundary of DiynePC bilayers.

The adsorbed vesicles were immobile within the timescale of

the TIR-FM observation, making the tracking of the fusion

events from individual vesicles possible. Unlabeled egg-PC

vesicles were subsequently added with a much higher con-

centration (100 mM). Fig. 4 C shows the TIR-FM observa-

tion 5 min after the addition of unlabeled vesicles. The

fluorescence intensity of individual dots increased signif-

icantly by mixing of labeled and unlabeled bilayers. A closer

inspection reveals that there are continuous fluorescent

domains arising near the boundaries of DiynePC bilayers

(enlarged images of the domains are shown in Fig. 5). These

domains are most likely SPB patches, since the size is too

large for a vesicle and the shape is also irregular. The

fluorescent domains expanded from the boundaries toward

the central regions of the stripes as shown in Fig. 4, D and E,
and finally formed a continuous bilayer within these areas

(Fig. 4 F). It should be noted that extended SPB domains

appeared also in the central regions of the stripes, especially

FIGURE 3 TIR-FM images of the vesicle fusion process on a glass

substrate with a patterned chromium layer. Egg-PC vesicles containing 1 mol

% TR-DHPE were added, and time lapse images were obtained. Vesicles

adsorbed on the surface between patterned chromium stripes randomly (A).

Increase of the adsorbed vesicles led to the formation of bilayer disks (B and

C), finally covering the glass surface completely (D). The scale bars

correspond to 40 mm. The elapsed time is given at the top of each image.
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in the later stage, as indicated with an arrow in Fig. 4 E.
However, they did not grow in size rapidly like the domains

at the boundaries, and they stayed where they had appeared

until they were merged by a growing domain from the

boundary. The inset in Fig. 4 is an intensity profile measured

along the dotted line in each image. The line profiles show

vesicles as sharp peaks and SPBs as continuous plateaus.

The evolution of fluorescence intensity suggests that there

are vesicle fusion events also in the central region of the glass

stripes. It may be at least partially due to the fact that egg-PC

vesicles with a high TR-DHPE content are expected to be

rather unstable and susceptible to rupture (4). More detailed

images of the initial fusion process are shown in Fig. 5. The

dark region on the right side of each image is the polymeric

DiynePC bilayer. Fluorescent vesicles were adsorbed mostly

on the left side (glass surface). Continuous domains of SPBs

were formed at the boundary (a in Fig. 5 A and a–c in Fig. 5

B). In Fig. 5 B, there are three domains at the boundary to

DiynePC bilayer that have different fluorescence intensities,

indicating that they are separated from each other. In Fig. 5

C, two of these domains (a and b) coalesced into one

domain, as indicated by the homogeneity of fluorescence

intensity. Subsequently, domain c coalesced and covered the
boundary of DiynePC bilayer (Fig. 5 D). Growth of the SPB
domains in the vertical direction from the boundary was

much slower even though there were intact vesicles (or SPB

disks) in the vicinity (one example is marked with a red
circle). The fluorescent dots on the glass surface located far

from the DiynePC bilayer expanded only slightly until they

were merged into the continuous bilayer domain growing

from the boundary.

Dequenching of TR-DHPE was utilized also for assessing

the time course of SPB formation. For this purpose, we used

a flow cell in which solutions could be exchanged. As in the

experiment in Figs. 4 and 5, a very dilute suspension of

labeled vesicles (egg-PC with 30 mol % TR-DHPE) was first

introduced and rinsed with the buffer solution. In this way,

the substrate surface was covered by labeled vesicles at a

very low density. Subsequently, unlabeled vesicles were

introduced at a much higher concentration (100 mM), and the

dequenching occurring at the substrate surface was observed

FIGURE 4 TIR-FM images of the vesicle fusion process on a glass

substrate with patterned DiynePC bilayer. Application of vesicle suspen-

sions was conducted in two steps. A dilute suspension of egg-PC vesicles

(0.1 mM) containing 30 mol % TR-DHPE was first added and incubated for

5 min. Subsequently, unlabeled egg-PC vesicles were added at a much

higher concentration (100 mM). Formation of SPBs was visualized with the

increased fluorescence intensity (dequenching) due to the mixing of labeled

and unlabeled bilayers. (A) Image obtained before the addition of labeled

vesicles. The bright stripes are patterned DiynePC bilayers. (B) Image

obtained after the addition of egg-PC vesicles containing 30 mol %

TR-DHPE. Vesicles adsorbed preferentially on the glass surface. (C–F)

Images obtained after the addition of unlabeled vesicles: SPBs were formed

preferentially at the boundaries of DiynePC bilayer and expanded toward the

central region of lipid-free stripes (D and E) and fused some independent

domains (marked by an arrow in E), finally covering the glass surface

completely (F). The inset in each image is an intensity profile measured

along the dotted line. The scale bars correspond to 40 mm. The elapsed time

after the introduction of unlabeled vesicles is given at the top of each image.

FIGURE 5 Enlarged TIR-FM images of SPB domains near the boundary

of DiynePC bilayer: (A) Adsorbed vesicles on the glass surface between

DiynePC bilayers. Heightened fluorescence intensities of some spots are an

indication of the fusion between labeled and unlabeled vesicles or formation

of small SPB disks. One fluorescent dot (presumably an intact vesicle) is

marked with a red circle. (B) SPB domains were formed at the boundaries of

DiynePC bilayer. (C) Domains a and b coalesced and formed a homoge-

neously fluorescent domain. The marked vesicle remained intact. (D)

Domain c and some neighboring fluorescent dots (vesicles or planar bilayer

disks) were merged. The marked vesicle was also merged. The scale bars

correspond to 10 mm. The elapsed time after the introduction of unlabeled

vesicles is given in each image.

Vesicle Fusion on Patterned Substrates 1761

Biophysical Journal 91(5) 1757–1766



by the upright fluorescence microscopy (TIR-FM was not

necessary because there was no fluorescence in the bulk

solution). Formation of SPB was monitored as an increase of

fluorescent domains in which the intensity exceeded a

defined threshold. Fig. 6 shows the comparison between pat-

terned DiynePC and chromium substrates (20-mm stripes).

The SPB domains increased more rapidly for the DiynePC

substrate, indicating enhanced SPB formation. In the case of

chromium substrate, the increase was initially slow and

accelerated in the later stage. For both substrates, the time

necessary for the completion of vesicle fusion was much

shorter compared with the observations by TIR-FM (Figs. 2–

5). This discrepancy arose mostly from the difference of the

cells used in these experiments (the efficiency of solution

exchange). There is a small time lag before the onset of SPB

domain growth in Fig. 6 (both for DiynePC and chromium

substrates), presumably due to the time necessary for

exchanging solutions.

QCM-D monitoring of the vesicle fusion process

The kinetics of vesicle fusion processes on patternedDiynePC

bilayer substrates was studied by the QCM-D technique. For

this purpose, bilayers of DiynePC were deposited on the

surface of silica-coated QCM sensors, and micropatterns

(stripes) were generated by photolithographic polymeriza-

tion of DiynePC. We prepared several samples with different

stripe widths (10 mm, 20 mm, 50 mm, 100 mm, and 200 mm)

to investigate the effect of the number of boundaries per unit

area. Since the stripe width was approximately the same for

the polymerized bilayers and lipid-free regions, the area

available for the incorporation of new lipid bilayers was

roughly half of the original silica-coated sensor, regardless of

the width of the stripes. Fig. 7 shows the measured responses

in Df and DD (fifth harmonics: 25 MHz) obtained for the

application of 140-mM egg-PC vesicles containing 1 mol %

TR-DHPE on the substrates with three stripe widths (10 mm,

50 mm, and 200 mm). (Although the lipid concentration used

for the QCM-D investigation was slightly higher than that of

the TIR-FM observations, this difference did not signifi-

cantly affect the vesicle fusion behaviors on patterned

substrates.) As a comparison, the results on a homogeneous

SiO2 substrate (no patterned bilayer) and on a homogenously

polymerized DiynePC bilayer are added. The obtained

QCM-D response on the SiO2 substrate showed a charac-

teristic two-phase process, similar to previous reports (8,29–

31): In the first phase, Df decreased and DD increased due to

the adsorption of vesicles with trapped water (inside and

between vesicles). In the second phase, the adsorbed vesicles

ruptured and formed SPB, releasing trapped water as

indicated by the increase of Df and decrease of DD. On
homogeneously polymerized DiynePC bilayer, on the other

hand, Df and DD did not change upon vesicle introduction.

FIGURE 6 Time course of SPB formation on patterned substrates (20-mm

stripes) of DiynePC (solid line) and chromium (dotted line): The total area of

SPB domains was determined for each fluorescence micrograph by

calculating the area in which the fluorescence intensity exceeded a defined

threshold. The data were normalized to the final area, where the observed

regions were completely covered by SPBs and were plotted as a function of

the elapsed time after the introduction of unlabeled vesicles.

FIGURE 7 QCM-D measurements of the vesicle fusion process on SiO2

substrates with patterned DiynePC bilayers: Df and DD were plotted during

the fusion of egg-PC vesicles (140 mM) containing 1 mol % TR-DHPE on

SiO2 (no DiynePC bilayer, black), homogeneously polymerized DiynePC

bilayer (light blue), and patterned DiynePC bilayers. The patterned DiynePC

bilayers had stripe widths of 10 mm (red), 50 mm (green), and 200 mm

(blue), respectively.
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Vesicles apparently did not adsorb on the DiynePC bilayer

surface. For the patterned substrates, the QCM-D profiles

revealed smaller humps of Df and DD compared with the

case of SiO2, indicating that the amount of vesicles

accumulated before SPB formation was smaller. This

tendency was more prominent on substrates with a higher

density of boundaries. No hump of Df was observed for the

sample with 10-mm stripes, suggesting rapid transformation

of adsorbed vesicles into SPB. (A small amount of intact

vesicles was observed also on this sample, as indicated by a

small but distinct hump of DD. The TIR-FM observation

using a patterned DiynePC bilayer substrate of 10-mm stripes

also showed the same boundary initiated spreading of SPBs,

similar to the results in Figs. 4 and 5 (data not shown).)

Regardless of the stripe width of patterned DiynePC bilayer

stripes, the final Df was approximately half of that obtained

on homogenous SiO2 and the dissipation was near zero,

corroborating the formation of SPBs in the previously lipid-

free regions. Incorporation of egg-PC/TR-DHPE bilayers in

the matrix of polymeric bilayers was confirmed also by the

fluorescence microscopy observation shown in Fig. 8 (stripe

widths: 10 mm (A) and 50 mm (B)).
As an attempt to obtain further information from the

QCM-D profiles, we plotted the duration of vesicle fusion

and the normalized maximum DD value as a function of the

inverse of stripe widths (density of bilayer boundaries). Fig.

9 A shows the duration of vesicle fusion, which was defined

as the point where Df values became constant after the

formation of SPBs. The time needed for vesicle fusion

decreased by the presence of preformed DiynePC bilayers.

The reduction was significant also for large stripe widths

(.50 mm) and rather leveled off for smaller stripe widths

(20 mm and 10 mm). On the other hand, the maximum DD
values, which represent the amount of vesicles accumulated

temporarily on the substrate surface before transforming into

SPBs, decreased linearly with the inverse of stripe widths

(Fig. 9 B). (These values were normalized considering the

area occupied by the newly incorporated SPBs.) The overall

results from the QCM-D measurements also point to the

effect of patterned DiynePC bilayers to catalyze the forma-

tion of SPBs via vesicle fusion.
DISCUSSION

The results from TIR-FM and QCM-D measurements have

shown that formation of SPBs was promoted by the presence

of preformed DiynePC bilayers. The TIR-FM observations

revealed that SPBs were formed preferentially at the

boundary of DiynePC bilayers and propagated subsequently

to the central part of the lipid-free regions. QCM-D results

showed that patterned bilayer substrates accelerated the

formation of SPB, as indicated by the reduced accumulation

of adsorbed vesicles. The acceleration was more prominent

for patterned substrates with a higher density of boundaries

between DiynePC bilayers and lipid-free regions (a smaller

stripe width).

From these experimental results, we infer that the catalytic

element for the observed enhancement of vesicle fusion is

FIGURE 8 Fluorescence microscopy images of the sensors after the

QCM-D measurements in Fig. 7: Egg-PC bilayers (containing 1 mol %

TR-DHPE) were incorporated between the DiynePC bilayer stripes of

10-mm (A) and 50-mm (B) widths.

FIGURE 9 Plot of vesicle fusion duration and maximum DD values

versus inverse of stripe widths (the results of SiO2 substrate were also

incorporated): (A) Duration of vesicle fusion plotted versus the inverse of

stripe widths. A line is given just to guide the eyes. (B) Maximum DD values

plotted versus the inverse of stripe widths. The DD values were normalized,

considering different areas of exposed SiO2 for patterned substrates.
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the edge of DiynePC bilayers. It is supposed that open

bilayer structures are exposed at the edges of DiynePC bilay-

ers, which are created by the termination of polymerization

and subsequent removal of neighboring monomers (Fig. 1).

Several lines of experimental data support this conclusion.

First, the fusion experiment of self-quenching vesicles

together with unlabeled egg-PC vesicles has clearly demon-

strated the preferential formation of SPBs at the boundaries

of DiynePC bilayers. The observation in Fig. 5 also sug-

gested that planar bilayer patches coalesced faster along the

edges of DiynePC bilayers. Second, rather random formation

of SPB patches was observed on glass substrates with a pat-

terned chromium layer, suggesting that simple geometrical

confinements on the substrate do not induce the fusion of

vesicles. The formation of SPB was significantly faster on

patterned DiynePC substrates compared with chromium

substrates (Fig. 6). The difference was especially clear in the

early stage of the SPB formation: Whereas rapid formation

of SPB was observed from the beginning on DiynePC sub-

strates, the formation was initially slow on chromium sub-

strates and was accelerated only in the later stage. The

progressive acceleration of SPB formation was most likely

due to the autocatalytic effect of SPB patches to enhance

further formation of SPBs (vide infra). Vesicles were observed

to adsorb on chromium stripes, in contrast with the patterned

DiynePC bilayer substrates where practically no vesicles

adsorbed on polymeric bilayers. This might be at least

partially contributing to the retarded SPB formation on the

chromium substrate because a part of vesicles can be trapped

by the chromium surface. However, the major contribution

should come from the different structures of the boundaries.

We also do not think that the distribution of vesicles on the

surface (possible local accumulation of vesicles at the

boundaries of DiynePC bilayers) is the major mechanism of

accelerated vesicle fusion for the following reasons: 1),

labeled vesicles in Fig. 4 B were distributed randomly on the

glass surface, whereas SPB formation started clearly from

the boundaries; and 2), QCM-D measurements showed that

the amount of accumulated vesicles on the surface was smaller

for patterned substrates with a smaller stripe width. Local

accumulation of vesicles at the boundaries would rather con-

tradict this result. It is still possible, however, that a transient

accumulation of vesicles near the bilayer edges (local

fluctuation of vesicle densities in the microscopic scale)

may play an important role. This possibility would be an

interesting subject for further studies.

The results obtained by QCM-D measurements gave some

insights into the kinetic aspects of enhanced vesicle fusion.

The duration of vesicle fusion decreased as a function of the

inverse of stripe widths (Fig. 9 A). Since the whole process of
vesicle fusion consists of a series of complex steps including

adsorption of vesicles from the solution, (spontaneous and

bilayer edge catalyzed) rupturing of vesicles, and fusion

between bilayer disks, it is currently not possible to deter-

mine quantitative rate constants for individual steps. How-

ever, the significant decrease of duration with bilayer edge

densities suggests that vesicle rupture is the rate-limiting

step. On the other hand, the fact that the duration leveled off

for smaller stripe widths is an indication that the kinetics of

vesicle fusion in this regime is determined by a factor that is

not related to the density of bilayer edges, presumably the

diffusion of vesicles from the solution. The diffusion-limited

vesicle fusion should also partially explain why no hump of

Df was observed for smaller stripes (e.g., the sample with

10-mm stripes in Fig. 7). On the other hand, the linear

decrease of maximum DD values as a function of the inverse

of stripe widths (Fig. 9 B) suggests that the amount of ad-

sorbed vesicles accumulated on the substrate before ruptur-

ing decreased linearly with the increase of bilayer edge

density. Although the experimentally observed maximum

DD is a result of complex processes, including diffusion of

vesicles from the solution and rupturing at the surface, we

can formulate the following simple kinetic model to explain

its linear dependency on bilayer edge density: Vesicles

adsorb onto the glass surface randomly. Depending on where

they fall, they have two pathways for rupturing, i.e., sponta-

neous rupturing and bilayer edge-catalyzed rupturing. Assum-

ing that the rate for the bilayer edge-catalyzed rupturing is

much larger than the spontaneous one, we would observe the

accumulation of vesicles primarily from the spontaneous

pathway. Since the fraction of the edge-catalyzed rupturing

pathway increases linearly with the density of bilayer edges,

the observed vesicle accumulation should decrease accord-

ingly. It is important to note that the fraction of the edge-

catalyzed rupturing pathway includes not only vesicle rupture

at DiynePC bilayer edges but also vesicle rupture at the edges

of SPBs that formed at the boundaries. One interesting impli-

cation of the linear decrease in DD is that there is a critical

density of bilayer edges above which DD remains zero

through the entire vesicle fusion process (at least for the

sensitivity of the currently applied QCM-D measurements),

i.e., no detectable amount of vesicles accumulate on the

surface due to the edge-catalyzed rupturing. Some preliminary

QCM-D experiments using partially polymerized DiynePC

bilayers having submicrometer-sized defects showed that DD
remained zero during vesicle fusion (data not shown).

Although we currently do not have any structural

information of the edges at the molecular level, the results

obtained from in situ AFM measurements revealed the

height gap of ;5.9 nm at the boundary, which corresponds

to a bilayer of DiynePC (25). The fact that the boundary of

DiynePC bilayers can induce destabilization and rupture of

adsorbed vesicles is a strong indication that the boundary has

an energetically unfavorable structure. Previous investiga-

tions by AFM suggested the catalytic role of bilayer edges to

promote rupture of adsorbed vesicles (31–33). Simulation

studies have also indicated the important roles played by

energetically unfavorable edge structures (34,35). Further-

more, Jenkins et al. have reported lipid vesicle adsorption on

micropatterned self-assembled monolayers consisting of
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hydrophobic and hydrophilic thiols by AFM and surface

plasmon microscopy (36,37). They observed that the forma-

tion of SPBs on hydrophilic domains was much slower

compared to the formation of planar monolayers on the

hydrophobic surface. Moreover, they observed for micro-

patterned samples that the formation of SPBs on the hydro-

philic domains was limited to the vicinity of the boundaries

to the hydrophobic domains, suggesting that hybrid layers

from alkane thiol and adsorbed lipid monolayers acted as a

catalyst to the formation of SPBs. Results here are consistent

with these results and also represent an unambiguous experi-

mental demonstration of enhanced vesicle fusion by pre-

formed SPBs with a purposefully designed geometry. It

should be noted that the edges of bilayers are generally

supposed to be capped with a metastable micelle-like struc-

ture (38). Depending on the configuration of the film (i.e.,

whether it is a phospholipid bilayer on a hydrophilic surface

or a monolayer on a hydrophobic self-assembled mono-

layer), the cap structures at the edges might be significantly

different. In the case of polymeric bilayers, lipid molecules

are covalently cross-linked so that the formation of micelle-

like structures at the edge is more difficult unless there are

major structural transitions. It is an intriguing questionwhether

the differences in the end structures influence the capability

of bilayer edges to catalyze the vesicle fusion process.

The observations described here also have important impli-

cations to the micropatterning strategy based on lithograph-

ically polymerized bilayers. Facilitated incorporation of fluid

SPBs by the preformed DiynePC bilayers is a strong indi-

cation that it is energetically favorable to incorporate guest

SPBs in the matrix of DiynePC bilayers. To obtain an

energetic gain, these two types of bilayers should be forming

a continuous hybrid membrane, sealing the edges of DiynePC

and fluid lipid bilayers. Formation of such hybrid mem-

branes is the most important feature of the micropatterning

strategy reported here, because the polymeric bilayers can

act both as barriers for the lateral diffusion of membrane-

associated molecules and as a scaffold to stabilize incorpo-

rated fluid bilayer membranes. This unique property should

enable various extensions in the architecture of micro-

patterned model membranes such as separation of the

membrane from the substrate with a spacer and incorporation

of membrane proteins in a native state. The enhanced vesicle

fusion by the presence of preformed polymeric bilayer

scaffold also suggests the possibility that a wider variety of

lipid membranes, including native cellular membranes, may

be incorporated into micropatterned bilayers. The QCM-D

results showed that incorporation of fluid SPBs was more

strongly accelerated in smaller patterns. This result indicates

that the stabilization effect of fluid SPBs by the surrounding

polymeric bilayer matrix may be greater if the sizes of SPB

patches are smaller. One obvious direction for future

research is to create smaller micropatterned bilayers (possi-

bly submicrometer) and examine whether and to what extent

incorporated fluid bilayers are stabilized. At the same time,

the stabilization effects should depend on the structure of

junctions between polymeric and fluid bilayers. Therefore,

various factors that can affect these structures, such as the

type of lipids in polymeric and fluid bilayers and local

accumulation of some lipids at the boundaries, need to be

studied more systematically to fully exploit the potentials

offered by the micropatterned membrane systems both for

biophysical sciences and for technological applications.

CONCLUSION

Incorporation of fluid phospholipid bilayers into micro-

patterned polymeric bilayer matrices of DiynePC has been

studied by TIR-FM and QCM-D. The TIR-FM observations

revealed that SPBs were formed preferentially at the bound-

ary of DiynePC bilayers and propagated subsequently to the

central part of the lipid-free regions. On the other hand,

QCM-D results showed that patterned bilayer substrates accel-

erated the formation of SPB, as indicated by the reduced

accumulation of adsorbed vesicles. These observations strongly

suggest that the edges of preformed polymeric bilayers

induce vesicle fusion and also support the premise that fluid

and polymeric bilayer domains are forming a continuous

hybrid bilayer. The facilitated integration of polymeric/fluid

bilayers via self-assembly processes would be an important

property for the generation of complex biomimetic mem-

branes with additional functions.
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