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Surface plasmon resonance imaging (SPRi) is a powerful tool
for label-free and real-time studies of biological interactions,1-4 with
the potential for high-throughput analysis in crucial areas such as
pharmaceutical screening and proteomics. The surface functional-
ization chemistry for gold SPR substrates is primarily based on
alkanethiol SAMs, and involves soft lithography,1 spotting,2,3

microcontact printing,4 and microfluidic patterning.5 In addition to
protein and DNA analysis, SPR has also been a key method for
studies of cell membrane components.6 However, the development
of robust and fluid lipid membrane arrays on gold surfaces is a
major challenge that has been met with limited success.7 Glass
surfaces, on the other hand, have been extensively studied for
fabrication of membrane patches and arrays. Several groups have
made great strides in the development of supported bilayer
membrane (SBM) arrays on glass8,9 and for GPCRs,10 which can
be used for high-throughput screening studies. We recently
demonstrated that thin (5-50 nm) glassy layers can be produced
on gold substrates using layer-by-layer assembly and calcination.11

The nanoscale silicate coatings are stable for days in buffer, allow
for SPR spectroscopic analysis with high sensitivity, and exhibit
reduced nonspecific adsorption.11

Given that most efforts to characterize membrane arrays and their
interactions have relied on fluorescence techniques, combining SPRi
with these arrays would offer a new tool to monitor binding in
real-time and investigate affinity properties without the need of
labels. Here we report the fabrication of three-dimensional features
on calcinated surfaces to generate membrane arrays for SPR
imaging studies. The method takes advantage of desirable properties
of glass that allow for its facile manipulation. To pattern the
substrates with “nanowell” arrays for SPR imaging, a standard
photolithographic process was utilized (Scheme 1). Shipley 1813
photoresist was spun onto the calcinated films at 3500 rpm, and
both TEM grids and homemade photomasks were used for the UV
exposure step, followed by controlled etching with HF.

Figure 1 shows SPR and AFM images of patterned substrates.
The top image is from two four-well arrays imaged in air. Visual

inspection of a reflectivity profile averaged across the wells (top
right) shows excellent reproducibility. The bottoms of the wells
have less deviation than the top surface, indicating that the etching
has a smoothing effect. This was verified by AFM analysis of
patterns on calcinated films made with TEM grids as photomasks.
The 25 × 25 µm squares were reproduced with fidelity in the
silicate material, and a 2.1( 0.6 nm RMS roughness (n ) 4) was
obtained within the nanowells. Some defect features were found
on the nanometer scale, as previously observed with SEM.10 The
well depth was controlled by etching time and HF concentration,
resulting here in 18 nm wells for a film etched for 60 s with 0.1 M
HF.

To demonstrate the capacity of the glassified nanowell array
substrates to support fluid bilayer membranes, fluorescence recovery
after photobleaching (FRAP) experiments were performed on etched
surfaces. Figure 2 shows a series of FRAP images for 2% NBD-
PC doped SBMs on a TEM grid patterned substrate. The wells
exhibit less fluorescence intensity because they are closer to the

Scheme 1. Fabrication Sequence for the Creation of Nanowells.

Figure 1. Top: SPR image and reflectivity profile of an array of 200×
200µm wells. Bottom: AFM image of 30-layer calcinated film etched with
0.1 M HF. A 1000-mesh TEM grid was used as the photomask.

Figure 2. FRAP results for the membranes on the etched surface. From
left to right: before bleaching, 5 s, 35 s, and 10.75 min after bleaching.
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gold substrate and experience a higher degree of quenching by
nonradiative energy transfer. Bleach lines recovered completely and
showed a lateral diffusion value of 1.1( 0.5µm2/s (n ) 10), similar
to that for glass and PDMS,12 indicating that the membranes are
fluid. Lateral mobility of this magnitude is considered evidence of
a true “bilayer membrane” rather than immobile “hybrid mem-
branes” and is crucial for biomimicry because many membrane-
associated interactions depend on free rearrangement of receptor
molecules in membranes. This could also affect the accuracy of
measurement with SPRi, because many interactions are strengthened
by multivalency, in which the first binding interaction restricts the
ligand within range of the second binding site, decreasing the
entropic barrier for further events.13 Without fluidity, ligands with
multiple subunits may not bind to SBM-supported receptors through
a mechanism similar to that in a real cell membrane.

We further tracked the fusion of egg PC vesicles and followed
binding events in the nanowells. The vesicles were first injected
and incubated for 1 h, followed by rinsing with buffer. The shape
of the curve associated with fusion inside the wells (Supporting
Information) is similar to that previously found on calcinated
substrates.11 To explore the analysis of specific ligand-receptor
interactions in an array fashion, vesicles were doped with 5 mol %
ganglioside GM1 and fused on the substrates. Cholera toxin (CT),
a bacterial toxin with five B subunits that bind to GM1 before
insertion into the cell membrane, was injected over the substrate
through a flow cell. Figure 3a shows the SPRi sensorgrams for

several concentrations of CT in four nanowells. Control experiments
(SI) revealed no detectable signal change for the nonspecific
adsorption of 600 nM CT to PC membranes without GM1. The
measured reflectivity between wells is highly reproducible, with
only 8% RSD for 60 nM CT. This is significant because the
duplication of binding results obtained in different wells is essential
in large-scale screening applications. Figure 3b is the SPRi
difference image obtained by subtracting an image before injection
of toxin from that after injection, demonstrating that concentrations
as low as 12 nM could easily be distinguished in the wells without
any blocking on the top surface. We attribute the increased signal
in the wells to the different decay length of the evanescent field in
the direction normal to the gold surface. Because vesicle fusion
and toxin binding occur both inside and outside of the wells, the
difference in response is a result of the higher field strength in the
wells, which are closer to the gold. Remarkably, the sensitivity with
nanowell substrates is higher than that achieved with a spectroscopic
SPR system11 and appears to be better than values reported for the
detection of protein toxins with SAM-based methods.14 Therefore,
loss of signal due to the nanoscale glassy layer does not seem to
constitute a major limitation if the wells are fabricated close enough
to the gold surface.

In conclusion, we have demonstrated a novel method to generate
silicate nanowells on gold substrates for SPR imaging analysis of
toxin-receptor interactions in membrane arrays. The method allows
for nonlabeled detection with high sensitivity and has great potential
for high-throughput analysis of ligand/receptor or protein/protein
interactions that require a fluid membrane environment. Imple-
mentation of membrane arrays with individual addressability is
currently under investigation.
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Figure 3. (a) SPR sensorgrams for the binding of different concentrations
of CT in nanowells and (b) SPR difference image and profile for binding
of 12 nM CT to GM1-containing membranes in nanowells.
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