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ABSTRACT: A high-throughput optical biosensing technique
is proposed and demonstrated. This hybrid technique
combines optical transmission of nanoholes with colorimetric
silver staining. The size and spacing of the nanoholes are
chosen so that individual nanoholes can be independently
resolved in massive parallel using an ordinary transmission
optical microscope, and, in place of determining a spectral
shift, the brightness of each nanohole is recorded to greatly
simplify the readout. Each nanohole then acts as an

independent sensor, and the blocking of nanohole optical transmission by enzymatic silver staining defines the specific
detection of a biological agent. Nearly 10000 nanoholes can be simultaneously monitored under the field of view of a typical
microscope. As an initial proof of concept, biotinylated lysozyme (biotin-HEL) was used as a model analyte, giving a detection

limit as low as 0.1 ng/mL.
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N anoholes in noble metal films have been frequently used

in optical detection of chemical and biological agents
since the discovery of the phenomenon of extraordinary optical
transmission (EOT), whereby subwavelength nanoholes in
plasmonic films transmit light far more efficiently than would
classically be expected.'”> Depending on the type of light
source and the optical detection method, two configurations
typically are employed. One approach measures the peak shift
of the transmission spectrum of a broadband light source.”®~”
The other configuration probes the transmission of mono-
chromatic light through nanoholes.*'°™"* Because of their
small size, nanohole biosensors can be integrated with
microfluidic channels to create portable lab-on-a-chip devi-
ces.*'*!V1S While EOT nanoholes are compact and sensitive,
there are several drawbacks that have prevented either the peak-
shift or the light-transmission EOT-based nanohole techniques
from being widely used in laboratories or clinical diagnostics.
Because of weak optical transmission and diffraction-limited
optical resolution, a small array of nanoholes is typically
grouped as a single nanosensor, which requires every nanohole
of the array to be nearly identical in size and shape."'®'” This
makes them challenging to fabricate and it also is difficult to
monitor a large number of sensors simultaneously. Because
EOT is very sensitive to shape, size, and local environment of
nanoholes, EOT-based techniques require careful design,
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precise fabrication, and rigorous spectroscopic characterization
of the nanoholes.'* ™!

In this paper, we report a generic massively parallel method
of biosensing using direct nanohole optical imaging. We
increased the size of the nanoholes to more than 500 nm so
that EOT effects can be neglected. The spacing between the
nanoholes is also increased such that individual nanoholes can
be resolved and monitored in real-time and in parallel using an
ordinary optical microscope. After the capture of biological
entities in a nanohole, an enzymatic silver staining step, which
is widely used for colorimetric biosensing,*™>> is used to
partially obstruct the light passing through the opening and
darken the hole in the array image. Using UV interference
lithography, large-area arrays of nanoholes can be fabricated at a
low cost, and more than 10000 nanoholes can be
simultaneously monitored and analyzed for in situ sensitive
high-speed chemical and biological detection.

B EXPERIMENTS AND DISCUSSION

Figure 1 illustrates the transmissive nanohole detection
principle. A nanohole array in a gold-coated glass substrate is
imaged in transmission mode, and individual nanoholes can
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Figure 1. Schematic of the nanohole biosensing approach that
combines optical imaging and silver staining. Nanoholes in a gold film
are illuminated by white light from the bottom and imaged by a
camera through an objective. The “Before Image” and “After Image”
stand for images of nanoholes before functionalization and after silver
staining, respectively.

easily be resolved as bright spots. A regular array of nanoholes
is used in order to facilitate tracking and counting of individual
nanoholes. In order to detect a specific biological agent, the
glass substrate is functionalized with an appropriate antibody or
other capture agent. After the capture of the target analyte in
the nanoholes, silver clusters are precipitated around the
analyte by enzymatic reactions that attenuate light transmission
through the nanoholes, providing a fast and reliable, “digital,”
yes/no readout.

Figure 2 shows optical and scanning electron microscope
(SEM) images of a nanohole array. The optical image was
obtained using white halogen light illumination. The nanoholes
appear larger in the optical image than their actual size due to
the optical diffraction limit, as shown by comparison with the
SEM image. To fabricate a large area nanohole array at low
cost, interference lithography was used where a single
interference exposure with a 363.8 nm UV laser creates a
grating-like pattern. A grid-like pattern is achieved with a
second exposure at a 90° rotation. The nanohole size and
spacing can be tuned by varying the incident angle of the UV
laser and the exposure time. Figure 2¢ shows an optical image
of nearly 10000 nanoholes simultaneously imaged in the field of
view of a 50X objective. It should be noted that each nanohole
functions as an individual sensor, and thus, we are able to
monitor ~10000 individual nanosensors simultaneously.

For a proof of concept, we used hen egg white lysozyme
(HEL) as our test analyte. Lysozyme is a canonical model
system in immunochemistry, with many well-characterized
high-affinity antibodies, obviating any effects of inefficient
molecular recognition.”®” In order to apply silver enhance-
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Figure 2. Images of nanohole arrays. (a) Optical transmission and (b)
scanning electron microscopy images of nanoholes. (c) Optical
transmission image of a total of 8900 nanoholes in the field of view of
a 50X objective. The field of 235 X 188 um is limited by the
magnification of the objective and the size of the charge-coupled
device (CCD) chip of the camera.

ment, we captured biotinylated-HEL with monoclonal
antilysozyme antibodies covalently immobilized in the nano-
holes through a silane layer and used streptavidin-horseradish
peroxidase (SV-polyHRP) as a reporter to catalyze silver ion
reduction and formation of silver clusters around HEL binding
sites, using a commercial enzyme metallography detection kit
(EnzMet, Nanoprobes Inc.). The details of the experimental
procedures are described in the Supporting Information.

The new nanohole biosensing technique works as predicted.
Figure 3a shows that several nanoholes are optically blocked in
the presence of the analyte and become dimmer or completely

Figure 3. Blocking of nanoholes by enzymatically produced silver
precipitates when 100 ng/mL of biotin-HEL was used as a model
target. (a) Optical and (b) SEM images of nanoholes after silver
staining. The optical transmission of two holes in the circle is blocked,
although they are not completely filled with silver precipitates.
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dark. A SEM image of the same nanoholes in Figure 3b shows
the precipitates in the darkened holes, with a one-to-one
correspondence between nanohole transmission blocking and
silver precipitates. It should be noted that a nearly total
darkening of nanoholes does not require a complete filling with
silver precipitates, as indicated by the two nanoholes marked in
the circles. Figure S2 in the Supporting Information shows that
a small precipitate of silver clusters can also significantly reduce
the transmission of a nanohole and can be readily detected.
As expected, the percentage of blocked nanoholes is
proportional to the concentration of the analyte, biotin-HEL.
Figure 4 shows representative examples of the blocking of
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Figure 4. Estimation of the limit of detection (LOD). (a—c) The
number of blocked nanoholes decreases at lower concentrations of
analyte biotin-HEL. (d) Control experiment with the absence of
biotin-HEL shows that no holes are optically blocked.

nanoholes at three different concentrations of biotin-HEL in a
55 X 55 um area. The number of blocked nanoholes decreases
when the concentration decreases. At a concentration of 0.1
ng/mL, only one or very few nanoholes are blocked out of 625
nanoholes. A concentration of biotin-HEL lower than 0.1 ng/
mL was not tested, but it is believed that a few blocked
nanoholes could be identified in a larger field of view. Because
the control experiments consistently show that none of the
nanoholes are blocked in the absence of analyte, we estimate
that the lower limit of detection in this proof-of-principle
experiment is around 0.1 ng/mL. This estimated LOD is not
only comparable to EOT-based techniques, but also to other
colorimetric methods involving silver enhancement, and even
to commercial enzyme-linked immunosorbent assay (ELISA)
kits optimized over decades of research.*>*>*®

This imaging-based nanohole biosensing method is ex-
tremely robust and highly resistant to variations and defects in
the nanoholes resulting from imperfect fabrication. The SEM
pictures in Figures 2b and 3b show that there is a noticeable
variation between holes from the same chip, and there is a large
difference in nanohole size and shape between two chips
fabricated from different batches. The change from smaller
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circles in Figure 2b to larger squares in Figure 3b is due to a
decreased UV exposure dose. ° However, these fabrication
imperfections will not affect the optical imaging readout as
individual nanoholes in the same chip can still be clearly
identified with very little variation in brightness (Figures S1 and
S2 in the Supporting Information), and changes to a single
nanohole’s optical transmission after silver staining can easily be
detected. This technique can also be integrated with micro-
fluidics for real-time in situ monitoring because it requires
simple and fast (less than 10 ms per frame) optical imaging.
Silver staining has been widely used for colorimetric
detection, where a relatively large sample volume is used.
This method can be performed without a microscope, but
requires a lar‘ge volume of staining reagents, and the sensitivity
is low.’°7>* For comparison, we repeated the same
functionalization protocol and biotin-HEL assay using 200 X
200 pm holes. Figure S shows optical transmission images of

Figure S. Optical transmission images of 200 X 200 um silver-stained
holes under 5X and 20X objectives. The 20X hole at the bottom is the
same as the SX hole on the left.

holes following the same procedure used for nanoholes. The
images show that the change in the overall optical transmission
is not significant under a low magnification with a 5X objective
even at a high concentration (10000 ng/mL) of biotin-HEL.
Silver clusters, however, become significantly more detectable
under a higher magnification with a 20X objective. The
advantages of nanoholes now become clearer, especially for
high sensitivity biosensing. When a small silver cluster
precipitates in a large hole, its effect on optical transmission
is negligible because of the enormous transmission background,
but when a comparable cluster precipitates in a nanohole, it can
dramatically reduce the transmission and is much easier to
detect. This “digital” ability to track and count individual
nanoholes not only simplifies image analysis, but also reduces
the rate of false identification.

B CONCLUSIONS

We demonstrated a new nanohole-based biosensing technique
combining direct nanohole transmission imaging and chemical
staining. A low detection limit of 0.1 ng/mL biotin-HEL was
achieved in this initial demonstration. The technique is general
and can be applied to a wide range of biological agents from

dx.doi.org/10.1021/ph400111u | ACS Photonics 2014, 1, 241-245


http://pubs.acs.org/action/showImage?doi=10.1021/ph400111u&iName=master.img-004.jpg&w=239&h=239
http://pubs.acs.org/action/showImage?doi=10.1021/ph400111u&iName=master.img-005.jpg&w=173&h=198

ACS Photonics

proteins to large pathogens. When combined with micro-
fluidics, the technique should become more compact and
efficient and may lead to more practical, real-life clinical
diagnostics applications.
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Experimental details of nanohole fabrication, biofunctionaliza-
tion protocol, and silver staining; example of image processing.
This material is available free of charge via the Internet at
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