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ABSTRACT: Plasmonic nanohole arrays have received
significant attention, as they have highly advantageous optical
properties for ultrasensitive and label-free biosensing applica-
tions. Currently, most of these subwavelength periodic
apertures are mainly implemented on transparent materials,
which results in multiple spectrally close transmission
resonances. However, this spectral characteristic is not ideal
for biosensing applications, as it complicates monitoring
spectral variations. In this article, utilizing a hybrid substrate
composed of a high refractive index dielectric interlayer over a
transparent material, we show that gold nanohole arrays
support spectrally isolated and well-defined plasmonic
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resonances that are easy to track. Compared to conventional configurations on transparent material, nanoholes on a hybrid
substrate also exhibit plasmonic modes with well-preserved amplitudes, which is useful for reliable spectral monitoring. We show
that nanohole arrays on a hybrid substrate are more sensitive to changes in surface conditions. Using a spectral integration
method, which evaluates wavelength shifts in a large spectral window instead of monitoring only the plasmonic resonance
wavelength, we obtain a detection limit as low as 2 X 107> RIU. Furthermore, we successfully demonstrate real-time monitoring
of biomolecular binding interactions even at sub-1 ng/mL levels.

KEYWORDS: plasmonics, ultrasensitive biodetection, label-free sensing, refractive index sensitivity, spectral integration, nanofabrication

B iosensors are essential in preventing epidemics for public
and global health, warning of intentionally released agents
for national security and defense, and fundamental biology and
pharmacology research for early disease detection and drug
discovery. These applications require biosensors that possess
several critical properties for reliable and rapid detection. For
instance, label-free biosensors can eliminate problems asso-
ciated with labeling steps." Biosensors with ultrasensitive optical
responses can accurately distinguish minute changes in
molecular level”™> The ability to operate in real-time can
enable analysis of biomolecular binding kinetics.” Massively
multiplexed biosensors can allow parallel screening of a large
variety of biological assays.” Portable biosensors that are easy to
operate in a cost-effective manner can be used in resource-poor
settings.” Recently, plasmonic biosensors utilizing nanoparticle
and nanoaperture geometries have received significant
attention, as they can meet these needs. In particular, nanohole
arrays fabricated on optically thick metal films are highly
promising.”~"” These subwavelength apertures enable extra-
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ordinary optical transmission (EOT) phenomenon due to the
effective excitation of plasmons at normal incidence by grating
coupling. This feature allows compact biosensors by eliminating
the bulky prism-coupling mechanism needed by conventional
surface plasmon resonance (SPR) sensors.'”'® Even though
SPR schemes have a very sensitive response of around 1077
RIU (refractive index unit), their angle-sensitive optical setup
limits large-area multiplexing and high-throughput biodetec-
tion. Plasmonic modes supported by nanohole arrays are highly
sensitive to surface conditions due to their strong field
enhancements and light confinement in nanometer scale.”’
Consequently, local refractive index changes induced by the
binding of minute quantities of biomolecules on the sensor
surface can be detected by monitoring the spectral variations
within the plasmonic modes without any need for fluorescent
labels. Nanohole arrays are also compatible with imaging-based
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Figure 1. Schematic illustration of the gold nanohole arrays on (a) glass (fused silica with refractive index 1.42) and (c) hybrid substrate (Hybrid
substrate = SiN + Glass). Propagation and polarization directions of the illumination source used in the numerical calculations are shown in the
figure. Calculated transmission spectra of the nanohole arrays on (b) glass and (d) hybrid substrate, where the gold surface is covered with an 8 nm
thick dielectric analyte layer (illustrated with black in figure insets) with refractive indices n = 1.4, n = 1.6, and n = 1.7. The medium above the sensor
coated with a thin dielectric layer is air. The aperture system on glass supports Au/Medium(1,0) [Medium = Air], Au/Glass(1,1), and Au/Glass(1,0)
modes, while the one on a hybrid substrate supports only the Au/Medium(1,0) mode [Medium = Air]. The plasmonic mode of interest used in the
sensing of the thin analyte layer is Au/Medium(1,0) [Medium = Air]. Corresponding device parameters used in the simulations: hole diameter 200
nm, array periodicity 600 nm, thicknesses of the gold film and silicon nitride interlayer 120 and 70 nm, respectively.

devices and can be implemented in a microarray format for
multiglexed and high-throughput biosensing.”’ The excita-
tion”~*” and collection of optical transmission through
nanohole array gratings could be achieved in optical set-ups
that are cost-effective and portable. Recently, plasmonic
nanoholes have been utilized in a lens-free microscope with a
normally incident light-emitting-diode (LED) source and a
complementary metal-oxide semiconductor (CMOS) camera
to demonstrate a low-cost hand-held biosensor for resource-
poor and field settings.””’ Integrating with microfluidic
systems, nanohole biosensors also enable real-time analysis of
biomolecular binding kinetics.'*

So far, most nanohole designs are implemented directly on
transparent materials, i.e., glass (Figure la). Figure 1b shows
the EOT response of periodic nanohole arrays on glass covered
with a thin layer of dielectric analyte of varying refractive
indices. The EOT spectra have multiple resonance peaks that
are spectrally close to each other. However, this is not well-
suitable for biosensing applications requiring reliable and
accurate identification of spectral shifts. For instance, due to
the differences in the sensitivity of different plasmonic modes,
their spectra start to merge, which makes monitoring spectral
variations difficult. Furthermore, the amplitude of the most
sensitive mode, Au/Medium(1,0) [Operation Medium = Air],
significantly decreases as the refractive index of the analyte layer
increases. This problem could be overcome by utilizing
nonperiodic nanoholes, as they could support a single
transmission resonance. However, the spectral line width of
their resonance is larger, which compromises their biosensing
performance. Herein, we demonstrate that inserting a high
index dielectric material, e.g, a silicon nitride interlayer between
the metallic film and the transparent supporting substrate
(Figure 1c), overcomes these problems. Using this hybrid
substrate consisting of a silicon nitride (SiN) interlayer on glass,
we obtain spectrally isolated and well-defined EOT signals that
are easy-to-track. Compared to the conventional configuration
on glass, in our nanoaperture system the amplitude of the
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transmission resonances is well-preserved (Figure 1d). We also
show that the nanoholes on the hybrid substrate support higher
sensitivities. By utilizing a spectral integration method, in which
the total shift in a spectral window instead of only the
resonance peaks is monitored, we observe dramatic sensitivity
improvements. Using this integration method, we experimen-
tally demonstrate a detection limit as low as 2 X 10~ RIU and
real-time analysis of biomolecular binding interactions even
below 1 ng/mL analyte concentration levels.

B NANOHOLE ARRAYS ON GLASS AND HYBRID
SUBSTRATES

Figure la and c illustrate the gold nanohole designs utilizing a
glass and hybrid substrate, respectively. Figure 1b and d show
their transmission spectra calculated for an x-polarized light
source (black curves denote the bare response without analyte
layer). Numerical analyses are performed with finite difference
time domain (FDTD) calculations (Lumerical Solutions, Inc,;
see Supporting Information for simulation details). Nanohole
arrays can support multiple resonances at peak wavelengths
(Ares) obeying the grating coupling condition

P E1Em

Jii+it Vatey

where &4 and €, are the permittivity of the dielectric and metal,
P is the periodicity of the square array, and (j, j) are the grating
orders along the x- and y-directions. For the given spectral
range, the nanohole system on glass with a 200 nm hole
diameter, 600 nm array periodicity, and 120 nm gold thickness
supports three distinct transmission resonances due to Au/
Medium(1,0) [Medium = Air], Au/Glass(1,1), and Au/
Glass(1,0) mode excitations spectrally peaked at ~660, ~710,
and ~934 nm, respectively. On the other hand, the one on a
hybrid substrate, utilizing a 70 nm thick silicon nitride interlayer
on top of glass, supports only the Au/Medium(1,0) mode
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Figure 2. Calculated transmission spectra of the nanohole arrays on (a) glass and (b) hybrid substrate, where the thickness of the silicon nitride
interlayer (t) is varied from 5 to 70 nm, as schematically illustrated in the inset [medium above the structure is air, i.e., Medium = Air]. In panel b,
red and blue arrows highlight the suppression of Au/Glass modes with increasing silicon nitride thickness. Magnetic (IHI*) and electric (IE?) field
intensity distributions calculated at the corresponding transmission resonances for the aperture system on (c) glass and (d) hybrid substrate with a

70 nm thick silicon nitride interlayer.

[Medium = Air] at ~660 nm, and Au/Glass modes are no
longer observed.

In order to compare the sensitivity of the nanoaperture
systems, we perform FDTD simulations with an 8 nm thick
dielectric layer (denoted with black in Figure 1b—d, inset)
covering only the gold film. Figure 1b and d show the
transmission spectra of the two nanohole configurations in the
presence of 8 nm thick analyte layer with the refractive indices
n = 1.4 (green curve) and n = 1.6 (red curve). The medium
above the analyte covered gold sensor is air, which is indicated
below as Medium = Air. For the aperture system on glass with n
= 1.4 [n = 1.6], the Au/Medium(1,0), Au/Glass(1,1), and Au/
Glass(1,0) modes shift by ~8 nm [~14 nm], ~2 nm [~6 nm],
and ~2 nm [~3 nm], respectively. The Au/Medium(1,0) mode
provides the highest sensitivity compared to the others due to
its more accessible large local electromagnetic fields, which will
be discussed in the next section. As the Au/Medium(1,0) mode
[Medium = Air] shifts to longer wavelengths, we observe a
dramatic reduction in the transmission intensity due to its
increasing spectral overlap with the Au/Glass(1,1) mode. This
overlap is due to the difference between the sensitivities of Au/
Medium(1,0) [Medium = Air] and Au/Glass(1,1) modes, in
which the latter one shifts less. Importantly, when the refractive
index of the thin analyte layer on the sensor surface is increased
to n = 1.7 (blue curve), the transmission intensity of the Au/
Medium(1,0) mode [Medium = Air] strongly diminishes since
the Au/Glass(1,1) mode has a much larger transmission
intensity compared to the Au/Medium(1,0) mode [Medium =
Air]. In contrast, nanoholes on a hybrid substrate support only
the Au/Medium(1,0) mode [Medium = Air] within the
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presented spectral window. The system also shows higher
sensitivities; that is, the Au/Medium(1,0) mode [Medium =
Air] red-shifts by as much as ~11 and ~19 nm for the refractive
indices of the dielectric layer n = 1.4 and n = 1.6, respectively.
In the absence of any spectral merging between different
transmission resonances, the Au/Medium(1,0) mode [Medium
= Air] shifts to longer wavelengths with negligible amplitude
variations. These features make the nanohole system on the
hybrid substrate highly suitable for biosensing applications.

B ELIMINATION OF MULTIPLE PLASMONIC MODES

In order to understand how the multiple transmission
resonances corresponding to Au/Glass modes are suppressed
by a thin silicon nitride interlayer, we investigate the near-field
characteristics of the modes supported by the nanoholes for
both substrates. As shown in Figure 2a, for the nanohole system
on glass, the Au/Glass(1,1) mode (indicated by a red arrow) is
spectrally located very close to the most sensitive Au/
Medium(1,0) mode [Medium = Air] since glass (fused silica)
has a low refractive index, ny,,, = 1.42. For the hybrid substrate,
this mode is suppressed by the higher effective refractive index
of the supporting layer (silicon nitride, ngy = 2.16) with
increasing silicon nitride thickness (t), as shown in Figure 2b.
Figure 2c and d show the corresponding magnetic (IHI*) and
electric (IEI*) field intensity distributions calculated at the
plasmonic resonances for both nanohole configurations. For
the apertures on glass (t = 0), we obtain the magnetic field
intensity profiles at the air/metal interface (top surface of the
metal film) for the Au/Medium mode [Medium = Air] and at
the metal/glass interface (bottom surface of the metal film) for
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Figure 3. (a) Steps of the lift-off-free nanofabrication scheme. (b) SEM image of the fabricated nanoapertures on a hybrid substrate. Scale bar: 200
nm. (c) Resonance wavelength of Au/Medium(1,0) mode vs refractive indices of bulk solutions, n1p;_waer & 1.33, facerone & 1.3, Nphanol & 1.36, and
npa ~ 1.37. Corresponding device parameters used in the experiments: hole diameter 200 nm, array periodicity 600 nm, thicknesses of the gold film

and silicon nitride interlayer 120 and 90 nm, respectively.

Au/Glass modes. Electric field intensity profiles are calculated
along the xz-cross section at y = 0, where the electric field
intensity is maximum (see Figure S1 for the region where the
cross-sectional electric field distributions are calculated).
Magnetic field distributions (Figure 2c, left column) corre-
sponding to Au/Medium(1,0) [Medium = Air] and Au/
Glass(1,0) modes show the expected symmetric standing field
pattern along the x-direction, which is due to two counter-
propagating surface plasmons.'” On the other hand, for the Au/
Glass(1,1) mode, a diagonal standing wave pattern is observed
due to the interference of multiple propagating surface plasmon
excitations. For all the modes, hot spots along the y-direction
are due to localized surface plasmon excitations. The magnetic
field profiles clearly show that the transmission resonances
uniquely incorporate both propagating and localized surface
plasmons. On the basis of the electric field intensity
distributions (Figure 2c, right column), plasmonic excitations
for the Au/Medium(1,0) mode [Medium = Air] are confined at
the top surface of the gold film and extend deep into air. In
contrast, for Au/Glass(1,0) and Au/Glass(1,1) modes, near-
fields are mostly concentrated at the gold/glass interface
(Figure S1 shows these modes’ dipolar characters through
electric field intensity profiles calculated at the aperture plane).

Figure 2b shows that as the silicon nitride thickness increases,
Au/Glass(1,0) and Au/Glass(1,1) modes (denoted with blue
and red arrows, respectively) shift to longer wavelengths and
their transmission intensities dramatically decrease. At thickness
t = 70 nm, they are suppressed within the wavelength region of
interest. The aperture system supports a single well-defined
transmission resonance due to the excitation of the Au/
Medium(1,0) mode [Medium = Air], as revealed by the
magnetic field intensity distribution (Figure 2d, left column).
The cross-sectional electric field profile (Figure 2d, right
column) also demonstrates that the local electromagnetic fields
are highly accessible, as they are mainly concentrated at the top
surface of the gold film and extend into the medium in their
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vicinity. Here, a 70 nm silicon nitride interlayer is optically thin
enough that it does not compromise the transmission
intensity.31

B FABRICATION OF NANOHOLE ARRAYS ON A
HYBRID SUBSTRATE

In order to experimentally investigate the sensitivity of the
nanohole arrays on a hybrid substrate, we utilize a lift-off-free
fabrication scheme based on e-beam lithography. Figure 3a
illustrates the fabrication steps. We first deposit 5 nm
chromium and 120 nm gold (Leybold Optics LAB-600H e-
beam evaporator) on a S00 ym thick fused silica coated with 90
nm low-pressure chemical vapor deposited silicon nitride film.
We then perform E-beam lithography (Vistec EBPGS000) on a
positive resist (495-A4 PMMA) to define nanohole arrays.
After development, we etch the metal film with ion beam
milling (Veeco Nexus IBE350) by using the resist as a mask.
Finally, a plasma-cleaning step (TEPLA 300 plasma stripper) is
performed to remove the remaining resist on the gold surface.
Figure 3b shows the scanning electron microscopy (SEM)
image of the fabricated nanoholes with 200 nm hole diameter
and 600 nm array periodicity. We experimentally measure the
sensitivity of the aperture system by monitoring the spectral
variations within the Au/Medium(1,0) mode after introducing
bulk solutions with different refractive indices, including
deionized water np_waer & 1.33, acetone fyone X 1.35,
ethanol ngg,.0 ~ 1.36, and TPA (isopropyl alcohol) nyp, = 1.37
as shown in Figure 3c (see Figure S2 for details of the
experimental setup utilized for the optical characterization of
the nanohole arrays). In the optical characterization, the
integration time is 200 ms with 10 averaged spectrum frames.
The sensor measurements are performed over a 100 ym X 100
pm area.””*> With the measured resonance wavelength of the
Au/Medium(1,0) mode for each bulk solution, a linear
relationship is determined as follows: 4, & 671 n + S. This
result shows that nanohole arrays on a hybrid substrate exhibit
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a refractive index sensitivity (S = A1/An) as large as 671 nm/
RIU. Supporting spectrally sharp transmission resonances as
narrow as ~16 nm, the aperture system shows a figure-of-merit
value (FOM) =~ 42. Note that this FOM value is calculated for
bulk solutions, and it is more complex for biosensing
applications, which depend on the size of the biomolecules
and capturing mechanism.’* These refractive index sensitivity
and figure-of-merit values are highly advantageous for label-free
biosensing applications demanding high sensitivities to change
in surface conditions.

B LABEL-FREE SENSING WITH NANOHOLES ON A
HYBRID SUBSTRATE

In order to demonstrate the advantages of the nanohole system
on a hybrid substrate over glass, we carry out label-free
detection of protein bilayers by monitoring spectral variations
within the plasmonic modes due to biomolecular bindings. In
the experiments, we use a protein bilayer composed of protein
A/G (from Pierce) and protein IgG (goat IgG from Sigma),
which selectively bind on gold (see Supporting Information for
protein chemistry and sample preparation techniques). Figure
4a and b show the spectral variations within the plasmonic
modes supported by the nanohole arrays on glass and hybrid
substrates, respectively. In Figure 4, green and red curves
denote the transmission responses after the addition of protein
A/G and protein IgG, respectively. Figure 4c shows the spectral
shift amounts within each plasmonic mode (mean values with
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error bars calculated by adding twice the standard deviation
from three independent experiments). Here, the Au/Medium-
(1,0) mode [Medium = Air] of the hybrid substrate exhibits
larger spectral shifts compared to the same mode supported by
glass. Upon functionalization of nanoholes with a protein
mono- and bilayer, containing 0.5 mg/mL protein A/G and 0.5
mg/mL protein IgG, for the hybrid substrate, the Au/
Medium(1,0) mode [Medium = Air] shifts to longer
wavelengths by ~4 nm and ~18 nm, whereas it shifts by ~3
and ~13 nm for glass. More importantly for the nanohole
system on glass, the spectrum of Au/Medium(1,0) mode
[Medium = Air] starts to overlap with the Au/Glass(1,1) mode.
Furthermore, its transmission intensity decreases as it shifts to
longer wavelengths. The larger sensitivity of the Au/Medium-
(1,0) mode [Medium = Air] is due to its highly accessible large
local electromagnetic fields resulting in a better spatial overlap
between optical fields and biomolecules. In contrast, near-fields
for Au/Glass modes are mostly inaccessible, as they are
concentrated along the gold/glass interface. Consequently, with
the coverage of protein A/G and protein IgG, the Au/
Glass(1,1) [Au/Glass(1,0)] mode shifts only ~2 nm [~1 nm]
and ~7 nm [~2 nm], respectively.

B SPECTRAL INTEGRATION METHOD FOR LOW
LIMIT OF DETECTION

For label-free optical biosensors, one of the most common
methods is to monitor the changes in the resonance
wavelength. However, this approach is limited for determining
minor refractive index changes, as it relies on spectral
information only at a single wavelength. In contrast, using
spectral data in a broad wavelength range near the resonance
can significantly improve the sensitivity.”” * For example,
Figure S5a and b show the experimental response of the
nanohole system on the hybrid substrate embedded in 0.1%
(red region) and 0.25% (black curve) ethanol solutions for the
Au/Medium(1,0) mode [Medium = Ethanol] near its
resonance within 8 and 2 nm wavelength ranges, respectively.
For both cases, we do not observe a significant wavelength shift
in the resonance wavelength with the resulting refractive index
change of only 2 X 107> RIU. On the other hand as shown in
Figure 5b, a collective red-shift along the left shoulder of the
Au/Medium(1,0) [Medium = Ethanol] resonance is clearly
observable. In order to utilize this shift, we integrate the
transmission intensity of the Au/Medium(1,0) mode [Medium
= Ethanol] within a spectral window for different refractive
indices. In order to reliably differentiate the integral values
corresponding to different refractive indices, we investigate the
width and central wavelength of the spectral window used in
the integration. Due to the asymmetric line-shape of the Au/
Medium(1,0) mode [Medium = Ethanol] (arising from Fano-
interferences as discussed in our earlier publication'’), we
observe that the spectral window covering the wavelengths
between the resonance wavelength of the Au/Medium(1,0)
mode [Medium = Ethanol] and the transmission minimum on
the left-hand side (due to Wood’s anomaly'’) gives the most
reliable integral variations (the spectral windows for both
nanohole configurations are illustrated in Figure S3a and b).
Figure Sc and d are the spectral integral values for the aperture
systems on glass and hybrid substrates embedded in different
refractive indices of bulk ethanol concentrations in DI-water
ranging from 0.1% to 100%. As the refractive index of the
medium increases with ethanol concentration, the spectrum
red-shifts and the integral value gradually decreases. The two
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Figure 5. (a) Experimental transmission spectra of the nanchole arrays on a hybrid substrate embedded in 0.1% (red area) and 0.25% (black curve)
ethanol concentrations shown for the Au/Medium(1,0) mode [Medium = Ethanol] within an 8 nm wavelength range at the resonance peak. (b)
Transmission spectra zoomed within a 2 nm wavelength range denoted with a green square in part a to highlight the collective spectral shifts along
the left-hand side of the Au/Medium(1,0) mode [Medium = Ethanol]. Spectral integral values calculated for the nanohole systems, embedded in
different refractive indices of ethanol solutions, on (c) glass and (d) hybrid substrates, respectively. In the figures, zoomed-in images are used to show
the limit-of-detection (LOD) of the aperture systems indicated with green.

figure insets show the zoom-in of the integral values
corresponding to the lowest ethanol concentration. Here, the
limit-of-detection (LOD) of the aperture system is defined as
the minimum detectable refractive index change between the
two distinguishable spectral integral values. We calculate the
LOD (indicated by green) by adding twice the standard
deviation to the mean integral value for the corresponding
concentrations’’ obtained from three independent experiments.
For the system on glass, a minimum detectable refractive index
change of 3 X 107 RIU is obtained (integral values
corresponding to 0.25% ethanol solution and DI-water, where
n = 1.32789 and 1.32786, can be reliably differentiated). In
contrast, the aperture system on the hybrid substrate supports
1.5-fold higher refractive index sensitivities with a detection
limit as low as 2 X 107> RIU (integral values corresponding to
0.25% and 0.1% ethanol solutions, where n = 1.327 89 and
1.327 87, can be reliably differentiated). Recently, different
methods to improve the refractive index sensitivity have been
demonstrated utilizing plasmonics platforms combined with
postprocessing methods, showing down to 107 RIU sensitivity
levels.”>***” In particular, the spectral integration method
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utilized here yields sensitivity values similar to the previously
introduced centroid method.*

Using the spectral integration method, we successfully
demonstrate label-free and real-time analysis of protein binding
kinetics. Figure 6a and b show the photograph and the
schematic illustration of the plasmonic biosensor integrated
with dual-channel microfluidics used in the experiments (see
also Figure S4 for the structure of the microfluidic chamber
design). Initially, the sensors are functionalized with 0.5 mg/
mL protein A/G. In channel I, we inject protein IgG (in a PBS
solution). Channel II is used as a control, where we inject PBS
(phosphate-buffered saline) with the same flow rate to
determine the integral variations due to optical, mechanical,
and chemical fluctuations. Figure 6¢ shows the time depend-
ence of the integral value due to the binding of 1000 ng/mL
protein IgG on protein A/G, reaching saturation after ~80 min.
Next, the real-time behavior is fitted to an exponential equation

to determine the association phase of protein IgG on protein
A/ G:*°

It — IO/<1 + e(ka[IgG]_kd)t) (2)
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Figure 6. (a) Photograph and (b) schematic illustration of the plasmonic biosensor integrated with dual-channel microfluidics. Exponential behavior
of the association phase of (c) 1000 ng/mL and (e) 0.7 ng/mL IgG on A/G determined by the spectral integral method. (d) Spectral integral value
calculated for different IgG concentrations. The inset shows the limit-of-detection (LOD) of the aperture system denoted with green. Note that the
initial integral values of the exponential curves are the same (I(t = 0) = 5116) for each IgG concentration such that we can reliably use the integral

values at minute SO for determining kinetics constants.

Here, k, and ky are the association and disassociation constants,
respectively. The dissociation constant for mouse IgG on
protein A/G is kg < 1 X 107 s, indicating that the composite
is highly stable once it is formed, and a minimum amount of
IgG will remain unbound.*' Using the exponential fitting and kg
value for [IgG] = 1000 ng/mlL, the association constant is
calculated as k, = 2.37 X 10° M™" s™". These results, comparable
to conventional SPR, confirm that binding kinetics of proteins
can be reliably extracted.’ We next perform analysis at
different IgG concentrations and determine the spectral integral
values from the exponential curves at 50 min. Figure 6d shows
the integral values for different IgG concentrations in the range
between 0.5 to 1000 ng/mL. As shown in the zoom-in image in
Figure 6d, inset, the integral value of the control determines the
detection limit of our biosensing platform (indicated by green
and calculated by adding twice the standard deviation to the
mean integral value for the corresponding IgG concentrations).
The results show that IgG concentrations can be reliably
detected down to 0.7 ng/mL. This low limit-of-detection value
is highly promising for label-free and real-time analysis of
biomolecular binding kinetics at low analyte concentrations.
Importantly as shown in Figure Ge, employing the spectral
integration method, we measure biomolecular binding kinetics
even at the 0.7 ng/mL level. For this IgG concentration, we
calculate a similar association constant, k, = 2.29 X 10° M~ 571,

B CONCLUSION

In conclusion, we introduce a biosensing platform employing
plasmonic nanohole arrays on a hybrid substrate. The system
supports spectrally well-isolated and sharp optical responses,
which are highly sensitive to surface conditions. Utilizing a high
refractive index dielectric interlayer between gold film and glass,
our nanoaperture system suppresses the additional plasmonic
modes arising from the low refractive index of the transparent
material utilized in the conventional nanohole designs. In the
absence of spectral overlaps and amplitude variations, the
strong optical response of the nanohole arrays on the hybrid
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substrate is easy to track for reliable monitoring of spectral
variations. Furthermore, we improve the detection limit of our
biosensing platform by integrating the spectral information in a
large wavelength range instead of monitoring the changes only
within the resonance wavelength and demonstrate a limit of
detection as low as 2 X 107° RIU. We also successfully perform
real-time detection of biomolecular binding kinetics at sub-1
ng/mL concentration, which is highly advantageous for label-
free biosensing at ultralow analyte concentrations.
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