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, heterogeneous, dynamic systems playing essential roles in numerous processes
such as cell signaling and membrane trafficking. Model membranes provide simpler platforms for studying
biomembrane dynamics under well-controlled environments. Here we present a modified polymer lift-off
approach to introduce chemical complexity into biomimetic membranes by constructing domains of one
lipid composition (here, didodecylphosphatidylcholine) that are surrounded by a different lipid composition
(e.g., dipentadecylphosphatidylcholine), which we refer to as patterned backfilled samples. Fluorescence
microscopy and correlation spectroscopy were used to characterize this patterning approach. We observe
two types of domain populations: one with diffuse boundaries and a minor fraction with sharp edges. Lipids
within the diffuse domains in patterned backfilled samples undergo anomalous diffusion, which results from
nonideally mixed clusters of gel phase lipid within the fluid domains. No lateral diffusion was observed
within the minor population of domains with well-defined borders. These results suggest that, while
membrane patterning by a variety of approaches is useful for biophysical and biosensor applications, a
thorough and systematic characterization of the resulting biomimetic membrane, and its unpatterned
counterpart, is essential.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Microdomains (such as “lipid rafts” [1]) in biological membranes
have beenproposed to participate in numerous functions, such as signal
transduction [2,3] and membrane trafficking [4]. Given the inherent
complexity of cell membranes, model systems (i.e., giant unilamellar
vesicles [5], supported planar lipid bilayers and monolayers [6–8] and
black lipid membranes [9]) have been developed to provide a simpler
platform for step-by-step studies in controlled environments. Domains
of different lipid phases can form spontaneously when two or more
lipids are mixed together [8,10–12], where segregation of lipids into
different phases occurs mainly due to the inherent properties of the
participating lipid molecules. Due to this spontaneous segregation,
these model systems do not allow us to probe the dynamics of
microdomains in a spatially and temporally well-controlled manner. As
a result, newly developed micropatterning approaches such as micro-
contact printing [13–15], agarose stamping [16], UV photolysis [17–20]
and a polymer-based dry lift-off approach [21,22] may allow formation
of spatially organizedmicrodomains of one lipid compositionwithin the
context of another lipid composition, thereby allowing us to extend
beyond the phase diagram. Such spatially organized model systems
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could then act as building blocks for integrated biosensors to facilitate
studies for a variety of cellular processes [22].

Planar supported membranes consist of a continuous bilayer of
lipids that have been deposited onto a solid or a polymer-based
support [23] as a result of vesicle fusion [12] or Langmuir–Blodgett/
Langmuir–Schaefer deposition [6]. Due to the presence of thin film of
water between the bilayer and substrate, supported bilayers retain
many of the physical characteristics of naturally occurring cell
membranes and are amenable to a variety of measurement and
surface modification techniques, such as micropatterning, due to their
planar geometry. To date, arrays of single composition lipid domains
on solid supports has been accomplished using microcontact printing
[13], UV photolysis [17,19,20], agarose stamping [16] and a polymer-
based dry lift-off approach [21,22,24]. We focused in this work on the
latter patterning method, in which a parylene film is patterned via
microlithography, the biomolecule (here, lipids) deposited, and the
parylenefilm removed to reveal arrays of biomolecule on the substrate.
To date, parylene lift-off has been used to deposit domains of
haptenated bilayers for antibody recognition [24] and for cell
stimulation [22,25]; however, introducing further chemical complex-
ity within the bilayer itself by surrounding the domains with another
lipid composition had not yet been done.

In this work, we describe a combination of polymer lift-off and
backfilling to construct chemically more complex supported bilayers.
For our initial studies,we used lipids that are immiscible: didodecylpho-
sphatidylcholine (di12:0 PC) which is fluid at room temperature and
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Fig. 1. Schematic illustration of lipid micropatterning via a modified polymer lift-off
approach and a representative image. (a) Parylene, aluminum and photoresist were
deposited on a glass substrate. Following exposure to ultraviolet light through a
photomask, the photoresist and aluminum layers were developed and removed, and
parylene was dry-etched in an oxygen-rich plasma. Substrates were cleaned and
incubated with SUVs (e.g., bodipy PC-labeled di12:0 PC) to form domain arrays after
removal of parylene. The exposed substrate was then coated with a bilayer of another
lipid composition (e.g., di15:0 PC labeled with diI-C16) that had formed via vesicle
fusion. (b) A representative image of patterned di12:0 PC containing 0.5 mol% bodipy PC
(green) and backfilled di15:0 PC with 0.5 mol% diI-C16 (red). Images were captured
sequentially with appropriate emission filters to minimize bleedthrough between the
two fluorescence signals. Bar, 10 μm.
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dipentadecylphosphatidylcholine (di15:0 PC) which is in the gel phase.
We find that the backfilled interdomain regions of gel phase spatially
restrict the fluid domains, and two types of domains exist on patterned
backfilled samples, which we characterize with fluorescence micro-
scopy and fluorescence correlation spectroscopy (FCS). We find that the
two types of domains vary in properties (e.g., melting behavior,
diffusion), which we pin down to their respective sources. We
determined that the backfilling step introduces gel phase lipids inside
fluid patterns that cluster and act as obstacles leading to anomalous
diffusion offluid lipids. Further, these results suggest that if backfilling is
used to introduce complexity into patterned biomimetic membranes, it
will be critical to optimize lipid concentrations on unpatterned bilayers
first to determine concentrations that lead to minimal intercalation of
the backfilling lipid. These results lead us to suggest that a thorough,
quantitative characterization of patterned bilayers, regardless of the
patterning method used, is essential for any study in which the
membrane properties must be known and well-defined.

2. Materials and methods

2.1. Materials

1,2-didodecyl-sn-glycerol-3-phosphocholine (di12:0 PC) and 1,2-
dipentadecyl-sn-glycerol-3-phosphocholine (di15:0 PC) were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). The fluorescent
lipid analogs, 1,1′-dihexadecyl-3,3,3′,3′-tetramethylindocarbocyanine
(diI-C16) and 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
(bodipy PC), were purchased from Invitrogen (Carlsbad, CA, USA). Lipids
and fluorescent analogs were used without additional purification.

2.2. Preparation of supported planar bilayers

The day prior to an experiment, small unilamellar vesicles (SUVs)
were formed as described previously [26,27]. Lipids at a desired
composition, e.g., di12:0PC±0.5mol%bodipyPCordi15:0PC±0.5mol%
diI-C16, were added to a test tube, previously cleaned in ethanolic
potassiumhydroxide, and dried under nitrogen. Dried lipidswere then
resuspended at a 2 mM concentration in 50 mM Tris, pH 7.4, 100 mM
NaCl (TBS), probe sonicated until clarified and subjected to ultracen-
trifugation (Airfuge, 30 psi,1 h). The top quarter of the supernatantwas
collected and stored overnight at room temperature and used within
24h. On the day of an experiment, the SUV solution (75 μL)was applied
to a sandwich made of a detergent-cleaned 3"×1" glass slide and a
22 mm×22 mm glass coverslip that had been cleaned in oxygen
plasma immediately prior to application of the SUV suspension. SUVs
spontaneously fuse to form uniform lipid bilayers, and after a 30 min
incubation in a humidified chamber, samples were rinsed with TBS to
remove unfused vesicles. Bilayer samples were sealed with VALAP
(Vaseline:lanolin:paraffin [2:1:1, wt/wt]) and measurements carried
out immediately. Samples formed in this manner will be referred to as
unpatterned bilayers. For some control experiments, unpatterned
di12:0 PC±0.5 mol% bodipy PC bilayers were incubated with 75 μL of
either di15:0 PC±0.5 mol% diI-C16 SUVs or TBS for 30 min. These
bilayerswere then extensively rinsedwith TBS, sealedwith VALAP and
used for imaging and FCS measurements.

2.3. Preparation of patterned surfaces via polymer lift-off

Parylene C (Parylene Deposition System 2010, Specialty Coating
Systems; Indianapolis, IN, USA) was vapor deposited onto a detergent-
cleaned glass substrate (22 mm×22 mm). After parylene deposition
(Fig. 1), a 100 nm film of aluminummetal (Thermionics VE-90 thermal
evaporator; Port Townsend, WA, USA) was evaporated onto the
parylene coated surface, followed by application of a 1.2 μm-thick film
of Shipley 1827 positive photoresist. The substrate was baked for 90 s
at 105 °C. The pattern from a quartz photomask was transferred to the
photoresist via UV exposure in a contact aligner. The photoresist and
the underlying aluminum were developed in CD26 base. The pattern
was then dry-etched in a reactive ion etcher (Plasma Therm 720 RIE
Reactive Ion Etch System; St. Petersburg, FL, USA) under the following
conditions: 5 sccm argon, 90 sccm oxygen and 10 sccm carbon
tetrafluoride at 400 W and 50 mTorr. As a result of dry-etching,
exposed parylene was etched to the bare glass surface (Fig. 1), as
assessed by X-ray photoelectron spectroscopy (not shown). Samples
were rinsed with acetone and isopropyl alcohol, the aluminum was
dissolved in CD26, and finally the sample was rinsed with deionized
water and dried under nitrogen.

2.4. Patterned bilayer formation

The patterned substrate was first cleaned in an oxygen plasma.
SUVs (75 μL) of fluid lipids (e.g., di12:0 PC labeled with bodipy PC)



Table 1
Lateral diffusion of bodipy PC in patterned or unpatterned di12:0 PC supported
membranes

Sample D±SD
(×10−9 cm2 s−1)

αa

Unpatterned di12:0 PC+0.5 mol%
bodipy PC (n=83)

6.7±2.1b,d –

Patterned di12:0 PC+0.5 mol%
bodipy PC (n=42)

1.9±0.5c 0.74±0.13

Patterned di12:0 PC+0.5 mol%
bodipy PC at 37 °C (n=20)

7.4±2.5b,d –

Unpatterned di12:0 PC+1×10−6 mol%
bodipy PC (n=54)

7.7±3.4b,d –

Unpatterned di12:0 PC+1×10−5 mol%
bodipy PC (n=53)

8.1±2.3b,d –

a α is the anomalous diffusion exponent.
b Fit to Eq. (1), where m=1.
c Fit to Eq. (2).
d Statistically insignificant, as assessed with single-factor ANOVA.
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were fused onto this freshly cleaned surface in a humidified chamber
for 30 min, resulting in bilayer assembly on the exposed glass surface.
After 30 min, the surface was extensively rinsed with TBS, and the
parylene layer was removed from the substrate, leaving behind
patterned arrays of bilayers. After forming a sandwich with a
detergent-cleaned 3”×1” glass slide, SUVs (75 μL) of gel phase lipid
(e.g., di15:0 PC labeled with diI-C16) were injected, incubated for
30min, washedwith TBS and sealed. These samples will be referred to
as patterned backfilled samples henceforth. Positive and negative
controls consisted of unpatterned bilayers of either di12:0 PC or di15:0
PC with and without fluorescent dye, respectively. An additional
negative control for background fluorescence was a TBS only sample.

2.5. Fluorescence imaging

All samples were imaged with a Photometrics CoolSnap HQ CCD
detector (Tucson, AZ, USA) on a Nikon TE2000U inverted microscope
with a 60×1.2 NA objective (Nikon PlanApo,Melville, NY, USA) at room
temperature (∼25 °C), unless otherwise noted. For bodipy PC
detection, a 485/15 excitation filter, 520/20 emission filter and 505
DRLP dichroic were used, and for diI-C16 detection, a 555/10 excitation
filter, 650/20 emission filter and 560 DRLP dichroic were used; these
filter combinations eliminated bleedthrough. Excitation and emission
filter wheels, x–y translation stage, (Ludl Electronic Products,
Hawthorne, NY, USA), and image acquisition were driven by ISee
Imaging software (Raleigh, NC, USA) on a Pentium class PC running
Linux [27]. Samples were illuminated with mercury lamp excitation
and exposure timeswere kept constant for a given day of experiments.
All images were background and flatfield corrected. An objective
heater (Bioptechs, Butler, PA, USA) was used for the bilayer melting
experiments.

2.6. FCS characterization of lateral diffusion on patterned bilayers

Confocal FCSwas used to characterize the lateral mobility of bodipy
PC in di12:0 PC bilayers. FCS experiments were carried out on a Nikon
TE2000U inverted microscope as described by Kyoung et al. [27]. A
laser beam (either the 488nm line fromaCoherent Innova 90C-6 argon
ion laser [Santa Clara, CA, USA] or 543 nm HeNe laser from Meredith
Instruments [Glendale, AZ, USA]) was focused through the epi-port of
the microscope and projected onto the sample by overfilling the back
aperture of a Nikon PlanApo 60×1.2 NA objective. Typical excitation
powers ranged from 4.4–30 μW at the sample plane with negligible
photobleaching. A pinhole (50 μm diameter) was placed immediately
in front of a GaAsP photomultiplier tube (Hamamatsu H7421-40;
Bridgewater, NJ, USA) in an image plane conjugate to the sample.
Correlation curves were acquired with a Hamamatsu M9003 correla-
tion card in a Pentium class PC running Windows XP.

For a given day of FCS experiments, the structure parameter, ωo,
was determined using 0.1–1 nM rhodamine green following Kyoung et
al. [27], and lateral diffusion measurements were carried out on
bilayer samples. Normalized data were fit to one and two component
diffusion in two dimensions with Igor Pro (WaveMetrics; Lake
Oswego, OR, USA) according to [28,29]

G τð Þ ¼ ∑
i

m
fi 1þ τ=τDið Þ−1; m ¼ 1or 2ð Þ; ð1Þ

where G(τ) is the normalized autocorrelation function for two-
dimensional diffusion, τ is the time interval, and τDi is the
characteristic diffusion times for each fraction (fi;∑

i

m
fi ¼ 1). For

fluorescence fluctuations due to restricted non-Brownian diffusion
in two dimensions, the normalized correlation function, G(τ) can be
modified such that diffusion time of a molecule, τD, can be calculated
following [30]

G τð Þ ¼ 1þ τ=τD½ �α� �−1
; ð2Þ
where α is the anomalous diffusion exponent that is less than unity
[30, 31]. For all cases, χ2 was calculated to determine which model
best described the data. Diffusion coefficients (D) reported in Tables 1
and 2 were calculated as D ¼ ω2

xy=4τD, where ωxy is the lateral radius
of the detection volume.

2.7. Bilayer melting

Samples patternedwith di12:0 PC (melting temperature, Tm=−1 °C)
and backfilledwith di15:0 PC (Tm=33 °C)were heated beyond the phase
transition temperature of di15:0PC to 37 °C for 30min to confirmbilayer
continuity across the entire patterned sample. FCS was performed on
unpatterned di15:0 PC planar supported lipid bilayers at 37 °C to
confirm their fluidity.

2.8. Atomic force microscopy

Glass substrates that were uniformly coated with parylene were
etched using reactive ion etching (RIE) as described above. These
substrates were imaged in air using tapping-mode AFM with a
MultiMode Scanning Probe Microscope and Nanoscope IIIa controller
(Digital Instruments; Edina, MN, USA) using silicon doped tips (Veeco
Nanoprobe; Camarillo, CA, USA) having a spring constant of 0.5 N m−1.
For comparison as a control, detergent-cleaned glass substrates,
otherwise used for making supported lipid bilayers, were also imaged
under similar conditions.

3. Results and discussion

In addition to microcontact printing [13,14,32–34], agarose stamp-
ing [16] and UV photolysis [17–20], a polymer lift-off approach has been
developed to form arrays of lipid microdomains on a variety of surfaces
[22,24,25]. Fig. 1a describes the modified polymer lift-off approach in
detail. We initially followed the patterning approach described by
Craighead et al. [22,24,35]; that is, simply using photoresist and
parylene to transfer the desired patterns of 5–10 μm features to the
underlying glass substrate, following dry-etching. However, when we
inspected the patterned substrate after lipid vesicle fusion, we observed
that lipids were deposited in a nonspecific manner, in addition to the
desired pattern, indicating the presence of defects in the substrate prior
to bilayer preparation. These defects likely result from the photoresist
and parylene polymers having similar etch selectivity and rates by the
oxygen plasma. Also because photoresists are known to have defects in
them [36], oxygenplasma is able to attack the parylene under the resist.
To prevent the formation of these pinhole defects, we modified our
process to introduce a hard mask of aluminum [37], which would then
be chemically wet-etched in CD26 developer (tetramethylammonium
hydroxide in water) during processing, thereby allowing us to develop



Table 2
Lateral diffusion of bodipy PC in unpatterned di12:0 PC supported membranes
incubated with SUVs composed of di15:0 PC for 30 min followed by extensive
washing with buffer

Unpatterned supported
bilayer composition

SUV
composition

Temperature
(°C)

D±SD
(×10−9 cm2 s−1)

αa

di12:0 PC+0.5 mol%
bodipy PC

di15:0 PC+0.5
mol% diI-C16

25 (n=20) 4.6±0.9b 0.79±0.06
37 (n=18) 7.9±2.9c,d –

25 (n=18) 4.5±1.8b 0.78±0.09
di12:0 PC+0.5 mol%
bodipy PC

di15:0 PC−0.5
mol% diI-C16

25 (n=22) 5.8±1.6b 0.81±0.08
37 (n=20) 6.8±2.8c,d –

25 (n=17) 6.1±1.7b 0.79±0.08
di12:0 PC+0.5 mol%
bodipy PC

–e 25 (n=22) 7.1±2.2c –

37 (n=20) 11.1±1.9c,d –

25 (n=17) 7.9±2.1c –

di12:0 PC+0.5 mol%
bodipy PC

–f 25 (n=83) 6.7±2.1c –

37 (n=17) 8.9±1.7c,d –

25 (n=20) 6.7±2.3c –

a α is the anomalous diffusion exponent.
b Fit to Eq. (2).
c Fit to Eq. (1), where m=1.
d FNFcrit, as determined by single-factor ANOVA, indicating a statistically significant

difference from rest of the cases at 95% confidence limit.
e 30 min incubation with TBS buffer only, in place of SUV suspension, followed by

extensive washing.
f Planar bilayers processed normally with no additional 30 min incubation.
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simultaneously the photoresist and aluminum. SUVs of defined lipid
composition were then introduced to form self-assembled bilayers on
the exposed glass substrate and parylene film (Fig. 1). Arrays of lipid
domains formed after the parylene film was removed. To backfill the
resulting interdomain regions, we introduced SUVs of another
chemically well-defined composition, and we then characterized
these samples using quantitative fluorescence microscopy and correla-
tion spectroscopy.

Although the 100 nm aluminum film is completely removed from
the patterned substrate prior to lipid bilayer deposition, we carried
out control studies to ensure that the addition of aluminum does not
interferewith lipid bilayer organization and diffusion on the substrate.
We compared the lateral diffusion of fluid bilayers that result when
substrates are prepared with parylene and photoresist in the presence
and absence of the intermediate aluminum film. For these experi-
ments, we used a clear photomask (i.e., one with no pattern) to
completely expose the photoresist, effectively preparing unpatterned
bilayers of fluorescently labeled di12:0 PC. In both cases, the diffusion
of di12:0 PC was one-component simple Brownian diffusion of similar
magnitude to that of conventionally prepared unpatterned di12:0 PC
bilayers (∼10−9 cm2 s−1; data not shown and Table 1).

In our initial characterization studies on patterned backfilled
samples, we chose to use a combination of lipid compositions that are
immiscible at room temperature: di12:0 PC (Tm=−1 °C), which is fluid
at room temperature,±bodipy PC (as a fluorescent label); and di15:0
PC (Tm=33 °C), which is in the gel phase at room temperature,±diI-C16
(as a fluorescent label). To facilitate quantitative imaging, we used 5–
10 μm features, which are easily resolvable optically. Typically, we
patterned arrays of a particular lipid bilayer (most commonly, the fluid
di12:0 PC) and then introduced another degree of complexity by
subsequent incubation with a second lipid component (e.g., di15:0
PC). Using epifluorescence microscopy (Fig. 1b), we found that the
complex bilayers retain their patterns when di12:0 PC was patterned
and di15:0 PC was used for backfilling, and the feature size matched
those on the photomask used in lithography. These results indicate
that on these patterned substrates, the outside gel phase lipid bilayer
can spatially confine fluid phase lipid domains on a planar support.
Similar results have been reported earlier where PDMS stamping [15]
and UV photolysis [18,20] were used to kinetically trap components of
a binary mixture to form stable lipid patterns.

Upon inspection of the patterned substrates, we observed two
types of arrays on samples formed from the deposition of fluores-
cently labeled di12:0 PC into the patterned features, followed by
backfilling with di15:0 PC (Fig. 2). Nearly (19±3)% (n=10, where n is
the number of patterned substrates) of the total number of patterns
had sharply defined edges (Fig. 2a), which remained stable for at least
6 h. A line scan of the fluorescence intensity shows that the fluid lipid
is restricted to the patterned features by the surrounding gel phase
(Fig. 2b). The majority of the patterned arrays, however, have more
diffuse boundaries (Fig. 2c and e), in which the fluid lipid diffuses into
the gel phase. Interestingly, these two types of domains were
randomly distributed throughout the surface of a given substrate,
suggesting that these differences likely do not result from the location
of the substrate within the RIE chamber where we would expect a
systematic distribution.

We then hypothesized that surface differences lead to the two
domain types. To test this possibility, we examined patterned
substrates with fluorescence microscopy and tapping-mode AFM. In
one experiment, we incubated substrates with SUVs of bodipy PC-
labeled di12:0 PC to form planar bilayers after the patterned parylene
was removed; this sample preparation contrasts with our usual
procedure in which vesicle fusion is carried out prior to parylene
removal. If no surface modification occurred, we would expect to see
uniform bilayers; however, we observed faint patterns even though
patterned parylene was completely removed from these substrates
prior to lipid vesicle fusion (not shown), leading us to conclude that
the substrates may be modified during the fabrication process,
possibly during reactive ion etching. Such plasma-induced surface
roughness of glass has been previously reported, particularly when
oxygen plasma is used at high power (i.e., N100 W) and/or long
exposure times [38]. To test this idea further, we imaged plasma-
etched substrates using tapping-mode AFM. As shown in Fig. 3, some
areas of surfaces were found to be non-uniform with roughness. The
observed roughness was not due to residual parylene, which we
confirmed using X-ray photoelectron spectroscopy. Polymerized
parylene C is a poly-paraxylylene with a chlorine substitution of one
of the aromatic hydrogens. The absence of a chlorine signal confirms
that parylene is completely removed under our etching conditions. In
contrast, controls of detergent-cleaned substrates that had been
plasma cleaned had negligible surface roughness (not shown). These
results suggest that vesicle fusion on etched, pitted surfaces might
lead to non-uniform lipid bilayers that may exhibit hindered or
nonexistent lateral diffusion.

To measure the lateral diffusion of fluid domains on backfilled
samples, we used confocal FCS, which not only yields the diffusion
coefficient of the species in a system [30,39–43] but also can be used
to identify whether anomalous diffusion occurs; that is, when the
diffusing species encounters obstacles or is hindered in some way
[31,44]. Patterned, fluorescently labeled fluid phase arrays surrounded
by di15:0 PC exhibit anomalous diffusion (1.9±0.5)×10−9 cm2 s−1

(n=42, where n is the number of measurements), with an anomalous
exponent α=0.72±0.13 (Table 1; Fig. 4, open circles). Interestingly,
lateral diffusion measurements (Fig. 4) could only be performed on
diffuse patterns (e.g., similar to those shown in Fig. 2c and e). Domains
with sharp borders (Fig. 2a) did not undergo lateral diffusion on our
experimental time scale (not shown). Unpatterned supported bilayers
yielded one-component Brownian motion, where D=(6.7±2.1)×
10−9 cm2 s−1 (n=83) (Table 1; Fig. 4, closed circles), as pre-
viously observed for other fluid supported bilayers [40,45].

We hypothesized that the anomalous diffusion observed for the
diffuse domains of fluid lipids may be due to surface roughness (Fig.
3), a possible experimental artifact, or gel phase lipid clusters within
the domains. We tested the first possibility in the following
experiment. As described above for the AFM study, we completely
etched unpatterned parylene that was deposited on glass substrates.
Bilayers of di12:0 PC labeledwith bodipy PCwere formed, and FCSwas
used to measure the lateral diffusion. If surface roughness was the
primary cause, we would expect anomalous diffusion on these



Fig. 2. Three examples of patterned domains present on a single substrate. Bodipy PC-labeled domains of di12:0 PC were surrounded by di15:0 PC. Two populations of domains are
observed: one with sharply defined boundaries (a), and the other with diffuse borders (c, e). Panels b, d and f show the corresponding intensity line profiles of panels a, c and e. Bar,
10 μm.
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unpatterned, but etched, substrates. However, we observe that the
lipids exhibit one-component Brownian motion, thereby ruling out
this possible explanation.

FCS is inherently a single molecule technique and requires low
concentrations (∼nM) of fluorophores to obtain sufficiently large
fluctuations that allow correlation [46–48]. However, these low
fluorophore concentrations preclude imaging to identify a region of
interest for an FCS experiment, due to the very low signal-to-noise. As
noted previously, we used 0.5 mol% fluorescent lipid, which allowed us
to strategically position the laserwithin a domain aswell as characterize
the domain type (Fig. 2). For FCS experiments, we reduced the
concentration via photobleaching, with themercury arc lamp, to obtain
an intensity equivalent to 1×10−6−1×10−5 mol%. To test whether
Fig. 3. AFM image of a plasma-etched glass surface (a) and the corresponding line scan (b). Un
assess surface roughness resulting from fabrication. Bar, 2.5 μm.
photobleaching in this manner may affect the validity of our FCS
measurements, we prepared unpatterned di12:0 PC bilayers that
contain either 1×10−6 or 1×10−5 mol% bodipy PC and compared these
results to unpatterned bilayers containing 0.5 mol% bodipy PC that had
beenphotobleached. As shown inTable 1, all three samples yielded one-
component Brownian motion, and we observed no statistically
significant difference in the lateral diffusion coefficient, as assessed by
single-factor ANOVA. These results suggest that anomalous diffusion
likely does not result from our experimental preparation for reducing
the fluorophore intensity.

We next turned our attention towhether anomalous diffusion could
be attributed to partial mixing of the backfilled gel phase lipids in the
fluid domains or whether they are completely excluded from the
patterned parylene deposited onto glass was etched completely prior to imaging in air to



Fig. 4. Representative lateral diffusion measurements of bodipy PC in di12:0 PC bilayers.
Open circles represent diffusion within patterned di12:0 PC domains, which is best
described as anomalous diffusion (Eq. (2)). Diffusion in an unpatterned di12:0 PC bilayer
(closed circles) exhibits one-component Brownian motion (Eq. (1), m=1). Results are
shown in Table 1.

Fig. 6. Representative lateral diffusion measurements of bodipy PC in di12:0 PC bilayers
incubated with SUVs composed of di15:0 PC for 30 min followed by extensive washing
with buffer. Open circles represent diffusion in unpatterned di12:0 PC supported
membranes at room temperature, which is best described as anomalous diffusion
(Eq. (2)). Diffusion in unpatterned di12:0 PC supportedmembranes at 37 °C (closed circles)
exhibits one-component Brownian motion (Eq. (1), m=1). Results are shown in Table 2.
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domains. To test this idea, we prepared samples that were fluorescently
labeled in both the fluid domains (with bodipy PC) and in the backfilled
interdomain region (with diI-C16) and imaged sequentially, with
appropriate filters to minimize bleedthrough (Fig. 5a and c). From
intensity profiles (Fig. 5b and d), we observe that the fluorescent
intensity due to diI-C16 in the backfilled gel phase is low but not
completely excluded from the domains, indicating that some mixing
occurs during the backfilling step. Despite thismixingof the twophases,
good contrast is observed. This result agreeswith another reportedwork
on patterned backfilled samples inwhich two chemically different thiol
monolayers in the patterned and backfilled areas were found to mix at
room temperature [49]. Given our results, we hypothesized that the
anomalous behavior of lipid is due to the presence of gel phase clusters
inside the patterned fluid phase regions. To test this hypothesis further,
we carried out FCS diffusion measurements on patterned, fluorescently
labeledfluid lipid arrays thatwere surroundedbydi15:0 PC.When these
membranes are heated beyond the phase transition temperature of
di15:0 PC and maintained at 37 °C for 30 min, we found that the
anomalous component disappears and the lateral diffusion becomes
BrownianwithD=(7.4±2.5)×10−9 cm2 s−1 (n=20) (Table 1). Because the
Fig. 5. Representative paired epifluorescence images of domain arrays. Domains of fluid di12:
been backfilled. Panels b and d are the corresponding fluorescence intensity profiles for pan
minimize bleedthrough. Bar, 10 μm.
gel and fluid phase lipids used in this report mix nonideally and are
immiscible at room temperature, these results suggest that di15:0 PC
lipids likely form clusters inside fluid domains, which act as diffusion
obstacles.

Although we are using saturating concentrations of lipids during
model membrane formation based on the work of Thompson [e.g., 26,
and NL Thompson and ED Sheets, unpublished results, 50,51], we
wanted to test further whether di15:0 PC could intercalate into pre-
formed di12:0 PC membranes. We prepared unpatterned supported
bilayers composed of di12:0 PC±bodipy PC; however, prior to sealing
with VALAP, we incubated these bilayers with an additional 75 μL of
SUVs composed of di15:0 PC±diI-C16, in the same manner that we
prepared patterned backfilled bilayers. We then measured the lateral
diffusion of bodipy PC in the fluid bilayers to determine whether gel
phase lipids intercalate and lead to anomalous diffusion and compared
these results to di12:0 PC bilayers that had not been incubated with
di15:0 PC. Upon “backfilling” (i.e., incubationwith the di15:0 PC SUVs),
these samples experience anomalous diffusion at room temperature
([4.6±0.9]×10−9 cm2 s−1, α=0.79±0.06, n=20; Table 2; Fig. 6, open
0 PC containing bodipy PC (a) is surrounded by di15:0 PC labeled with diI-C16 (c) that had
els (a and c), respectively. Images were captured sequentially with appropriate filters to



Fig. 7.Melting behavior of the two types of patterned domains. Fluid domains of bodipy
PC-labeled di12:0 PC (green) with diffuse edges (a–c) or with sharp boundaries (d–f) are
surrounded by diI-C16-labeled di15:0 PC (red). The temperature was increased from
room temperature (a, d) through the Tm of di15:0 PC (33 °C) to 37 °C for 30 min (b, e)
then decreased to room temperature (c, f). Images were captured sequentially with
appropriate filters to minimize bleedthrough. Bar, 10 μm.
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circles). Upon heating to 37 °C (above the Tm of di15:0 PC), anomalous
diffusion disappears and the data fit to one-component Brownian
diffusion where D=(7.9±2.9)×10−9 cm2 s−1 (n=18; Table 2; Fig. 6,
closed circles). When these samples cool to room temperature, bodipy
PC once again exhibits anomalous diffusion (Table 2). The appearance
of temperature-dependent anomalous diffusion in these samples,
where no surface roughness is present due to the absence of etching,
suggests that intercalation of gel phase lipids is likely the main source
of obstacles that lead to anomalous diffusion. Thus, we suggest that it
will be essential to initially optimize lipid concentrations on
unpatterned bilayers to determine concentrations that lead tominimal
intercalation of the backfilling lipid. Further, these results also suggest
caution in interpreting the biophysical behavior of backfilled biomi-
metic membranes, and we propose a thorough quantitative character-
ization of such membranes.

Because our long-term goal is to investigate molecular dynamics
occurring in complex patterned bilayers, we also wanted to
determine whether backfilled samples formed continuous bilayers.
We therefore carried out melting experiments in which di15:0 PC
underwent a phase transition at 33 °C. As shown in Fig. 7, fluid
domains were labeled with bodipy PC and the interdomain gel phase
was labeled with diI-C16. In these experiments, the temperature was
increased from room temperature (Fig. 7a) to 37 °C and maintained
for 30 min to ensure mixing (Fig. 7b). The lipids on the patterned
backfilled samples remain well mixed after cooling to room
temperature (Fig. 7c), indicating that domain pinning that has been
observed for some other supported bilayers does not occur [6,7].
However, when we examine the melting behavior of arrays with
sharply defined features (e.g., Fig. 2a), we observe that the patterned
and backfilled lipids do not mix (Fig. 7d–f), supporting the FCS
measurements in which fluid lipids were incapable of lateral diffusion
which possibly results from a physical barrier (i.e., due to surface
roughness; Fig. 3). The reason why surface roughness affects only a
minor subset of domains is not clear from the present data, and
further study is needed to clarify this issue.

4. Conclusions

Here we report the systematic characterization of spatially
arranged, two-phase supported lipid bilayers obtained via a modified
polymer lift-off approach. We patterned arrays of fluid domains that
were surrounded by a backfilled gel phase. These domains can
generally be described as a population with diffuse boundaries, in
which the fluid lipids undergo anomalous diffusion and form
continuous bilayers with the gel phase, and as a minor population
with sharp borders, in which the fluid lipids do not diffuse laterally or
form continuous bilayers. Anomalous diffusion likely results from
small, nonideally mixed clusters of gel phase lipids within the
domains, which act as obstacles to diffusion. Given these results on a
relatively simple complex bilayer (that is, immiscible fluid and gel
lipids), it is essential to fully and quantitatively characterize biomimetic
membrane systems as additional complexity (e.g., miscible lipids,
cholesterol) is introduced orwhen choosing among various patterning
approaches. Further, these results suggest that if backfilling is used to
introduce complexity into patterned biomimeticmembranes, it will be
critical to optimize lipid concentrations on unpatterned bilayersfirst to
determine concentrations that lead to minimal intercalation of the
backfilling lipid.Wepropose that thework reported here represents an
important cautionary tale for the growing field of patterned biomi-
metic membranes, regardless of the particular patterning approach.
Keeping these caveats in mind, however, patterned, complex bilayers
with spatially addressable domains will likely provide useful building
blocks for the development of integrated biosensors and critical
infrastructure for cell signaling studies in vitro.
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