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ABSTRACT

Large-scale studies of biomolecular interactions required for proteome-level investigations can benefit from a new class
of emerging surface plasmon resonance (SPR) sensors: nanohole arrays and surface plasmon (SP) enhanced optical
transmission. In this paper we present a real-time, label-free multiplex SPR imaging sensor in a microarray format. The
system presented is built around a low-cost microscope with laser illumination, integrated with microfluidics. The
specific binding kinetics of biotin and streptavidin are measured from several sensing elements simultaneously,
demonstrating the feasibility of using nanohole arrays as a high-throughput SPR microarray sensor.
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1. INTRODUCTION

Surface plasmon resonance (SPR) is the gold standard for real-time, label-free measurements of biomolecular
interactions and plays an important role in drug discovery, systems biology and proteomics research [1,2]. In this
technique, molecules immobilized on a gold surface are contacted by an aqueous buffer containing ligands, and changes
in the local refractive index due to the bound ligands are detected as a shift in the SPR excitation angle or wavelength.
Surface plasmons (SPs) are electromagnetic waves that are coupled to the free electron plasma in a metal [3]. Because of
this coupling, SP waves exist only at the interface between a metallic film and a surrounding dielectric medium, such as
water. The SP electromagnetic field decays away exponentially from the metal surface, meaning that most of its energy
is confined to within ~100 nm of the surface, making its resonance properties very sensitive to the presence of any
changes in the local refractive index. Since SPs are coupled to free electrons, for a given frequency (or energy) they have
a larger wavevector (or increased momentum) than free-space electromagnetic waves, necessitating various geometries
to increase the wavevector of the exciting light, such as the use of an optical prism or grating.

In commercial SPR instruments, e.g. BIAcore'™, a convergent light cone illuminates the detection spot on a gold film
via prism coupling in total internal reflection mode, known as the Kretschmann configuration. The angular distribution
of the reflected light is measured by a photodiode array in real-time, scanning for a steep drop in intensity that indicates
the resonant excitation of SPs. This gives a local refractive index sensitivity of An/n ~10° [4]. Using this real-time, label-
free method, binding kinetics (association/dissociation rates and equilibrium constants) can be precisely measured using
a smaller sample volume than other equilibrium measurement techniques. In various formats, the technique has found
wide applications in pharmaceutical development as well as in basic research.

For large-scale studies of protein-protein or protein-nucleic acid interactions on a microarray [5], a new class of high-
throughput instrument is desired that is capable of simultaneously measuring thousands of molecular interactions using a
simple and affordable setup. SPR microscopy provides one path to multiplex SPR sensing, wherein a refractive index
variation across a sample surface, e.g. a microarray, due to molecular binding events is translated into a contrast
distribution in the image plane [6,7]. While many research groups have successfully demonstrated SPR imaging using
the Kretschmann configuration [8-11], the coupling prism in that setup results in a tilted image plane, prohibiting the use
of high numerical aperture (NA) optics with a limited depth-of-field. This limits the size of a microarray that can be
imaged with high quality. A commercial Flexchip™™ instrument [12] instead utilizes a higher order diffracted mode of a
grating coupler for SPR excitation and can measure binding kinetics from 400 sample spots simultaneously. However,
the issues associated with a tilted image plane still persist, and its high cost is a barrier to widespread use. Recently, a
new class of high-throughput SPR microarray sensing has emerged as an attractive alternative to prism or grating based
systems, based on the extraordinary optical transmission (EOT) effect through periodic nanohole arrays [13-22]. In this
work, we describe the potential of a periodic nanohole-based SPR sensor to simplify the imaging setup, increase the
microarray packing density, and enable the use of a stable laser source and high-resolution imaging.
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2. PERIODIC NANOHOLE ARRAYS AS REAL-TIME LABEL-FREE SPR SENSORS

2.1 Extraordinary optical transmission (EOT) through subwavelength apertures

Ebbesen et al. discovered that light transmission through periodic sub-wavelength hole arrays milled through a thin gold
or silver film could be more efficient than predicted by conventional theories [23]. Subsequent work has shown that
surface plasmons (SPs) excited via grating (periodic array) coupling on both sides of the metal film resonate through the
nanoholes as if in an optical cavity, enhancing the light transmission at specific wavelengths depending on the
periodicity of the array and the dielectric function of both the metal and the surrounding dielectric [24]. Since more light
energy is transmitted than is incident on the open hole area, this phenomenon is called the extraordinary optical
transmission (EOT) effect. For a square array of circular nanoholes optically excited at normal incidence, the positions
of the transmission peaks Agp can be approximated by the following equation:
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where P is the periodicity of the array, the integers (i, j) represent the Bragg resonance orders, and ¢, and ¢, are the
dielectric functions of the metal and surrounding dielectric medium, respectively. It should be noted that experimentally
measured peak positions are slightly red-shifted from those predicted by Eq. 1 due to interference between direct
transmission through the holes and the resonant excitation of SP modes [25,26]. With regard to the exact role of SPs, the
mechanism responsible for EOT has been a hotly debated topic [27-29]. Theoretical and experimental work from several
groups now seem to converge on the idea that SPs do play a central role in enhancing the transmission [30]. Similar
enhanced transmission effects were also intensely studied for isolated subwavelength slits or slit arrays, showing that the
transmission efficiency normalized by the slit area can be well over 100 % [31].
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Figure la shows a sample nanohole array fabricated on a gold film on a glass slide (refer to section 3 for fabrication
details). When light is incident from the glass side, SPs are resonantly excited on both surfaces of the film, boosting the
transmission. Figure 1b shows finite-difference time-domain (FDTD) simulations of the SP field, i.e. the electric field
component perpendicular to the metal surface. Since the field is confined very close to the metal film (within ~100 nm),
the SP mediated transmission properties are very sensitive to the presence of any molecular layers on the surface. Figure
1c shows the transmission spectrum of a sample nanohole array, with SP enhanced transmission peaks near 675 nm and
550 nm.
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Fig. 1. a) SEM image of a nanohole array in a gold film. b) FDTD calculations for a 370 nm periodicity and a 150 nm hole
diameter nanohole array. ¢) Transmission spectrum from a nanohole array with a 390 nm periodicity and a 150 nm hole
diameter.

2.2 Periodic nanohole arrays for SPR biosensing

BIAcore™ instruments measure the changes in the SPR excitation angle due to refractive index changes near the metal-
dielectric interface. Likewise, since Agp in Eq. 1 depends on the refractive index near the surface of a gold film (viz.
~100 nm), periodic nanohole arrays can be used for refractive index sensing with a high signal-to-noise ratio. Brolo et
al. first demonstrated periodic nanohole arrays in a gold film for refractive index sensing [13]. They used 200 nm
diameter holes with periodicities ranging from 510 nm to 618 nm. Their experiments consisted of measuring the spectra
of the nanohole arrays before and after molecular binding events using a broadband light source and a spectrometer.
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They reported a 4 nm shift of the EOT peaks after the immobilization of a molecular monolayer on a gold surface [13].
They also presented biotin-streptavidin specific binding [17]. Tetz et al. demonstrated refractive index sensing using
periodic nanoholes (200 nm hole diameter and 1400 nm periodicity) with a tunable IR laser source (1520-1570 nm) and
estimated the sensing limits to be close to 10, comparable with conventional BIAcore™ instrumentation [16]. Recently,
we demonstrated real-time measurements of molecular binding using shape-enhanced nanohole arrays in a flow cell
[18]. For this work, we used arrays of apertures consisting of two overlapping circular holes to produce sharp apexes
(figure 2a) and demonstrated a 50% improvement in sensitivity. A real-time measurement of bovine serum albumin
(BSA) adsorption on the gold surface was also presented and is shown in figure 2b. Pang et al. studied theoretically and
experimentally the sensitivity of nanohole arrays and measured binding kinetics between BSA and monoclonal anti-BSA
[19]. Enhanced transmission through metal meshes was also observed in mid-infrared regions, which are important
regions for biochemical sensing applications [14, 21].
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Fig. 2. a) SEM image of a double-hole array. b) Real-time measurement of BSA adsorption on the gold surface [18].

While a spectrometer or a tunable laser source can be used to scan and precisely measure the EOT changes before and
after molecular binding, it cannot be easily implemented in a high-throughput manner for hundreds or thousands of
sample spots on a microarray. Tunable lasers also increase the cost of the system. The multiplexing scheme
demonstrated in section 4 uses a single wavelength laser source, a microscope and a CCD or CMOS camera, providing a
more practical option for high-throughput SPR imaging in large-scale microarray format.

3. REAL-TIME SPR MICROARRAY IMAGING WITH LASER-ILLUMINATED
NANOHOLE ARRAYS

3.1 Multiplex SPR sensing using periodic nanohole arrays

While SPR imaging or SPR microscopy has been mostly demonstrated using the Kretschmann setup, the concept can be
applied equally well to periodic nanohole arrays. Lesuffleur et al. demonstrated real-time multiplex SPR sensing with
periodic nanohole arrays to detect the formation of a self-assembled monolayer (SAM) on a gold surface [20]. There,
instead of measuring the EOT spectra, the transmitted light intensity from each nanohole array is simultaneously
recorded using a CCD or CMOS camera in real-time. Nanohole arrays provide unique advantages compared to the
Kretschmann configuration by eliminating the bulky coupling prism and many optical problems associated with it for
multiplex imaging [32]. In the Kretschmann SPR imaging setup, an incident beam illuminates the sensing surface at a
sizeable tilt angle, causing the reflected beam to have a wide range of focal depths depending on the spatial position on
the image plane of each sensor element. Furthermore, the aberration due to varying optical path lengths (glass thickness)
caused by the prism limits the lateral size of the object, e.g. a microarray that can be imaged with high quality. SPR
imaging sensors on a flat gold surface suffer from coherent noise and interference patterns when an expanded laser beam
is used to illuminate the surface, making it difficult to image the sample surface with high resolution. Because a periodic
nanohole array can directly couple incident light into SPs via grating coupling, it can significantly simplify the optical
imaging setup. In this regard, nanohole array SPR sensors are similar to the Flexchip™ system, which also uses grating
coupling for SPR excitation. However, the Flexchip™ uses a non-zero diffraction order, which still shares the problems
of a tilted image plane discussed previously. In addition to eliminating the coupling prism, nanohole arrays bring a
number of other key advantages to microarray-based SPR imaging: the small footprint of each sensing element (<10 um
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in width) allows massive parallelism and significantly reduced sample consumption, the possibility of using high NA
optics for improved imaging resolution, and simplified co-linear alignment with normally incident optical excitation.
Furthermore, the high intensity and stability of a laser source offers an inherent advantage over an LED or halogen
source in reducing the influence of shot noise and source fluctuation, making this approach compelling for high-
sensitivity, high-resolution, high-throughput SPR imaging. Laser illumination also opens up the possibilities of using
various interferometric techniques for SPR sensing.

3.2 Theoretical Motivation

For multiplex SPR imaging, the intensity of the transmitted light /7 is directly dependent upon the wavelength at which
the laser samples the transmission resonances of each nanohole array. Figure 3a shows FDTD simulations of several
transmission spectra from a nanohole array as the refractive index of the surrounding medium is changed from that of
water to that of ethanol. As the refractive index increases, the transmission peak red-shifts, per equation (1), and the
intensity /7 at a fixed wavelength changes. In this manner, real-time refractive index changes can be measured from each
nanohole array sensing element. Figure 3b shows the transmitted intensity at 633 nm, where the slope of the
transmission peak is large and positive, leading to a sharp drop in intensity.
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Fig. 3. (a) FDTD calculations of the transmitted intensity through a nanohole array with a 370 nm periodicity and incubated
in various media with refractive indices varying from 1.33 to 1.36 (b) By sampling the transmission at 633 nm, the
intensity is seen to decrease as the refractive index increases.

Mathematically, this change in intensity can be expressed as follows:
Alr=—(dIr/ dX) - S(An), 2)

where (dIr/ d\) represents the slope of the transmission resonance and S(An) represents the spectral shift per bulk
refractive index change. For a molecular layer, An is represented by an effective change in refractive index, which
depends on the layer refractive index, the layer thickness, and the probing range of the exponential SP field, i.e. its decay
length [33]. Expressed mathematically:

An = (nmolecule - nbuffe) ) (1 - e_zd i ) (3)

where #0000 ad 1y, are the refractive indices of the molecule and the buffer, d is the thickness of the molecular
layer, and /; is the decay length of the exponential SP field. A fundamental characteristic of SPR sensors can be
emphasized here: thin molecular layers (of a few nm) are best probed by SPs with shorter decay lengths. This is partly
achievable by using shorter excitation wavelengths (like 633 nm) or by optimizing the shape of the nanoholes, as shown
in figure 2a, and demonstrated in [18].

Since the imaging sensitivity depends on the sharpness of the resonance, it is important to tune the periodicity of the
nanohole arrays such that the region with the highest slope is at the wavelength of the excitation source in the buffer. For
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small changes in resonance wavelength, the high-slope region of the transmission spectrum is linear, and the variation of
the transmitted laser intensity can be directly connected to the kinetic trend of specific molecular binding.

4. EXPERIMENTAL TECHNIQUES AND RESULTS
4.1 Nanofabrication and microfluidic integration

For fabrication, standard glass slides were sequentially cleaned with acetone, methanol, isopropyl alcohol and deionized
water in ultrasonic baths for 15 minutes each. An e-beam evaporator (CHA. SEC600) was used to deposit a 5 nm
chromium adhesion layer and a 200 nm gold film on the glass slides. Nanohole arrays were patterned with focused ion
beam milling (FIB) using a 30kV and 30 pA ion beam (FEI Dual Beam Quanta 200 3D). A typical sensing element, as
shown in figure la, consisted of a 16X16 nanohole array with a footprint of 40 um?. The nanohole array periodicities
ranged between 380 nm and 420 nm with an error of 10 nm.

Soft lithography [34] with polydimethylsiloxane (PDMS) was used to fabricate a microfluidic flow cell for real-time
SPR sensing. The negative-tone master mold of the channel was patterned on a silicon wafer using SU-8 photoresist,
defining 50 um deep and 100 pm wide channels (Figure 4a). A 10:1 ratio of PDMS and curing agent was cast on the
photoresist pattern (Figure 4b). After curing the PDMS at 80° C overnight, the PDMS flow cell was aligned to the
nanohole arrays on a sample slide using a Karl Suss MJB3 contact aligner (Figure 4c). The surfaces of the PDMS
channel and the sample slide were treated with an O, plasma and covalently bonded to seal the flow channel (Figure 4d).

(a) (c)
SU-8 mold

‘ - nanohole arrays

(b)

PDMS

Fig. 4. Microfluidic fabrication process. (a) Master mold fabrication with SU-8 photoresist on a silicon wafer. (b) Curing
PDMS over the master mold. (c) Alignment of the PDMS microfluidic channels to the nanohole arrays after O, plasma
treatment. (d) Permanently bonded microfluidic chip.

4.2 Instrumentation and real-time data acquisition

As shown in figures 5a and 5b, the system setup is based on a standard upright microscope. A HeNe laser illuminates the
bottom surface of the nanohole arrays, exciting SPs and the EOT effect. For real-time measurements of surface
chemistry events, a deep-cooled CCD camera (Photometrics CoolSNAP HQ?) was used to sequentially capture images
from the periodic nanohole microarray, and a syringe pump (Harvard apparatus PHD2000) was used to inject sample
solutions at a flow rate ranging from 2 pL/hr to 100 pL/min. A custom-built MATLAB™ suite of analytical and signal
processing code was used to control the CCD camera, capture image files at regular intervals of several seconds to
several minutes, and process the image data to extract intensity profiles across the periodic nanohole microarray. For
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each image captured, rapid multi-frame averaging was used to increase the signal-to-noise. The response of a single
sensor spot was quantified by integrating the transmitted intensity through each nanohole array.

(a) CCD
Camera

Objective

Broadband
Source

Laser
n  Source

Fig. 5. (a) Schematic of the measurement system, showing a broadband lamp for spectral measurements and bright-field
image capture, and the laser source for real-time multiplex SPR imaging. (b) Image of the microfluidic chip on the
microscope stage.

4.3 Tuning nanohole periodicity for optimal sensitivity

Figure 6a shows a bright-field CCD image in reflection mode of several nanohole arrays with different periodicities and
hole diameters. Figure 6b shows the CCD image in transmission mode of the same sample illuminated by a HeNe laser
(633 nm). In figure 6b, one can see that larger hole diameters transmit more light. Also, periodicities of 380 nm and 390
nm transmit more light at 633 nm than a periodicity of 420 nm.

(b) ®=200nm ®=150nm ®=100nm

Fig. 6. CCD images of arrays with various hole diameters and periodicities. a) Bright field image in reflection mode and b)
image in transmission mode using a 50X microscope objective. The arrays are illuminated by a 633nm HeNe laser
beam.

4.4 Multiplex microarray sensing using periodic nanohole arrays

Figure 7a presents a bright-field CCD image of the device used for real-time protein-protein measurements. Three 100
um wide PDMS microchannels, each separated by 100 pum, permit the delivery of various solutions to the nanohole array
sensors. The PDMS microchannels each include several arrays with periodicities ranging from 380 nm to 420 nm. Figure
7b shows a transmission mode image, where each spot’s intensity can be monitored in real time. Figure 7c shows an
SEM image of a single nanohole array sensing element, the same as in figure 1a.
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Fig. 7. CCD images of 3 parallel microfluidic channels permitting the delivery of different solutions to different nanohole
array sensors. a) Bright-field image in reflection mode. b) Transmission mode image using a 10X microscope
objective. The arrays are illuminated by a 633 nm HeNe laser beam. ¢) SEM image of one arrays of nanoholes.

Figure 8a shows measurements obtained by sequentially filling a PDMS microchannel with different mixtures of ethanol
in water, thereby changing the bulk refractive index. The highest measured variation was obtained for the nanohole array
with a 400 nm periodicity: as the refractive index changed from 1.333 to 1.353, the transmitted intensity dropped by
32%. Transmission through a nanohole array with a 420 nm periodicity is nearly flat, since the transmission spectrum is
being sampled around a local minimum, i.e. the slope (d/7/ d)) is close to zero.

Figure 8b presents real-time streptavidin-biotin specific binding measurements. On the gold surface, 4 mM of 11-amino-
1-undecanethiol hydrochloride was first immobilized to form a self-assembled monolayer (SAM) over a 24 hour period,
followed by the immobilization of 3 mM sulfo-NHS-LC biotin over a 12 hour period. The gold surface was then treated
with bovine serum albumin (BSA) to reduce non-specific binding of proteins on the surface. Since no specific binding
can occur between the streptavidin and the SAM, a single PDMS microchannel without the immobilized biotin served as
a negative control. During the first 40 minutes of the real-time measurements, the channels were filled with a phosphate
buffered saline (PBS) solution to get a stable baseline. Then the 3-channel PDMS chip was used to deliver 3uM
streptavidin in PBS solution at a 2 puL/hr flow rate. This resulted in a quick drop of the transmitted intensity at minute 40,
due to the refractive index change of the streptavidin solution versus the PBS buffer. From minute 42, the intensity
variation is due to the specific binding of the streptavidin to the biotin. The trend is exponential, which is characteristic
of such first-order molecular interaction kinetics [35]. As the streptavidin-biotin reaction saturates, the transmitted
intensity stabilizes.
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Fig. 8. a) Continuously measured transmission intensity, which depends on the bulk refractive index change due to various
ethanol in water solutions and on the periodicity of the nanohole arrays. b) Real-time streptavidin-biotin binding
kinetics measurement. For (d/;/dA) < 0, the intensity increases, as with the 420 nm periodicity nanohole array. For the
others, (d//dL) > 0, and the intensity decreases.
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4.5 Scaling issues for nanohole array SPR sensors

A nanohole-based microarray sensor system can be made highly parallel by tightly packing the nanohole array sensors
and imaging the entire chip in a real-time high-throughput manner. Given the small size of ~25 pm? a 1 cm? microarray
chip could theoretically contain more than 1,000,000 nanohole array sensors, giving the kind of high-throughput
measurements needs for proteome-level investigations. Figures 9a and 9b show an implementation of a larger-scale
microarray of periodic nanoholes. The 3-by-3 clusters of nanohole arrays are tightly packed and binding kinetics from
each bright nanohole array sensor spot can be measured. However, high-density scaling presents several challenges. The
current FIB fabrication method doesn’t lend itself to large-area printing, but emerging technologies, such as nano-
imprint lithography [36], or colloidal templating techniques [37], are able to print nanometer-sized patterns over
centimeter-sized areas. Other challenges for scaling down the periodic nanohole microarray sensor include cross-talk and
potential SP interference between neighboring nanohole array sensor elements, and poorer transmission resonances as
the number of nanoholes within an array is reduced [38]. Recent work has shown the transfer of energy via SPs over
several tens of microns between two separate nanohole arrays [39]. However, SP optical nanostructures provide many
design freedoms, and with the addition of various SP optical elements [40], neighbor to neighbor cross-talk and
interference can potentially be minimized [41]. Such work is currently under investigation.

Fig. 9. (a) Laser transmission through a microarray of nanohole arrays. (b) In microarray spot, several nanohole arrays are
tightly packed, spaced by 6 pm.

5. CONCLUSIONS

In this work, we demonstrated a nanohole array based microarray system for real-time, high-throughput, label-free
measurements of molecule-molecule surface binding events that offers several clear advantages over traditional SPR
imaging techniques. The nanohole sensors in a microarray format provide the stability of a laser source, the sensitivity of
SPR sensing, the scalability of traditional microarrays, and the simplicity of co-linear optics. Furthermore, the nanohole
array design, the nanohole shape, and other novel SP optical elements offer many avenues for improving the sensitivity.
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