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We propose a method and optical design for directly visualization of the label-free detection. The system, similar to a tiny

spectral analyzer, is composed of a nanostructure-based surface plasmon resonance chip, linear polarizer and 532-nm
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laser light source. The full-width-at-half-maximum bandwidths of the enhanced surface plasmon resonances are about 5

nm. The distribution of the transmitted light from these arrays comprises a spectral image on the chip. The qualitative and

quantitative analyses of the analyte can be conducted by observing the spot shift on the chip. We test the sensing

capability of the chip. The detectable surface mass density with naked eyes is about 0.476 ug/cmz. In addition, antigen-

antibody interaction experiments are conducted to verify the surface binding measurements. A monolayer protein

attached on the chip can be directly observed and the concentration levels of the analyte can be estimated with naked

eyes. Such plasmonic bioschips can benefit sensing applications on point-of-care diagnostics.

1 Introduction

Surface plasmon resonance (SPR) sensing is a real-time and
label-free detection technique which has been employed in
applications including medical diagnostics, environmental
monitoring, and food safety.l"4 Commercial sensing platforms
utilize an optical prism to induce propagating surface plasmon
polaritons in thin noble films and enable real-time and label-
free measurements of biomolecular binding affinity. In
addition to the prism coupling method, metallic
nanostructures offer a simpler way for SPR excitation.””
Periodic metallic nanohole arrays or nanoslit arrays have been
utilized for biosensing applications.lo'17 However, the majority
of SPR sensing is performed on dedicated and expensive
instruments. It would be desirable to develop a simple and
inexpensive SPR system which can be utilized for point-of-care
diagnostics. The colorimetric detection scheme based on
plasmonic resonance phenomenon provides one possibility.
Plasmonic nanoparticles (NPs) play an important role in the
colorimetric detection. The color changes caused by the
capture of the analyte labelled with gold NPs or the
aggregation of gold NPs triggered by the bio-recognition
events can be directly observed with naked eyes.ls'19 Such
detection scheme is widely applied to the lateral-flow
immunochromatographic assay or lateral-flow assay for single
use and qualitative point-of-care test.??! The commercially
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available product is for pregnancy confirmation and the
production of the pregnancy test is more than 10’ per year.
Different from the sandwich-type colorimetric detection with
gold NPs, a simple label-free detection technique using Fano
resonances in metallic nanohole arrays was proposed by Yanik
et al?? A monolayer of biomelocule can be detected with
naked eyes. The system consists of a white light source,
narrow bandpass filter and nanohole-based biochips. No other
expensive instruments are required. When biomolecules
adsorb on the structure surface, there is an intensity change
near the resonant wavelength. Such intensity change can be
directly observed with naked eyes. However, the simple
intensity measurement is susceptible to environmental
conditions. It has a low dynamic range and cannot
quantitatively determine the analyte concentration.

In this study, we proposed a method and optical design for
direct visualization of the label-free detection. The system,
similar to a tiny spectral analyzer, is composed of a
nanostructure-based surface plasmon resonance (SPR) chip,
linear polarizer and 532-nm laser light source as shown in Fig.
1(a). The plasmonic biochip consists of several capped nanoslit
arrays with different periods. The capped nanoslit arrays have
enhanced Fano resonances generated by the couplings of a
broadband resonance and a narrowband resonance.”*?*
Compared to other resonant systems, the Fano resonance has
a narrower bandwidth and higher intensity sensitivity. Our
detection scheme utilizes capped silver nanoslit arrays with
several different Fano resonant peaks and a laser light source.
The distribution of the transmitted light from these arrays
comprises a spectral image on the chip. The x-axis is the period
and the y-axis is the transmitted intensity as shown in Fig. 1(b).
When biomolecules adsorb on the surface of the chip, the
spectral image composed of several arrays is redshifted.
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Consequently, dramatic reductions or increases in the
transmitted light intensity for different arrays are observed
(See Fig. 1(c)). The qualitative and quantitative analyses of the
analyte can be conducted by observing the spot shift on the
chip.
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Fig. 1 Detection scheme utilizes capped silver nanoslit biochips and a
laser light source. (a) Schematic configuration of the optical system for
the spectral image measurement. There were three test strips on the
chip. (b) Schematic representation of the transmitted light image of
the biochip and the intensity spectral for different tested samples. The
brightest zone shifted with the increase of the concentration of the
sample. (c) A schematic illustration depicts the relative positions of
resonant wavelengths of the arrays with different periods and the
wavelength of laser light. When biomolecules adsorb on the surface of
the chip, it causes the redshift of the plasmonic resonances.
Consequently, dramatic reductions or increases in the transmitted
light intensity for different arrays are observed.

2 Methodology

2.1 Fabrication of plasmonic biochips

Fig. 2(a) shows the flow chart of the fabrication of capped
metallic nanoslits. The structure consists of upper layer of
periodic metallic nanowires and lower layer of periodic
metallic nanoslits. The periods of both layers are the same.
The biochip was made on a cyclic olefin polymer (COP)
substrate using hot embossing nanoimprint lithography. First,
nanogrooves of 60 nm in width and 80 nm in depth on a silicon
substrate were fabricated using electron beam lithography and
a reactive ion etching method. A 300-nm-thick ZEP-520 resist
(ZEP-520, Zeon Corp, Tokyo, Japan) was spin-coated on a 525-
um-thick silicon substrate. An electron-beam writing system
(Elionix ELS 7000) was used to write groove arrays with
different groove periods. The patterns were then transferred
to the silicon substrate by using a reactive ion etching machine
(Oxford Instrument, plasmalab 80plus). The power of the radio
frequency (RF) electromagnetic wave in the reaction chamber
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was 150 W. The chamber pressure was 1x107? torr and the
flow rates of CHF3 and SF6 gases were 50 sccm and 25 sccm,
respectively. The resist was removed by rinsing the sample in
acetone for a few minutes. Then, it was put in ultrapure water
and purged dry by nitrogen. The substrate was a 178-um-thick
COP film. The silicon template and COP substrate were placed
on a heating plate. They were heated at a temperature of 170
°C to soften the COP substrate. In the system, nitrogen gas was
introduced into the chamber to produce a pressing pressure
(20 kgw/cmz) over the film. An additional polyethylene
terephthalate (PET) thin film was used as the sealing film. It
pressed the silicon mold and COP substrate with large-area
uniformity. This step made the structure uniformly stuck to the
softened COP film. The template and substrate were then
cooled and taken out from the chamber. After peeling off from
the template and sealing film, the periodic COP ridges were
made. After sputtering an 80-nm-thick silver film on the
imprinted plastic substrate, the plasmonic biochip consisted of
capped silver nanostructures with different periods was made.
In this study, the periods of the nanostructures ranged from
471 to 650 nm. The difference of the periods between
adjacent periodic nanostructures was about 1 or 3 nm. The
area of each periodic nanostructure was 150x150 umz. Fig. 2(b)
shows the optical image of the fabricated biochip. The
transmitted light image of the biochip using white light was
shown in Fig. 2(b) inset. The periods ranged from 516 to 525
nm. The difference of the periods was 1 nm. Fig. 2(c) shows a
scanning electron microscope (SEM) image of the
nanostructure with a period of 516 nm. The wire width was 80
nm.
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Fig. 2 Fabrication of the capped silver nanoslit biochips and optical
setup for recording spectral images. (a) The flow chart of the
fabrication of capped silver nanoslits. (b) Optical image of the
plasmonic biochip. The inset shows the transmitted light image of the
biochip using white light. The period of the nanostructure ranged from
516 to 525 nm. (c) The scanning electron microscope image of the
nanostructure with a period of 516 nm. (d) The optical setup for
recording transmitted light images of the biochips.

2.2 Atomic layer deposition of aluminum oxide

An aluminum oxide film was deposited on the biochips using
an atomic layer deposition machine (ALD, Syskey Technology
CO., LTD). For deposition of aluminum oxide, the precursors of
trimethylaluminum (TMA) and water were used. The chamber

This journal is © The Royal Society of Chemistry 2015
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working pressure was 1.2x10"" torr and the substrate
temperature was kept at 120°C.

2.3 Optical setup for transmission spectrum measurements
The transmission spectra were measured by a simple optical
transmission setup.16 A 12W halogen light was spatially filtered
by using an iris diaphragm and a collimation lens. Its incident
polarization was controlled by a linear polarizer. The white
light was focused on a single array by using a 4x objective lens.
The transmission light was collected by another 10x objective
lens and focused on a fiber cable. The transmission spectrum
was taken by using a fiber-coupled linear charge-coupled
device (CCD) array spectrometer (BWTEK, BTC112E).

2.4 Optical setup for recording spectral images

Fig. 2(d) shows the optical setup for recording transmitted
light images of the biochips. A 532-nm laser diode was used as
a light source. The laser beam was expanded by a 10x
objective lens and passed through a frosted glass to destruct
the coherence. Its incident polarization was controlled by a
linear polarizer. The polarized light was normally incident on
the biochip and the polarization was perpendicular to the
nanoslits. The transmitted light was then collected by a 4x
objective lens and recorded by a CCD. It is noted that the
spectral image on the chip can be observed with naked eyes.
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Fig. 3 Optical properties of the capped silver nanoslit biochips. (a) The
measured transmission spectra of the capped silver nanoslits with different
periods in air for normally-incident TM-polarized light. The periods were
from 516 to 525 nm. The difference of the periods was 1 nm. (b)
Experimental peak wavelengths of SPR resonances and theoretical (equation
2) resonant wavelengths of BW-SPPs as a function of the period. (c)
Normalized transmission spectra of the capped metallic nanoslits with
different periods. The FWHM bandwidth was about 5 nm. (d) The intensity
distribution of the transmitted light image indicated with dashed line in the
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inset. The inset shows the transmitted light image of the biochip using 532-
nm laser light. (e) Normalized spectra of the nanostructures with different
periods before and after coating a thin Al,O3 film on the chip for normally-
incident polarized light. The period ranged from 480 to 650 nm. (f) The
wavelength shift, bandwidth and ratio (wavelength shift/bandwidth) as a
function of the SPR wavelength. The wavelength shift caused by the thin film
and the bandwidth were increased with the decrease of the resonant
wavelength. It results in an optimal ratio between the wavelength shift and
bandwidth near the wavelength of 532 nm.

3 Results and Discussion

3.1 Optical properties of the capped silver nanoslit biochips

The key element of the chip was the periodic capped silver nanoslits.
It consisted of upper layer of periodic silver nanowires and lower
layer of periodic silver nanoslits. The periods of both layers were
the We fabricated an array of the capped silver
nanostructures with different periods. The period ranged from 516
to 525 nm. The difference of the periods between adjacent
periodic nanostructures was about 1 nm. Fig. 3(a) shows the
measured transmission spectra of the plasmonic biochip in air for
normally-incident polarized light. The polarization of the incident
light was perpendicular to the nanoslits because the gap plasmons
in nanoslits and surface plasmons on the periodic surface can only
be excited by using transverse magnetic (TM)-polarized incident
light. There were two resonant modes in the spectra. One was the
gap plasmon resonances (cavity mode) and the other Bloch wave
surface plasmon polaritons (BW-SPPs) on the periodic metal surface.
The cavity mode occurred within the nanoslit which generates a
broadband resonance in the transmission spectrum. The resonant
condition can be estimated by the Fabry-Perot cavity,25

same.

2n,,koh+ ¢ + ¢, =2mrx (1)

off
where n. is the equivalent refractive index in the slit, ko is the free
space wavelength vector (27/4,), h is the height of the periodic
ridge, and ¢; and ¢, are the phase shifts at the top and bottom
interfaces. The resonant wavelength is affected by the slit width
and height. The resonant wavelength of the cavity mode was
around 600 nm and was independent of the period. On the other
hand, the BW-SPP occurs on the periodic nanoslits when the Bragg
condition is satisfied. It generates a narrowband transmission in the
measured spectrum. For normally incident light, the condition for a
1-D array can be described by,

. P & n’

Aspr(11,0) = TRe{(ﬁ)l/z} (2)

where i is the resonant order, P is the period of the nanostructure,
€., is the dielectric constant of the metal and n is the environmental
refractive index. The resonant wavelength of the BW-SPP is in
proportion to the period. The cavity mode had an overlap with the
BW-SPP mode. The coupling of the broadband cavity mode to the
narrowband BW-SPP mode generated a sharp Fano resonance. The
Fano resonant wavelength occurred near the Aspp. Fig. 3(b) shows
the experimental Fano resonant wavelengths were proportional to

Analyst, 2015, 00, 1-3 | 3
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the periods and close to the calculated values by equation (2). The
second layer, periodic nanowires on the top surface, provided an
enhanced confinement for surface plasmon resonances as
compared to the single-layer nanoslit array,26 Such an enhanced
surface plasmon mode greatly increased the resonant quality of the
Fano resonance. It was noted that the capped gold nanoslit array
was proposed in our previous study.26 However, the interband
transition for a gold film is around 550 nm. In order to match with
the green light source, the gold film was replaced by a silver film. In
the experiment, the full width at half maximum (FWHM) bandwidth
of the enhanced SPR resonance was about 5 nm (see Fig. 3(c)). The
enhanced SPR in capped metallic nanostructures can fulfill the
requirement of the narrow resonant bandwidth. Figure 3(d) inset
shows the transmitted light image of the biochip using 532-nm laser
light. The distribution of the transmitted light from these arrays
formed a spectral image on the chip. The x-axis was the period and
the y-axis was the transmission intensity, as shown in Fig. 3(d). Fig.
3(e) shows that normalized spectra of SPR modes of the
nanostructures with different periods before and after coating a
dielectric thin film, aluminum oxide (Al,O3), on the chip. The Al,0;
film was coated by the ALD method and the nanoslit period ranged
from 480 to 650 nm. Obviously, the wavelength shift caused by the
thin film and the bandwidth were increased with the decrease of
the resonant wavelength as shown in Fig. 3(f). It results in an
optimal ratio between the wavelength shift and bandwidth near the
wavelength of 532 nm (see Fig. 3(f)). Therefore, the 532-nm laser
light was utilized in this study.

3.2 Surface sensing capabilities of the capped silver nanoslit
biochips

As the minimum detectable surface mass density is a value to
evaluate the quality (or sensitivity) of a sensor, the surface
sensitivity of the biochip was tested by coating three different
thicknesses of Al,0; films on the chip. Fig. 4(a) shows the schematic
representation of transmitted light images for Al,O; thicknesses
ranged from O to 8.9 nm. The deposited Al,O; film resulted in
reductions or increases in the transmitted light intensity for
different periodic nanostructures. With the increase of the film
thickness, the brightest zone was moved from the 523-nm-period
nanostructure to 516-nm-period nanostructure as shown in Figure
4(b). Fig. 4(c) shows the intensity distribution of the spectral image
for different film thicknesses. The brightest zone shifted to right
with the increase of the film thickness. There was a linear
correlation between the brightest zone shift (#) and film thickness,
as shown in the inset of Fig. 4(c). The slop was 0.785 #/nm. It means
that a 1.27-nm Al,O; film resulted in one block shift. Because the
density of aluminum oxide is 3.75 g/cms, the detectable surface
mass density with naked eyes is about 0.476 ug/cmz. To compare
the results with conventional measurements using a spectrometer,
we also measured transmission spectra of the capped
nanostructures. Fig. 4(d) shows the spectra with periods of 516 and
525 nm for different film thicknesses. The resonant peak was
redshifted with the increase of the film thickness. There were linear
correlations between the peak shift and the film thickness. The
slopes or wavelength sensitivities were 0.64 and 0.59 nm/nm for
516-nm-period and 525-nm-period array, respectively (see Fig. 4(d)
inset). The averaged spectral sensitivity was about 0.6 nm/nm. It

4 | Ananlyst, 2015, 00, 1-3

means that a 1.27-nm-thick Al,O; film results in a wavelength shift
of 0.762 nm. As the peak wavelength difference between the 523-
nm-period and 522-nm-period arrays is 0.47 nm, the brightest zone
was moved from the 523-nm-period array to 522-nm-period array
as shown in Fig. 4(b) and Fig. 4(c). Therefore, the unknown film
thickness can be directly estimated by observing the movement of
the brightest zone in the image. The qualitative and quantitative
analyses for measuring the film thickness can be achieved without
using the expensive spectrometer. In addition, the dynamic range
or the range of film thickness measurements for the proposed
method is tuneable by changing the array number and period
difference between adjacent arrays. It was noted that the figure of
merit (FOM) is usually defined as S;/bandwidth, where S, is the
wavelength sensitivity which is similar to the period.16 In our
sensing chip for 520-nm period, the FOM is ~491/5.0= 98. This value
is comparable to the theoretically estimated upper limits (FOM=108)
of the prism-coupling SPR sensors® and the FOM value (108) of
gold mushroom arrays.sthe limit of detection (LOD) is dependent
on the resolution of the detection method. In our chip, the periodic
difference between two neighboring blocks is 2 nm. It results in a
LOD of 0.476 pg/cm?2. This surface mass density is smaller than
prism-based SPR sensing technique with dedicated and expensive
instruments. However, with a lower SPR bandwidth and a smaller
periodic difference, the LOD can be further improved.
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Fig. 4 Surface sensing capabilities of the capped silver nanoslit biochips. (a)
The schematic representation of recording transmitted light images of
biochips encapsulated with an ALD-grown Al,Os film. (b) Spectral images of
the chip for different thicknesses of the Al,Osfilms. The brightest zone was
moved with the increase of the film thickness. (c) The intensity distributions
of the spectral images indicated with dashed line in panel b for different film
thicknesses. The inset shows the brightest zone shift against the film
thickness. (d) The transmission spectra of the capped nanosilts with periods
of 516 and 525 nm for different film thicknesses. The inset shows the peak
wavelength shift against the film thickness for different periodic
nanostructures. There was a linear correlation between the peak shift and
film thickness. The wavelength/thickness sensitivity was about 0.6 nm/nm.

3.3 Biosensing using the capped silver nanoslit biochips

We further conducted protein-protein specific interaction
experiments using the plasmonic biochips. Anti-proteins such as
anti-bovine serum albumin (anti-BSA, Sigma-Aldrich) and anti-
penicillin-binding proteins (anti-PBP2a, Abcam) were chosen for the

This journal is © The Royal Society of Chemistry 2015
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binding and nonbinding experiments. The plasmonic biochip
consisted of 19 capped silver nanoslits with different periods. The
period ranged from 471 to 525 nm. The difference of the periods
between adjacent arrays was about 3 nm. The transmitted light
images of the chip for different surface conditions were
subsequently recorded by a CCD. Fig. 5(a) shows the experimental
flow chart of the antigen-antibody interaction. First, the plasmonic
biochip was encapsulated with a 4-nm-thick Al,O; shell to protect
the patterned Ag from oxidation. This method has been proposed
by some other groups.zg’30 The protected sample is stable for at
least 9 months.” The chip was then exposed to a 95% ethanol at

a Wash and

Immobilize BSA  plow-dry
ALO, Lcco | =

APTES ‘=!‘___/

Analyst

ARTICLE

room temperature for 5 minutes and purged dry by nitrogen gas. In
order to immobilize bovine serum albumin (BSA, Sigma-Aldrich) on
the structure surface, the biochips with a 4-nm-thick Al,O; shell was
exposed to a 10% aminopropyltriethoxysilane (APTES) solution for
30 minutes and then baked at 120 °C for 1 hour to form amino
groups on the Al,O; film surface. After modification of the amino
groups, a 20 pL of 1mg/mL Bovine serum albumin (BSA, Sigma-
Aldrich) solution was dropped on the structure surface for 1 hour.
The sample was then washed by ultrapure water to remove the
unbound BSA proteins and purged dry by nitrogen gas.
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Fig. 5 Biosensing using the capped silver nanoslit biochips. (a) The experimental flow chart of the antigen-antibody interactions. (b) The
spectral images of the chip for different surface conditions. The chose period of the capped nanoslits ranged from 471 to 525 nm. The
difference of the periods was 3 nm. (c) The intensity distributions of the spectral images in panel b for different surface conditions. (d)
The position of the brightest zone of the spectral image as a function of the concentration of the tested sample (anti-BSA and anti-PBP2a).
The position of the brightest spot remained unchanged for different anti-PBP2a solutions. There was a linear correlation between the spot
position and the concentration of the anti-BSA solution. The slop was 0.043 #/ug/mL. The 23.20 ug/ml anti-BSA solution results in one
block shift. (e) The intensity changes as a function of the Anti-BSA concentration for all arrays on the chip. The highest intensity sensitivity
was 1.25 %/(ug/mL) for the 501-nm-period array. (f) The integrated response as a function of the Anti-BSA concentration. The integrated
response shows a six times improvement when the array number was increased from 1 to 19.

This journal is © The Royal Society of Chemistry 2015

Analyst, 2015, 00, 1-3 | 5




P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Analyst

In order to make sure that sufficient BSA was immobilized on the
structure surface, the BSA coating process was repeated for three
times. Next, nonbinding anti-PBP2a. proteins with various
concentrations were detected. A 10 uL of 10 pg/mL anti-PBP2a
solution was dropped on the structure surface for 30 minutes. The
sample was then washed by ultrapure water and purged dry by
nitrogen gas. The dropping, washing and nitrogen-purged dry
processes were subsequently repeated for various concentrations
of anti-PBP2a solutions from 10 to 100 ug/mL. Finally, specific
binding anti-BSA samples with various concentrations from 10 to
200 pg/mL were tested. The processes such as anti-BSA binding,
washing and nitrogen-purged dry were subsequently repeated for
many times. Fig. 5(b) shows the transmitted images of the chip for
different surface conditions. Fig. 5(c) shows the intensity
distributions of the spectral images in Fig. 5(b) for different surface
conditions. At first, the brightest zone located at 522-nm-period
nanostructure (Zone 3) when the biochip was encapsulated with a
4-nm-thick AI203 shell. After the modification of amino groups
using APTES, dramatic intensity reduction for 522-nm-period
nanostructure (Zone 2) and intensity increase for 516-nm-period
nanostructure (Zone 4) are observed. The brightest zone was still at
522-nm-period nanostructure (Zone 3). Next, when the monolayer
BSA adsorbed on the structure surface, the brightest zone shifted 4
blocks (Zone 7). The position of the brightest zone remained
unchanged (Zone 7) after the BSA coating process was repeated for
three times. After detecting 10 mL of 10 pug/mL anti-PBP2a solution,
we found that the brightest zone shifted to left (Zone 6). We

deduced that the concentration of the BSA solution may be too high.

Some BSA proteins detached from the surface when anti-PBP2a
proteins were added. After conducting unbinding experiments with
various concentrations of anti-PBP2a solutions from 10 to 100
ug/mL, we found that the position of the brightest zone remained
unchanged (Zone 7). On the other hand, the brightest zone shifted
5 blocks and then kept unchanged when the concentration of the
anti-BSA solution was increased from 10 to 200 pg/mL. The above
results indicate that the interaction between BSA and anti-BSA is
highly specific. Fig. 5(d) shows the position of the brightest zone of
the spectral image as a function of the concentration of the tested
sample (anti-BSA and anti-PBP2a solutions). The position of the
brightest spot remains unchanged for different anti-PBP2a
solutions. However, there was a linear correlation between the spot
position and the concentration of the anti-BSA solution. The slop
was 0.043 #/ug/mL. It indicates that 23.20 pg/ml anti-BSA solution
results in one block shift. Compared to the intensity measurement
using single metallic nanohole array, the proposed method
measures the spectral shift of the spectral image and has a wider
dynamic (or operating) range. In addition, the spectral images can
be analyzed with a spectral integration method, which can increase
the signal-to-noise ratio of the system and effectively improve the
sensing capability.“’32 Fig. 5(e) shows the intensity changes as a
function of the Anti-BSA concentration for all arrays on the chip.
There was a linear correlation between the intensity change and
concentration when the Anti-BSA concentration was below 50
pg/mL. The highest intensity sensitivity was 1.25 %/(ug/mL) for the
501-nm-period array. We further analyzed the data with the
spectral integration method. The integrated response (R) is defined

6 | Ananlyst, 2015, 00, 1-3

by the absolute value of the difference of the normalized
transmission spectra:

R(h) = i 7](}’"2};’[”()}10’") x100% 3)

n=1
where the I(h, n) is transmitted intensity under different Anti-BSA
concentration, h is the test sample, h, is the reference sample and
N is the number of metallic nanostructures. By utilizing equation (3),
setting the spectral image of the 0 pg/mL anti-BSA sample as a
reference and choosing the number of metallic nanostructures (N=1,
2 and 19), the integrated response as a function of the Anti-BSA
concentration was shown in Fig. 5(f). Obviously, there was a
correlation between the integrated response and Anti-BSA
concentration below 50 pug/mL. The integrated response shows a
six-time improvement when the array number was increased from
1 to 19. Therefore, the proposed method can further improve the
sensing capability with the spectral integration method.

Conclusions

We demonstrated an easy, low-cost and label-free technique
for qualitative and quantitative detection of specific bio-
interactions. No other expensive instruments are required. The
concentration levels of the analyte can be directly estimated
with naked eyes. Once various recognition molecules are
immobilized on the chip, it can be utilized to detect multiple
analytes. Compared to the lateral-flow assay, the proposed
method is a label-free detection technique and can be applied
to qualitative and quantitative chip-based high-throughput
detection. Compared to the label-free detection technique
using single metallic nanohole array, which only measured the
intensity change at a certain wavelength, the proposed
method measures the spectral shift of the spectral image. It is
more reliable and can avoid the problem of intensity
fluctuations. The spectral image measurement also takes the
advantage of a larger dynamic range. In addition, the spectral
image can be analyzed by a spectral integration method, which
can increase the signal-to-noise ratio of the system and
effectively improve the sensing capability. The proposed
nanostructures and measurement setup can provide a good
feasibility for point-of-care diagnostics.
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