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Topographically Flat Substrates with Embedded
Nanoplasmonic Devices for Biosensing

Jincy Jose, Luke R. Jordan, Timothy W. Johnson, Si Hoon Lee, Nathan J. Wittenberg,

and Sang-Hyun Oh*

The ability to precisely control the topography, roughness, and chemical
properties of metallic nanostructures is crucial for applications in plasmonics,
nanofluidics, electronics, and biosensing. Here a simple method to produce
embedded nanoplasmonic devices that can generate tunable plasmonic fields
on ultraflat surfaces is demonstrated. Using a template-stripping technique,
isolated metallic nanodisks and wires are embedded in optical epoxy, which

is capped with a thin silica overlayer using atomic layer deposition. The top
silica surface is topographically flat and laterally homogeneous, providing

a uniform, high-quality biocompatible substrate, while the nanoplasmonic
architecture hidden underneath creates a tunable plasmonic landscape for
optical imaging and sensing. The localized surface plasmon resonance of
gold nanodisks embedded underneath flat silica films is used for real-time
kinetic sensing of the formation of a supported lipid bilayer and subsequent
receptor-ligand binding. Gold nanodisks can also be embedded in elastomeric
materials, which can be peeled off the substrate to create flexible plasmonic

membranes that conform to non-planar surfaces.

1. Introduction

Engineered metallic nanostructures can harness surface
plasmons to tightly localize optical energy below diffraction
limits.'# Using top-down fabrication or bottom-up synthesis,
the geometry of these nanostructures can be readily tuned,
which, in turn, allows tailoring the spatial distribution of plas-
monic fields and “hot spots” for applications in sensing,-1%
spectroscopy,¥] imaging,¥ optical trapping,!¥ and data
storage.["] However, lithographically patterned metal films or
dispersed metal nanoparticles introduce surface topography as
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a byproduct, which can profoundly influ-
ence how the resulting non-planar sur-
faces interact with fluids, biomolecules,
and particles at the nanoscale.l1%17]

For many applications, it is desirable to
create and manipulate plasmonic fields lat-
erally using metallic nanostructures without
disrupting the planarity and lateral homo-
geneity of the active surface. For example,
in near-field scanning optical microscopy,
sample topography can generate artifacts
via tip-sample interactions and obscure the
nearfield optical information.'®1% Topo-
graphy, roughness, and lateral heterogeneity
of substrates also impose severe constraints
on surface modifications and biological
interfacing. Indeed it has been shown that
the size, shape, and roughness of gold
nanoparticles on a substrate can affect the
morphology, spreading, and lateral hetero-
geneity of the supported lipid bilayer (SLB)
membranes formed around them.??!l To
eliminate the roughness-induced issues in the formation of self-
assembled monolayers and lipid bilayer membranes, template-
stripped gold films have been employed,?? but unpatterned
gold films cannot be used to tailor localized plasmonic fields.
Topographically flat surfaces with ultrasmooth embedded metals
can also benefit nanofluidics,*® 3D device integration,m] nano-
photonic circuitry,?Y and elastomeric electronics.?!

Despite such widespread demands, planarization of pat-
terned metals remains one of the most difficult and laborious
steps in nanofabrication, as exemplified in the damascene
process,?*l which is a complex multistep process for planarizing
metal interconnects in microprocessors. Here we address the
processing challenges in the planarization of metallic patterns
and provide a facile technique by combining standard litho-
graphy, template stripping, and atomic layer deposition (ALD)
to produce ultraflat silica surfaces with nanoplasmonic features
buried underneath. The top surface of the embedded metals
gives an ultraflat topography with a roughness and step height
variation below 1 nm. The patterned surface is then covered
with a silica overlayer using ALD,?”?8 which ensures biocom-
patibility and lateral homogeneity of our structures regardless
of the underlying metal structures. Importantly, the silica over-
layer grown by ALD is also ultrasmooth (sub-1-nm roughness)
and thin (=10 nm) so as not to bury the optical near-field of the
embedded nanoplasmonic structures. Furthermore, the silica
layer acts as a spacer to prevent quenching of fluorophores,
enabling concurrent plasmonic sensing and fluorescence

Adv. Funct. Mater. 2013, 23, 28122820


http://doi.wiley.com/10.1002/adfm.201202214

M \]|w‘§

www.MaterialsViews.com

a Protruded disks b

Silicon

d Embedded disks (top view)

hﬁ_

9 Nanodisks embedded in epoxy

Embedded disks

e Embedded Ilnes (top view)

Flexible nanodisks

www.afm-journal.de

C Homogeneous top surface

Embedded lines in epoxy

I Embedded lines in PDMS

Figure 1. Planar embedded metallic structures. Schematic of a) protruded gold nanodisks on silicon substrate and b) embedded gold nanodisks
in epoxy. ) Schematic of homogenous silica layer formed on top of the embedded gold nanodisks. Scanning electron microscopy (SEM) images of
27 nm thick gold d) nanodisks and e) nanowires embedded in epoxy on a glass substrate. f) Photograph of a large area periodic silver line pattern
(period 10 pum, line width 1 um and thickness 200 nm) embedded in epoxy on a glass substrate. Inset shows the line pattern on a silicon substrate
before stripping off with epoxy. Photographs of large area (8 mm x 8 mm) Ag nanodisks g) embedded in epoxy (period 500 nm, disk diameter 200 nm
and thickness 135 nm) and h) peeled off to form a Rexible nanodisk membrane. Inset in (g) shows SEM image of the embedded nanodisks and that
in (h) shows the Rexible membrane. The scale bar in the inset in (g) is 500 nm. i) Optical microscopy image of the periodic Au line pattern (period

10 um, line width 1 um and thickness 200 nm) embedded in PDMS.

imaging, which is useful when measuring the fluidity of lipid
membranes or investigating plasmon-enhanced fluorescence.
To demonstrate the utility of our method, we fabricate localized
surface plasmon resonance (LSPR) biosensors using a periodic
array of gold nanodisks buried underneath a silica film, upon
which high-quality biomimetic SLB membranes can readily
be reconstituted. The LSPR of the embedded gold nanodisks
is monitored in real time to measure protein-lipid binding
kinetics with a high signal-to-noise ratio.

2. Results and Discussion
2.1. Fabrication of Embedded Nanostructures

Template stripping has been used to produce both unpat-
terned?*-3! and patterned?®32-4% metallic films with ultrasmooth
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surfaces. Instead of peeling off continuous metal films from pat-
terned Si templates, as previously shown,33*!l here isolated small
metallic disks and lines are embedded in planarized media. In
particular, peeling off isolated metallic nanodisks from a silicon
template demands a strong and uniform adhesion between the
embedding layer and the patterns because of the small contact
area. At the same time, it should also be possible to peel off the
embedding layer from the silicon surface. We show that optical
epoxy and poly(dimethylsiloxane) (PDMS) can meet these
requirements and produce highly uniform embedded nano-
structures over a large area.

Standard lithographic processing on a Si wafer creates dis-
connected metal patterns (see Figure 1a), which are then
capped by an adhesive media such as optical epoxy and peeled
off, exposing an ultrasmooth planar surface defined by the
Si wafer (shown in Figure 1Db). See Supporting Information
(Figure S1) for the detailed fabrication scheme. It should be
noted that a Cr or Ti layer, which is typically used to improve
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the adhesion between patterned metals and substrates but also
increases unwanted plasmon damping, is not needed in our
template-stripping process. Figure 1d,e show scanning electron
microscopy (SEM) images of a gold nanodisk array and a gold
nanowire array, respectively, embedded in epoxy on a glass sub-
strate. We are able to template-strip gold nanostructures that
are as small as 100 nm in width and 27 nm in height. Also,
metallic structures over a large area (e.g., periodic Ag lines and
nanodisks shown in Figure 1fh, respectively) can be template-
stripped with very high yield. The large-area embedded nano-
disk array can be peeled off using a thin epoxy film to produce
flexible devices, as shown in Figure 1h, or placed on a glass sub-
strate. To demonstrate the versatility of our fabrication scheme,
we also embedded metallic nanostructures in PDMS, which
can be useful for applications such as flexible electronics*? or
flexible metamaterials.*3l A periodic Au line pattern (200 nm
thick) embedded in PDMS is shown in Figure 1i. The adhe-
sion between PDMS and metal is not as strong as that between
metal and optical epoxy. To increase gold-PDMS adhesion, a
self-assembled monolayer (3-mercaptopropyl trimethoxysilane)
was formed on the gold patterns prior to the addition of the
PDMS layer.

2.2. Atomic Force Microscopy on Embedded Nanostructures

We used atomic force microscopy (AFM) to measure the sur-
face profile of embedded metallic nanostructures. Contact-
mode AFM height images of 27 nm thick gold nanodisks and
nanowires on silicon substrates, before template stripping, are
shown in Figure 2a,b, respectively. AFM height images of the
template-stripped gold nanodisks and nanowires embedded in
epoxy are shown in Figure 2c,d, and the measured root-mean-
square (r.m.s.) roughness is 0.32 nm and 0.42 nm, respectively.
The line scans taken along the black dashed lines in the AFM
images of the embedded structures confirm that the surface
roughness within each gold and epoxy domain is maintained
below 1 nm. Furthermore, the step height at the interface
between gold and epoxy is also below 1 nm, because they are
cured together while being constrained on a flat silicon wafer.
AFM lateral friction images of the embedded structures are
shown in Figure S2 in the Supporting Information.

2.3. Atomic Layer Deposition of Silica Overlayer

While the physical topography and roughness are consider-
ably minimized via template stripping, the exposed surface is
spatially nonuniform and consists of patterned metals and sur-
rounding epoxy media, complicating subsequent surface modi-
fications or biological interfacing that is required for uniform
SLB formation in biomembrane-based sensing applications.
It is well known that the formation and mobility of lipids in
SLBs and their interactions with other molecules are closely
related to the topography, local curvature, and material prop-
erties of the underlying substrate.**! Even if the topography
is completely eliminated via template stripping, alternating
chemical landscape caused by the exposed metals and dielectric
surfaces can lead to lateral heterogeneity and diffusion barriers
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Figure 2. Surface roughness measurements of the gold nanodisks and
nanowires. Contact-mode AFM height images of 27 nm thick gold a)
nanodisks and b) nanowires deposited on silicon substrate. Line scans,
along the black dashed lines in the AFM images, are shown in the bottom
panel corresponding to each AFM image. AFM height images of the gold
) nanodisks and d) nanowires embedded in epoxy on a glass substrate.

in the SLBs.*] These problems can be resolved by coating the
template-stripped surface with a thin silica overlayer using ALD
(see Figure 1c). A thickness of 10 nm was chosen to ensure the
growth of high-quality silica film with no voids and pinholes.
After the ALD process, the measured r.m.s. roughness of the
top silica surface still remains below 1 nm. For biosensing
applications, it can be desirable to work with silica surfaces,
which are hydrophilic, biocompatible, and chemically similar
to standard microscope slides, rather than modifying gold or
silver surfaces with self-assembled monolayers.} In particular,
it is straightforward to form SLBs on a silica surface,*®*]
whereas the formation of SLBs on a gold surface generally
requires modifications with self-assembled monolayers or
tethering linkages.*¥l Also, embedded metallic nanostructures
made of silver can be easily contaminated by oxidation and
sulfate formation, which will degrade the sensor performance.
Dielectric overlayers deposited by ALD can effectively protect
silver nanostructures from such environmental contamina-
tion.[*>3% The capability to integrate ultrasmooth silica surfaces
with LSPR sensors will also benefit novel applications in mem-
brane biophysics, such as the SLB formation using a shear-
driven method, where a lipid bilayer is pushed over the planar
surface.l’!l The silica overlayer also permits permanent bonding
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Figure 3. Spectral characteristics of the embedded gold nanodisks for
varying period, p and disk diameter, d. a) Measured extinction spectrum
(black solid line) and 3D FDTD simulation (red dashed line) of embedded
gold nanodisk array (p = 400 nm and d = 120 nm). Here A. U. refers
to absorption units. b) The calculated steady-state time-averaged total
electric beld intensity (Eio,). Extinction spectra of the embedded gold
nanodisk array for varying c) period (d = 160 nm) and d) disk diameter
(p =350 nm).

of PDMS microfluidic chips, which eliminates leakage during
sensing experiments.

2.4. Optical Properties of Embedded Gold Nanodisks

In Figure 3a, an experimental extinction spectrum of the
embedded gold nanodisk array (period, p = 400 nm and disk
diameter, d = 120 nm) is compared with a 3D finite-difference
time-domain (FDTD) simulation with periodic boundary condi-
tions. The small discrepancy in the resonance wavelengths in
the experimental and the calculated extinction spectra is attrib-
uted to the difference in the size and shape of the fabricated nan-
odisks from the simulated nanodisks as well as the difference
in the optical constants of gold used for simulation. Figure 3b
shows the calculated steady-state time-averaged total electric
field intensity (Eyw = E + E/? + E,?) at the resonance. The elec-
tromagnetic (EM) field is mainly concentrated at the corners of
the nanodisk and localized on both the gold-air interface and
the gold-epoxy interface.

The LSPR peak of the embedded gold nanodisks shifts
toward longer wavelengths with an increasing period
(Figure 3c). Figure 3d shows the extinction spectra with fixed
period of 350 nm and a range of disk diameters (d = 100, 120,
140 and 160 nm). The interparticle interaction in an array of
nanoparticles can be of two types: a near-field coupling (if parti-
cles are closely spaced) and a far-field radiative coupling (when
the particles are spaced far apart).’? The most closely spaced
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nanodisks among our samples have an edge-to-edge distance of
140 nm (period of 300 nm and diameter of 160 nm), which is
large for near-field coupling to occur. In the far-field coupling,
when a grating order changes from evanescent to radiative, a
strong dipolar interaction of the nanodisks’ scattered optical
fields occurs and the LSPR red-shifts.*® The red shifts of the
LSPR peak with increasing disk diameter and period are attrib-
uted to a modification of the plasmon resonances due to the
far-field radiative interaction between the nanodisks. The red-
shifted LSPR peaks corresponding to the larger periodicity are
sharper than those corresponding to the smaller periodicity. For
LSPR sensing studies, we have chosen the nanodisk sample
with the largest period of 400 nm.

2.5. Characterizing Optical Near-Field of Embedded Nanodisks

The near-field sensing characteristics of a plasmonic sensor are
determined by the decay length of the EM field at the sensor
surface. We experimentally determined the distance-dependent
EM field decay length and the local sensing range above the
nanodisks (period 400 nm and diameter 100 nm) using ALD of
Al,O; on the embedded nanodisks.’%%3 The optical extinction
spectra taken after sequential deposition of 2 nm thick Al,O;,
up to a thickness of 40 nm, are shown in Figure 4a. As shown in
Figure 4b, the LSPR shift changes linearly as the Al,O; layer
thickness reaches =8 nm, and then begins to flatten out beyond
30 nm, because the EM field decays away from the nanodisk sur-
face. The experimental data in Figure 4b is fitted to Equation S15°I
(shown in the Supporting Information) to retrieve an EM field
decay length of 20.71 nm * 2.21 nm, which is in accordance
with earlier reported values of 5-15 nm.’* The short EM field
decay length of an LSPR sensor limits its probing range, but
improves its sensitivity to thin films or small biomolecules. We
determined the local index sensitivity of the embedded nanodisk
array in air to be 4.5 nm per nm of Al,O;, which shows good
agreement with the calculated (FDTD) sensitivity of 4.9 nm per
nanometer of Al,O; (shown in Figure 4c). It is interesting to
note that, although the nanodisk is completely buried below the
sensing medium (see Figure 3b), the measured local index sen-
sitivity of our embedded nanodisk array is still comparable to
the measured sensitivity of a nanodisk LSPR sensor with pro-
truding geometry.>>! Also, we observed a decrease in the EM
field decay length with decreasing the period of the nanodisk
array (not shown), which is attributed to the broader LSPR peak
with decreasing period (as shown in Figure 3c). Since the field
decay length extends to =20 nm, we can still perform real-time
biosensing after coating the surface with a 10 nm silica over-
layer. We performed FDTD simulations, with thin Al,O; layers,
to compare the sensor response of embedded nanodisks with
protruded nanodisks (see Figure 4c). As expected, the local
index sensitivity of the protruded nanodisks is higher than the
embedded nanodisks, since the contact area of the Al,O; layer
and the protruded nanodisks is larger.

2.6. Lateral Mobility of SLB on Silica Surface

We determined the lateral mobility of SLBs formed on
a template-stripped, planar silica-coated (=10 nm thick) epoxy
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Figure 4. Near-beld LSPR sensor response characteristics of the
embedded gold nanodisks. a) Extinction spectra (in absorption units)
of embedded gold nanodisk array (p = 400 nm and d = 100 nm), for
sequential deposition of Al,O; layer. The spectrum taken without Al,O3
layer is denoted by a dotted line. The spectra are shifted in y-axis for
clarity. The red dashed line is a guide for the eye. b) LSPR shift versus
Al,O3 layer thickness. The experimental (dot) data is btted (dash) using
Equation S1 (Supporting Information). c) Simulated sensor responses (in
air) of embedded (closed circles) and protruded (closed squares) gold
nanodisks (p =400 nm and d = 100 nm). d) Simulated extinction spectra
(in air) of embedded and protruded nanodisks (p = 400 nm and d = 100

m). ND: nanodisks; S: local index sensitivity; and I4: beld decay length.

surface by performing fluorescence recovery after photo-
bleaching (FRAP) experiments.”® After vesicle rupture, the
substrate was imaged using an upright confocal microscope.
The details of the FRAP analysis is given in the Supporting
Information. Figure 5a,b show the fluorescence images from
the FRAP experiment on the silica-coated epoxy surface and
a bare epoxy surface, respectively. The images were taken
before, directly after, and 114 s after bleaching. Plots of the fluo-
rescence intensity in the bleached area over time for an SLB
over the silica-coated epoxy surface and the bare epoxy surface
are shown in Figure 5c¢, along with a fitted curve. An average
recovery of 93.1% * 0.4% of the mean fluorescence intensity is
measured on the silica-coated epoxy surface, which is compa-
rable to the recovery of a SLB on a glass surface.’’l The diffu-
sion coefficient for lipids in the SLB is calculated to be 2.06 £
0.04 um?/s. FRAP measurements over the bare epoxy surface
(without silica coating) revealed 0% recovery, which indicates
that a SLB did not form. Also, the bright areas in Figure 5b are
likely clumps of unruptured vesicles.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Fluorescence images from a FRAP experiment showing the
fRuorescence intensity recovery of a bleached spot on a) a silica-coated
(=10 nm thick) epoxy surface and b) a bare epoxy surface. The images
shown are before, directly after and after 114 s of bleaching. The scale
bar is 20 um. c) Average Ruorescence intensity for an SLB over the silica-
coated epoxy surface (blue squares) and the bare epoxy surface (green
circles). Negligible recovery over the bare epoxy surface points towards
the presence of adsorbed intact vesicles, whereas, an =93% recovery (at
inPnity) over the silica-coated epoxy surface implies the formation of a
SLB on that surface.

2.7. LSPR Kinetic Sensing of Protein Binding to Biotinylated
SLBs

We used silica-coated planar embedded gold nanodisks as LSPR
sensors to measure the formation of SLBs and the binding
of a protein, streptavidin-R-phycoerythrin (SAPE), to bioti-
nylated SLBs, as illustrated in Figure 6a. A PDMS microfluidic
chip with two microfluidic channels was aligned and perma-
nently bonded to the silica-coated embedded nanodisk array
(Figure 6b). 1 mM biotinylated vesicles (10 mol% biotin-PE)
and 1 mM biotin-free vesicles were injected into channel 1 (Ch
1) and channel 2 (Ch 2), respectively. A sudden rise in the peak
shift (indicated by an arrow) is observed upon injecting the
vesicles to the channels as shown in Figure 6¢. This peak shift
indicates vesicle adsorption to the surface and subsequent

Adv. Funct. Mater. 2013, 23, 28122820
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Figure 6. LSPR kinetic sensing of biotinylated SLBs and streptavidin-R-phycoerythrin (SAPE) binding. a) A cartoon depicting the SAPE bound to SLBs
functionalized with biotin-PE. Lipid vesicles rupture on the silica coated (thickness = 10 nm) planar embedded gold nanodisks (p = 400 nm and d =
100 nm). The calculated steady-state time-averaged electric Peld intensity (E,?) is also shown (not to scale). b) Bright Peld image of a microRuidic
chip showing two microfuidic channels (dashed white lines) aligned with the embedded gold nanodisks (darker region). The scale bar is 50 um. The
inset shows a SEM image of the embedded gold nanodisk array. The scale bar is 200 nm. c) LSPR peak shift versus time upon injecting vesicles to
the microfuidic channels. The arrow indicates injection of vesicles. d) LSPR peak shift versus time upon injecting SAPE into the channels. The arrow
indicates injection of SAPE. e) Fluorescence image of the embedded gold nanodisk array after SAPE injection. The scale bar is 50 um. f) Extinction
spectra (in absorption units) of the planar embedded gold nanodisk array taken at speciPc time intervals showing the distinct LPSR peak shifts. The

inset shows a magniPed view of the peak shifts.

rupture to form a SLB. Phosphate buffered saline (PBS)
washing removed excess vesicles and the peak shift reaches a
steady state. The LSPR peak from both channels shifts =1.7 nm
due to the formation of SLBs. Then we injected bovine serum
albumin (BSA) in PBS solution (1 mg/mL) to both channels to
minimize non-specific adsorption of SAPE, and the channels
were subsequently washed with PBS. A 100 nM SAPE solution
was injected to both channels, followed by PBS washing. The
SAPE selectively binds to biotin, as is evident by the =1.2 nm
peak shift only in the biotinylated SLBs in Ch 1 (see Figure 6d).
As expected, Ch 2 does not show any binding due to the absence
of a binding partner in the SLB. Because the intermediate silica
layer prevents quenching of fluorophores on the gold patterns,
we can perform LSPR sensing and fluorescence imaging on the
same sample. While the primary function of metallic nanodisk
array is label-free LSPR biosensing, it is highly desirable to add
concurrent fluorescence imaging capability, which would allow
cross-checking the molecular binding events as well as per-
form FRAP measurements on the same sample that is used for
LSPR sensing. Furthermore, plasmon-enhanced fluorescence
emission can also be utilized for certain applications. However,
a direct contact between the fluorophores and the metal surface
can lead to fluorescent quenching. In our sensor, the 10 nm
silica plays double roles: it acts as a spacer to prevent direct con-
tact between the metallic nanodisks and the fluorophores and
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also forms a homogenous and hydrophilic platform for SLB for-
mation. Figure 6e shows the fluorescent emission from SAPE,
imaged after finishing the LSPR sensing experiment, demon-
strating that the SAPE bound only to the biotinylated SLB in Ch
1. The extinction spectra taken at time intervals corresponding
to the LSPR peak shifts are shown in Figure 6f. The extinction
peaks shift =1.7 nm and =1.2 nm corresponding to the forma-
tion of SLBs and the binding of SAPE, respectively. The LSPR
shift of =1.2 nm, after SAPE binding, is comparable to earlier
reported values.[>8l

A surface with protruded nanoparticles has been shown to
deform a lipid bilayer which can lead to the formation of pores
or an incomplete coverage,”” and surface topography has
shown to affect the adsorption of proteins.®¥) The peak shift
in LSPR sensors can also change with deformation of the SLB
such as the formation of pores, which might occur in the case
of protruding nanodisks, especially if the nanodisk surface is
rough.’” We performed 3D FDTD simulations to understand
the effect on LSPR shift due to these structural deformations of
SLB (see Figure S3 in the Supporting Information). We observed
a decrease in the LSPR shift in the case of the pore formation
compared to the case where the SLB conformally covers the
protruding nanodisks, which is attributed to the fact that there
is no SLB formed at the corners of the nanodisks where there is
strong plasmon field localization. For the embedded particles,
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the SLB conformally covers the top silica surface and hence the
LSPR shift will be more reliable.

3. Conclusions

We have demonstrated a template-stripping process for
making topographically flat substrates with disconnected
metallic structures embedded in optical epoxy or PDMS.
Gold nanodisks as small as 100 nm in diameter and less than
30 nm in thickness can be embedded in optical epoxy and
peeled off without adhesion layers. The measured roughness
and topography of the surface is below 1 nm. The embedded
gold nanodisks show resonant plasmonic field enhancement
with an EM field decay length of =21 nm. The smoothness of
the device is maintained after sealing the patterned surface
with a 10 nm-thick silica film via ALD. The ultraflat silica
overlayer shields the underlying metals, and eliminates the
need for chemical functionalization of the metals while pre-
senting a biocompatible surface, which enables a permanent
bond with a PDMS microfluidic chip, and prevents quenching
of fluorophores due to metals.

This ultraflat LSPR sensing platform with a silica top surface
has many potential applications for studying the biophysics
of lipid bilayers and cholesterol-rich lipid domains (i.e., lipid
rafts). Traditionally, SLBs containing cholesterol-rich domains
have been prepared on ultraflat substrates such as mica due to
the delicate interplay between membrane curvature and spatial
organization.[!] Elimination of substrate and membrane curva-
ture makes high-resolution AFM studies possible where hetero-
geneous membrane domains are identified by subtle changes in
membrane thickness, typically less than 1 nm.[®?l Another appli-
cation of our substrates is for near-field optical microscopy: the
topographically flat surface decouples structural artifacts from
the optical information; while the embedded metallic particles
enhance the optical field collected by the near-field probe.l%!
Furthermore, the ultraflat silica surface is amenable to optical,
electrical, or microfluidic®! techniques to manipulate bio-
logical objects along the surface and embedding disconnected
metallic patterns in PDMS have many interesting applications
in stretchable devices.

4. Experimental Section

Fabrication of Gold Nanodisks: A Si wafer was spin-coated with
polymethyl methacrylate (PMMA) resist and patterned using electron-
beam lithography. The patterns have different hole sizes (d = 100, 120,
140, and 160 nm) and periods (p = 300, 350, and 400 nm). A 27 nm
thick gold layer was deposited (rate of 1 «/s) on the pattern using
electron-beam evaporation (Temescal). The PMMA resist was released
using acetone and the gold nanodisk array was coated by a UV curable
epoxy (Norland Optical Adhesive NOA61) with a glass microscope
slide as a backing plate. After curing the epoxy under UV light, the
gold nanodisks were peeled off from the Si substrate. The fabrication
details are illustrated in Figure S1 in the Supporting Information. For
template stripping using PDMS, the metallic structures were incubated
overnight at room temperature in a vacuum desiccator containing a few
drops of 95% 3-mercaptopropyl trimethoxysilane (Sigma-Aldrich), which
acted as an adhesion promoter between the metal and PDMS. PDMS
was degassed and spin-coated (500 rpm for 6 s) on the functionalized
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sample and cured overnight at 70 °C, after putting a glass backing slide.
The metallic structures embedded in PDMS are then peeled off from the
Si substrate.

Optical Extinction Spectroscopy: The samples were illuminated (from
the nanodisk side) with a tungsten-halogen lamp and the transmission
spectra were collected using a microscope objective lens (10x) and sent
to an imaging spectrometer equipped with a deep-cooled low-noise CCD
camera (Princeton PIXIS). A grating of 120 lines/mm was used to collect
the spectrum in the wavelength range of 400B850 nm. The spectra were
collected over the region of the nanodisks and then normalized with that
from a bare epoxy surface.

FDTD Simulation: 3D FDTD simulations were performed using the
commercial software package FullWAVE (Rsoft Design Group). A unit
cell consisting of a single gold nanodisk (optical constants of gold
were taken from Rakic et al.l®!l) embedded in an epoxy layer (refractive
index of 1.56) was modeled by applying periodic boundary conditions
in the in-plane dimensions and perfectly matched layer (PML) boundary
conditions on the boundaries parallel to the gold-epoxy interfaces. A grid
size of 1 nm was chosen in all the three dimensions in the unit cell. For
a wavelength spectrum of the nanodisks, a pulsed excitation from the air
side of the device was used, and the simulation was run until a steady-
state is achieved. For spatial beld maps at resonance, a continuous wave
excitation was used and the time-averaged total electric Peld intensity,
Eioa = B2 + E + E;2, was calculated.

Vesicle Preparation: A1 mM (=1 mg/mL) lipid mixture (Egg PC,
Avanti Polar Lipids), 10 mol% biotin-PE (1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(biotinyl)  (Avanti Polar Lipids) and/or
1 mol% Texas red-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Texas Red-DHPE; Invitrogen) was dried and then rehydrated with Tris
buffer (100 mM NaCl, 10 mM Tris, T mM ethylenediaminetetraacetic
acid (EDTA), pH 8.0) to form vesicles with a wide distribution of sizes.
These vesicles were sonicated for 10 min and extruded (15 passes)
using a polycarbonate Plter, with 200 nm pore diameter. The vesicles
were mixed with Tris calcium buffer (100 mM NaCl, 10 mM Tris, 10 mM
CaCl,, pH 8.0) prior to LSPR sensing experiments.

Time-Resolved LSPR Kinetic Sensing with SLBs and SAPE: A
10 nm-thick silica layer was deposited on an embedded gold nanodisk
sample, with an array area of 40 um x 40 um (p = 400 nm and d =
100 nm). A PDMS microfRuidic chip with two microRuidic channels each
with 100 um width and 50 um height were aligned and permanently
bonded to the nanodisk array. Both channels were washed with PBS
for about an hour. A constant ow rate of 12 puL/min was maintained
throughout the experiment, unless otherwise mentioned. After a 5 min
of stable PBS base line, T mM biotinylated vesicles (10 mol% biotin)
were injected into channel 1 at a fow rate of 5 uL/h. As a negative
control experiment, vesicles without biotin-PE were injected into channel
2. The optical extinction spectra were collected using a microscope
objective lens (4x) and sent to an imaging spectrometer coupled with
a CCD and recorded every 2.4 s. The spectral shift of the extinction
peak around 775 nm was monitored. PBS washing for about 90 min
removed excess vesicles. Before injecting SAPE, BSA in PBS solution
(1 mg/mL) was injected to prevent non-speciPc adsorption of SAPE,
and the channels were subsequently washed with PBS. After washing
the channels with PBS for 12 min, a 100 nM SAPE solution was injected
for 10 min, followed by PBS washing for about 90 min. Fluorescence
imaging of the SAPE (Ruorophore phycoerythrin, maximum absorption
at =565 nm, maximum emission at =578 nm) was carried out using
a halogen lamp with 54086553 nm excitation blter and 5650605 nm
emission Plter.

Fluorescence Recovery After Photobleaching (FRAP) Experiments:
The vesicles spontaneously rupture on a silica-coated (=10 nm thick)
template-stripped epoxy surface to form a SLB. After vesicle rupture, the
substrate was imaged using an upright confocal microscope. A small
circular spot (radius = 10 um) on the SLBs was photobleached with
simultaneous laser beams at 405, 488, and 543 nm for 10 s. Fluorescence
recovery of the photobleached area on the surface was monitored by
imaging with a 543 nm laser spot over the sample at a rate of 0.5 Hz.
The FRAP analysis is given in the Supporting Information.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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