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Superradiative plasmonic nhanoantenna biosensors
enable sensitive immunoassay using the naked

eyeTt
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Easy-to-use and sensitive quantification of biomarkers has a great significance in disease prediction, diag-
nosis, and monitoring. Here, we report a biosensor for simple and sensitive biomarker detection based on
the strong light scattering (brightness) of superradiative plasmonic nanoantennas. This nanoantenna is
constructed using antibody-decorated gold nanoparticles (Au NPs) immobilized onto a gold mirror by the
target antigen, forming a nanoparticle-on-mirror (NPOM) configuration. The NPOM produces an order of
magnitude stronger light scattering in the red region compared with isolated Au NPs on the dielectric
substrate, due to the strong near-field coupling of surface plasmons across the gap between the Au NPs
and the gold film. The increased brightness allows one to observe the captured Au NPs with the naked
eye using a dark-field optical microscope. The particle density of the Au NPs varies linearly with the con-
centration of the target antigen over a broad dynamic range from 10~° to 10° ng mL™. This dynamic
range is three orders of magnitude broader than that obtained from the previous work based on a dark-
field optical microscope. The limit of detection is 1 pg mL™ (6.67 fM), which is three orders of magnitude
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more sensitive than that obtained in the previous work using similar conditions. The uniform spatial distri-
bution of the Au NPs on the gold film was allowed to quantify biomarkers with a relative standard devi-
ation as small as 1-7%. Biosensing using superradiative NPs can lower the detection limit, simplify, and
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Introduction

Simple, sensitive, and cost-effective detection of biomarkers is
most desirable for biosensing. Among various detection
methods, immunoassay is one of the most sensitive analytical
tools based on the specific recognition between antibodies
and antigens. In recent years, immunoassay has become a
powerful analytical tool in many applications, such as food
safety,’ disease diagnosis,”> and environmental monitoring.®
Efficient signal readout of immunoassays has been well devel-
oped using different strategies, including the enzyme-linked
immunosorbent assay,>* surface-enhanced Raman scattering
(SERS),>” fluorescence,®'° surface plasmon resonance,""* and
electrochemistry.”® Although the above-mentioned methods are
well developed for biomarker detection, there are still several
limitations, e.g., poor sensitivity, high cost of instrumentation,
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speed up the detection procedure for biomarker detection.

and a time-consuming labelling and signal collection process.
Therefore, it is highly desirable to find a simple, low-cost, and
sensitive strategy for biomarker detection.

Noble metal nanoparticles (NPs) have attracted a lot of
attention due to their plasmonic properties.’® Under the exci-
tation of visible or near-infrared light, metal NPs exhibit
strong light absorption or scattering at certain wavelengths
due to localized surface plasmon resonances. As a result, NPs
show different colours under an optical dark-field microscope
(DFM)."”"'® Together with a recording camera on the micro-
scope, DFM can be used as a simple, sensitive, and low-cost
technique to detect the concentration of NPs, down to a single
NP level. By functionalizing NPs with specific capture agents,
DFM can be used to quantify the concentration of biomarkers
based on counting the number of NPs."*>* By real-time moni-
toring the dark-field scattering spectra of NPs, DFM can also
be used to probe the change of refractive index around the
NPs*>* or even the adsorption process of a single target
analyte.>**> However, counting the number of NPs in DFM
may not be an easy task because background scattering noise
from the sample matrix or dust on the substrate surface can
significantly reduce the signal-to-noise ratio. The key to this
problem is that the scattering intensity of a single metal NP on
a typical glass or silicon substrate is not strong enough due to
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the limited dipole moment of the surface plasmon resonances.
As a result, the sensitivity and reproducibility of DFM-based
biosensing via NP counting are generally limited.

Here, we use a nanoparticle-on-mirror (NPOM) 26730
system to overcome these drawbacks to quantify the concen-
tration of human immunoglobulin G (IgG) by counting the
number of Au NPs immobilized on the gold film in the DFM
image. The concentrations of IgG are quantified over a broad
dynamic range from 10~ to 10°> ng mL™", using the NPOM
system consisting of antibody-conjugated Au NPs, an antigen,
and an antibody-conjugated gold film. The strong light scatter-
ing of the NPOM system makes the Au NPs very bright in the
DFM image so that they can be easily observed with the naked
eye. The background is thus suppressed and it is easier to
count the number (particle density) of Au NPs in a given
region. The sensitivity of this plasmonic nanoantenna bio-
sensor is down to 1 pg mL™" (6.67 fM), which is three orders of
magnitude more sensitive than that obtained in the previous
work using a DFM-based immunoassay.'**'

Results and discussion

The composite structure of Au NPs on a gold film (Fig. 1a) can
be regarded as a plasmonic nanogap antenna.”® The coupling
between the Au NPs and gold film results in the enhancement
of near fields and increases the scattering efficiency of radia-
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Fig. 1 (a) Schematic of light scattering by Au NPs on a gold film and a
SiO, substrate. (b) Measured dark-field scattering spectra of Au NPs on a
gold film and a SiO, substrate. The inset shows the scanning electron
microscopy images of the two Au NPs. Scale bars are 50 nm. The dia-
meters of the Au NPs are 65 nm (on gold film) and 60 nm (on SiO,). (c)
Simulated unpolarized scattering spectra of Au NPs on a gold film and a
SiO, substrate. The insets show the far-field scattering pattern of Au
NPs on a gold film (black frame, peak at 676 nm) and a SiO, substrate
(gray frame, peak at 530 nm (p-pol.) and 570 nm (s-pol.)).
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tive modes.*> Fig. 1b compares the experimental dark-field
scattering spectra of a Au NP on top of a gold film or silicon
substrate (covered with a 285 nm SiO, layer). The strong loca-
lized surface plasmon resonance peak of the NPOM system is
at 676 nm, which is usually called bright nanoantenna mode
since it is originated from the bonding coupling between the
electric dipole of the NP and its image in the gold film.** For
comparison, the resonance peak of a similar size Au NP on the
SiO, substrate is at 533 nm, and the scattering is much weaker
over the entire spectrum. In the spectral window of
650-700 nm used in this work, the scattering of the Au NP on
the SiO, substrate is as weak as the noise level, while the
NPOM system reaches the most intense brightness.

A quantitative comparison of the scattering for a Au NP on
the two substrates can be accomplished by electromagnetic
modelling. The simulated dark-field scattering spectra (Fig. 1c)
of a Au NP on a gold film and SiO, substrate match quite well
with the experimental results. According to the experimental
configuration, an oblique incidence of unpolarized light con-
tains both p- and s-polarized waves that can excite both the
horizontal and vertical electric dipoles. The simulated dark-
field spectra were modelled by adding up the spectra under p-
and s-polarized light excitation. The scattering intensity is
much stronger when the Au NP is placed on the gold film due
to the strong near-field interaction between them. On the one
hand, the end-to-end bonding of the electric dipole in the Au
NP and its electromagnetic image in the metallic mirror
produce a big dipole that couples strongly to free space light.
Compared with an isolated Au NP, there are more conduction
electrons involved in the collective oscillations in the NPOM
since those from the gold film can also take part in. This con-
tributes to a larger oscillator strength of the system. On the
other hand, the far-field scattering of the bright dipole mode
is mainly to the upward around 60° to the substrate normal
(the inset in Fig. 1c, black frame) because of the appearance of
the gold film.'® Such an upward doughnut shape of the far-
field scattering pattern increases the collection efficiency of
the scattered light by a typical high NA microscope objective.*?
In contrast, light is mainly scattered into the substrate side for
Au NPs on the SiO, substrate for both p- and s-polarized light
excitation, as shown in the far-field scattering pattern (the
inset in Fig. 1c, gray frame). Note that only the p-polarized
light can excite the bonding dipole mode for the NPOM. The
scattering intensity under unpolarized light excitation is domi-
nant by the p-polarized component so that scattering under
s-polarized light excitation can be negligible (ESI Fig. S17).
Under unpolarized light excitation, the scattering intensity of
the peak in the NPOM is almost 20.5 times greater than the
peak intensity of a Au NP on SiO,. Therefore, this NPOM
system makes the Au NPs very bright and easier to observe
with the naked eye in DFM.

Fig. 2 shows the surface modification process of the Au NPs
and the gold film, and a sandwich structure is formed in the
end by linking the three components of antibody-conjugated
Au NPs, an antigen, and an antibody-conjugated gold film. Au
NPs and gold films are often used for bioassay because of
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Fig. 2 Schematic illustration of the process of forming a sandwich
structure through an immunoassay protocol. MUA: 11-mercaptoundeca-
noic acid; EDC: 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide
hydrochloride; NHS: N-hydroxysuccinimide; BSA: bovine serum
albumin.

their better stability and biocompatibility. In the first step, Au
NPs are modified with HS-PEG-COOH and mPEG-SH mole-
cules, and gold films are modified with 11-mercaptoundeca-
noic acid (MUA) molecules. These molecules can easily bind to
the Au NPs and the gold film by sulfthydryl groups. The
mPEG-SH molecules on the surface of Au NPs can not only
prevent the aggregation of Au NPs especially in the presence of
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salt buffer solution, but also eliminate nonspecific
adsorption.>** In the second step, the antibodies are linked
to the Au NPs and the gold film. First, the carboxyl groups of
HS-PEG-COOH modified on Au NPs and MUA modified on the
gold film are activated by 1-ethyl-3-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS). Then the antibody solution is added to the Au NP solu-
tion and dropped onto the surface of the gold film. The anti-
bodies will bind to the Au NPs and the gold film by a dehydra-
tion condensation reaction. The third step is blocking and
antigen capture. Bovine serum albumin (BSA) is used to block
these unreacted sites on the Au NPs and gold film to avoid
nonspecific absorption. Then the target antigen is added to
the antibody-conjugated gold films and identified by the anti-
body-antigen specific reaction. The last step is to form a sand-
wich structure. The antibody-conjugated Au NP solution is
added onto the prepared gold film, and Au NPs will be bound
to the gold film by reacting with these captured antigens.
Therefore, with the increasing concentration of target antigen,
there will be more Au NPs immobilized on the gold film.
Using the number of Au NPs in the dark-field image as a func-
tion of antigen concentration, trace amounts of antigen can be
detected.

Fig. 3a shows the experimental setup for DFM. White light
is illuminated onto the sample, and the Rayleigh scattering
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Fig. 3 (a) Experimental setup for dark-field microscopy (DFM). (b) Dark-field images of Au NPs bound to the gold film with different concentrations
of human IgG. The dynamic range is from 10~° to 10° ng mL™%. The control sample uses 0 ng mL™* of human IgG. Scale bars are 5 ym. (c) The grays-
cale image of the DFM image with 0.1 ng mL™* human IgG. (d) The plot of the particle density of Au NPs on the gold film as a function of the con-
centration of human IgG. Error bars indicate the standard deviations from 5 measurements. (e) The specificity of this DFM biosensor. The concen-
trations of human IgG, mouse IgG, and bovine IgG are all 10° ng mL™ . Error bars indicate the standard deviations from five measurements.

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021,13, 2429-2435 | 2431


https://doi.org/10.1039/d0nr06148d

Published on 28 December 2020. Downloaded by University of Connecticut on 5/17/2021 12:36:06 AM.

Paper

light from the Au NPs is then directed onto the CCD camera
and several bright spots can be found with the naked eye in
DFM. It only takes a few milliseconds to record a dark-field
image, which is faster than the acquirement of Raman or fluo-
rescence spectra, especially a mapping image. Fig. 3b shows
the dark-field images of Au NPs immobilized on the gold film
at different concentrations of human IgG through an immuno-
assay protocol (the whole DFM images are shown in ESI
Fig. S27). The scattering light from the NPOM is red, which is
consistent with the scattering spectra (Fig. 1b). The distri-
bution of Au NPs is uniform and the aggregates are barely
formed. It is obvious that with the increase of antigen concen-
tration, there are more bright spots in the dark field image,
which means that more Au NPs were bound to the gold film.
The number of Au NPs immobilized on the gold film saturates
when the concentration of human IgG is 1 pg mL ™", reaching a
density of 0.57 pm™?, corresponding to an average distance of
1.3 pm between adjacent Au NPs.

The number of particles in the dark-field images is counted
using Image] software (National Institutes of Health). The
image is first converted into a grayscale image, and then the
particles are counted. Fig. 3c shows the grayscale image of the
DFM image with 0.1 ng mL™' human IgG. Using the “
shed” function of Image], adjacent particles can be distin-
guished, which could increase the accuracy of counting the
number of particles. Fig. 3d shows the particle density of Au
NPs as a function of the concentration of human IgG with a
broad dynamic range from 10~ to 10°> ng mL™" (6.67 nM-6.67
fM). The calibration curve shows a good linear response in this
broad dynamic range, where the linear correlation coefficient
(R?) is 0.98. It should be noted that the correlation coefficient
is 0.99 when a linear fitting is performed at concentrations
from 10~ to 10 ng mL™". The limit of detection of the bio-
sensor is defined when the signal at this concentration is three
times larger than the standard deviation of a control sample
(without the target antigen). Therefore, the limit of detection
of this biosensor is down to 1 pg mL™" (6.67 fM). Compared
with the previous studies based on DFM, the limit of detection
in this work is comparable to the best reported one, while the
dynamic range is broader by three orders of magnitude
(Table 1). The comparison of the lowest limit of detection of
1gG using different detection methods based on the immuno-
assay is listed in Table S1 (ESIf). This work is more sensitive
than the previous works based on surface plasmon resonance

water-

Table 1 Comparison of biomarker detection based on DFM

Biomarker Limit of detection = Dynamic range Ref.

AFP 7.25 pM 7.25 pM-1.25 nM 19
Pyrophosphate  1.49 nM 0-4.29 yM 20
Permanganate 46 nM 0-6 uyM 21

DNA 3 tM 20 pM-20 nM 22

CEA 1.7 pM 0-300 pM 31

IgG 6.67 tM 6.67 fM-6.67 nM  This work

AFP: alpha fetoprotein; CEA: carcinoembryonic antigen.
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and dark-field microscopy. Although SERS and electro-
chemistry are more sensitive, the DFM-based method is
simpler and cost-effective.

Relative standard deviation can reflect the spatial distri-
bution of NPs. As shown in Fig. 3d and Table S2 (ESIf), the
relative standard deviations of five measurements over an area
of 774 pm? for different concentrations are very small, which
indicates that the distribution of Au NPs on gold films is
uniform. The specificity of a biosensor is also very important
in biomarker detection. Unspecific antigen mouse IgG and
bovine IgG at a high concentration of 10° ng mL™" are used to
test the specific interaction for this biosensor. As shown in
Fig. 3e, the particle densities for 10> ng mL™" mouse IgG and
bovine IgG are both 0.025 pm™2, which are almost similar to
that using a 6 order-lower-concentration of human IgG. This
indicates that the nonspecific absorption is low. Therefore,
this biosensor has the ability of specific recognition for bio-
marker detection. The residual particle density (in an ideal
case, it is zero) does not tend to zero because even if the con-
centration of a specific antigen is zero, some Au NPs will still
be adsorbed on the surface of the gold film by gravity or
electrostatic adsorption. Besides, dust particles on the surface
of the gold film will also make the residual particle density
larger. Integrating the sample with a microfluidic chip or
improving the collection optics like adding a band-pass filter
on the optical path can in principle lower this background
density.

The size of the Au NPs is an important affecting factor in
this DFM-based immunoassay. Selecting Au NPs with an
appropriate size is not only conducive to observation but also
can improve the signal-to-noise ratio. The scattering intensity
of Au NPs is proportional to the sixth power of its size. So a
larger Au NP has a stronger scattering intensity and in prin-
ciple, it can be easily observed in DFM. However, with the
increase of the particle size, the resonance wavelength gets red-
shifted to the near infrared region. Noting that the response
curve of a typical commercial CCD camera is maximized in the
visible region (~550 nm), Au NPs with a strong scattering and
resonance wavelength in the visible region (<700 nm) will be
the best candidate.

Fig. 4 shows the dark-field scattering spectra and dark-field
images of the NPOM with 40, 60, 80, and 100 nm Au NPs.
1 nm Al,O; was used as the spacer layer between the Au NP
and gold film. It is obvious that with the increase of the par-
ticle size, the scattering becomes stronger and the resonance
wavelength gets redshifted and approaches the infrared region.
The resonance wavelength of 40 nm Au NPs on the gold film
approaches 600 nm (Fig. 4a), while the scattering is weak in
the dark-field image (Fig. 4b). The scattering of 100 nm Au
NPs is very strong, but the resonance wavelength is more than
800 nm, resulting in low brightness of the Au NPs in the dark-
field image. The scattering of 60 and 80 nm Au NPs is strong,
and their resonance wavelengths are between 650 and 700 nm.
They are bright and can be easily observed in the dark-field
images (Fig. 4b). In reality, the 60 nm Au NP is slightly prior to
the 80 nm one. This is because the resonance wavelength of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Dark-field scattering spectra (a) and dark-field images (b) of the
NPOM with 40, 60, 80, and 100 nm Au NPs. 1 nm Al,Oz was used as the
spacer layer. The scale bar, applied to all four images, is 2 pm. The inset
shows the scanning electron microscopy images of the Au NPs, and the
scale bars are 50 nm.

the 80 nm sample is closer to the detection limit of the CCD. A
small fluctuation in the size of Au NPs or the gap between the
Au NP and gold film, etc. will shift the plasmon resonance
outside the detection range of the camera. What’s more, the
doughnut shape of the 60 nm Au NP in the dark-field image
(Fig. 4b) makes it easy to be distinguished from others like
dust particles, which could further improve the signal-to-noise
ratio.

SERS-based immunoassay is another powerful tool for bio-
marker detection®® with high sensitivity.>’° It uses the
Raman intensity of the Raman molecules as the readout
signal, unlike the DFM-based immunoassay which used the
elastic light scattering as readout. To better show the priority
of the DFM-based immunoassay, we compare the sensitivity
and relative standard deviation of these two methods based on
an equal footing, since the NPOM configuration can also
provide an excellent enhancement for Raman molecules inside
the gap region between the Au NP and the gold film."'®>%>%°

Fig. 5a shows the SERS spectra recorded for different con-
centrations of human IgG. The detection range is from 0.1 to
10> ng mL™". The Raman bands at 1076 and 1587 cm™ " are the
characteristic peaks of 4-mercaptobenzoic acid (4-MBA) mole-
cules. Based on the definition of the limit of detection, the
limit of detection of the SERS-based immunoassay is only 0.1
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Fig. 5 (a) SERS spectra of the SERS-based immunoassay with different
concentrations of human IgG. (b) The plot of the particle density and
SERS intensity at 1587 cm™ as a function of the concentration of human
1gG. Error bars indicate the standard deviations from five measurements.
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ng mL ™", which is two orders of magnitude lower than that of
the DFM-based immunoassay. The reason for the lower sensi-
tivity is that the modification of Raman molecules on the
surface of Au NPs will reduce the number of active sites for
antibody conjugation.*! Besides, the monodispersity of Au NPs
becomes worse when the Raman molecules were added to the
Au NP solution, resulting in a decrease in the number of Au
NPs bound to the gold film (shown in ESI Fig. S37). Direct
comparison of the two methods is shown in Fig. 5b since both
data were taken from the same sample. It is clear that the line-
arity of the signal is higher when using the particle density as
readout than using the Raman intensity. In terms of reproduci-
bility, the relative standard deviations (obtained from repeated
measurements) of the peak intensity at 1587 cm™" are also
larger than that from the DFM-based immunoassay (Fig. 5b
and Table S2 in the ESIY).

Conclusions

A simple, low-cost, and sensitive biosensor based on a NPOM
system to quantify the concentration of biomarkers has been
proposed, by simply replacing the dielectric substrate in tra-
ditional DFM by a gold film. The coupling between the Au NPs
and gold film results in an increase in the scattering efficiency
of radiative modes and makes the Au NPs very bright in DFM.
The concentrations of the biomarker can be quantified by the
number of Au NPs immobilized on the gold film. A low limit
of detection of 1 pg mL™" (6.67 fM) and a broad dynamic
range from 107> to 10° ng mL™' were obtained, which is
superior to those obtained in the previous work based on
DFM. The specificity of the biosensor was also demonstrated.
Compared with the SERS-based immunoassay, the DFM-based
immunoassay is more sensitive and has a broader dynamic
range and better reproducibility. This biosensor could also be
used for the detection of other biomarkers, and the use of
different metal NPs (different sizes, materials, and shapes)
enables it to have multiplexed biomarker detection capabili-
ties. It has the ability to detect IgG and IgM antibodies simul-
taneously, e.g. for corona virus.

Experimental methods
Materials

11-Mercaptoundecanoic acid (MUA) and 4-mercaptobenzoic
acid (4-MBA) were purchased from Sigma-Aldrich. Thiol PEG
acid (HS-PEG-COOH, MW 3400), thiol PEG (mPEG-SH, MW
5000), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC), and N-hydroxysuccinimide (NHS) were pur-
chased from Aladdin Chemistry Co., Ltd (Shanghai, China).
Bovine serum albumin (BSA) and phosphate-buffered saline
(PBS, 1x, PH 7.4) buffer solution were purchased from
Beyotime. Human IgG (Catalog bs-0297P), mouse IgG (Catalog
bs-0296P), bovine IgG (Catalog bs-0326P), and goat anti-
human IgG antibody (Catalog bs-0297G) were purchased from

Nanoscale, 2021,13, 2429-2435 | 2433
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Beijing Biosynthesis Biotechnology Co., Ltd. Au NP solution
(40, 60, 80, and 100 nm diameter) was purchased from BBI
solutions. Deionized water (18.3 MQ cm™') was used in the
experiments. All other reagents were of analytical reagent
grade and were used without further purification.

Sample preparation

For the preparation of a gold film, a 10 nm-thick chromium
film was first evaporated on clean silicon wafers (0.7 x 0.7 cm)
through thermal evaporation deposition. The deposition rate
was kept at 0.5 A s™*. Then a 100 nm-thick gold film was evap-
orated, and the deposition rate was kept at 0.5 A s,

The process of preparation of antibody conjugated Au NPs
is shown in Fig. 2. First, 30 pL of 10 pM HS-PEG-COOH linker
was added to 500 pL of Au NP solution at room temperature.
After shaking for 30 min, 60 pL of 10 pM mPEG-SH solution
was added and stored at 4 °C for 12 h. Then the mixture was
centrifuged at 6000 rpm for 6 min to remove the excess
HS-PEG-COOH and mPEG-SH, and then resuspended in
500 pL PBS buffer solution. The carboxyl groups of
HS-PEG-COOH modified on Au NPs were activated by adding
5 pL of 50 mM EDC and 5 pL of 10 mM NHS solution and
reacted at room temperature for 1 h. Then the mixture was cen-
trifuged at 6000 rpm for 6 min to remove the excess EDC and
NHS and resuspended in 500 pL PBS buffer solution.
Afterward, 10 pL of 1 mg mL™' goat anti-human IgG was
added. After gently shaking for 2 h, the mixture was centri-
fuged at 6000 rpm for 6 min to remove the excess antibodies
and resuspended in 500 puL PBS buffer solution containing
0.033% BSA and stored at 4 °C for future use.

The process of gold film modification was similar to Au
NPs. As shown in Fig. 2, the gold films were first immersed in
1 mL of 10~> M MUA solution under continuous shaking at
room temperature. After 12 h, the gold films were rinsed three
times with deionized water. The carboxyl groups of MUA were
activated by immersing the gold films in a mixture solution
which contained 500 pL of 50 mM EDC and 500 pL of 10 mM
NHS solution. After 1 h, the gold films were rinsed with PBS
buffer solution and deionized water three times each. Then
30 pL of 1 mg mL™" goat anti-human antibody solution was
pipetted onto the gold film, and the gold films were sub-
sequently incubated in a humidity chamber at room tempera-
ture. After 2 h, the gold films were rinsed with PBS buffer solu-
tion and deionized water three times each to remove the
unbound antibodies. Subsequently, 30 pL of 0.033% BSA was
pipetted onto the gold film at room temperature for 1 h to
block these unreacted sites. Then the gold films were rinsed
with PBS buffer solution and deionized water three times each
to remove excess BSA.

The last step is to form the NPOM biosensor. The prepared
gold film was first immersed in 900 pL of human IgG solutions
at different concentrations under continuous shaking at room
temperature. After 2 h, the gold films were rinsed with de-
ionized water and PBS buffer solution three times each. Then
30 pL of the prepared antibody-conjugated Au NP solution was
pipetted onto the antigen-conjugated gold film and incubated
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in a humidity chamber at room temperature. Two hours later,
the gold films were rinsed with PBS buffer solution and de-
ionized water five times each, and then allowed to dry for
detection.

In the dark-field scattering spectral measurement of 40, 60,
80, and 100 nm Au NPs, a 1 nm Al,O; layer was grown on the
surface of the gold film through atomic layer deposition at
120 °C. Then different sizes of Au NPs were drop-coated onto
the substrate.

For SERS-based immunoassay, SERS nanotags were pre-
pared. The process of preparation of SERS nanotags is similar
to the preparation of antibody conjugated Au NPs mentioned
above. First, 3 pL of 107> M 4-MBA solution was added to
500 pL of Au NP solution and shaken for 10 min before adding
HS-PEG-COOH solution. Then the following steps remain
unchanged. The modification of the gold film is the same as
above. Lastly, 30 pL of the prepared SERS nanotag solution was
pipetted onto the antigen-conjugated gold film. After 2 h, the
gold films were rinsed with PBS buffer solution and deionized
water five times each, and then allowed to dry for detection.

Optical measurements

Dark-field images were obtained using a 100x dark-field objec-
tive lens (Olympus, NA = 0.9), a commercial illuminator
(Olympus BX51) with a dark-field specified module, and a
CCD camera (Tucsen, TCH-1.4CICE) under the irradiation of a
halogen lamp. Briefly, unpolarized white light from the
halogen lamp was directed by the illuminator and focused on
the sample by the 100x dark-field objective lens. Then the scat-
tering light from the Au NPs was collected by the same objec-
tive lens and directed onto the CCD camera for imaging or to a
spectrometer (Renishaw, invia) to record the dark-field scatter-
ing spectra. The integration time was 10 seconds.

Raman spectra were recorded on a spectrometer, using a
633 nm laser with a power of 2.8 mW as the excitation source,
in conjunction with a grating of 1800 lines per mm. A 20x
objective lens (Olympus, NA = 0.45) was used to collect the
Raman signal, and the diameter of the laser spot was 10 um.
The integration time was 10 seconds.

Simulations

Dark-field scattering spectral simulations were performed
using a commercial finite element method package, COMSOL
Multiphysics 5.2. The dispersive dielectric function of gold was
taken from the experimental data by Johnson and Christy®*
and the refractive index of protein and SiO, is 1.5. The dia-
meter of the Au NP in the simulation is 60 nm, taken from the
scanning electron microscopy images. The gap between the Au
NP and gold film is 1.3 nm. To simulate the scattering of the
NPOM and NP on the SiO, systems, a linear polarized plane
wave with an incident angle of 64°, which corresponds to the
NA of the objective (NA = 0.9), was first utilized to excite the
system in the absence of the Au NP. A periodic boundary con-
dition was used to mimic an infinite large background field.
Then, the scattering of the NPOM and NP on the SiO, systems
was excited by the background field. Time-averaged power flow
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was collected to simulate the far-field Rayleigh scattering
spectra.
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