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ABSTRACT: Plasmonic metasurfaces consist of metal−dielectric
interfaces that are excitable at background and leakage resonant
modes. The sharp and plasmonic excitation profile of metal-free
electrons on metasurfaces at the nanoscale can be used for practical
applications in diverse fields, including optoelectronics, energy
harvesting, and biosensing. Currently, Fano resonant metasurface
fabrication processes for biosensor applications are costly, need clean
room access, and involve limited small-scale surface areas that are
not easy for accurate sample placement. Here, we leverage the large-
scale active area with uniform surface patterns present on optical
disc-based metasurfaces as a cost-effective method to excite
asymmetric plasmonic modes, enabling tunable optical Fano resonance interfacing with a microfluidic channel for multiple
target detection in the visible wavelength range. We engineered plasmonic metasurfaces for biosensing through efficient layer-
by-layer surface functionalization toward real-time measurement of target binding at the molecular scale. Further, we
demonstrated the quantitative detection of antibodies, proteins, and the whole viral particles of SARS-CoV-2 with a high
sensitivity and specificity, even distinguishing it from similar RNA viruses such as influenza and MERS. This cost-effective
plasmonic metasurface platform offers a small-scale light-manipulation system, presenting considerable potential for fast, real-
time detection of SARS-CoV-2 and pathogens in resource-limited settings.
KEYWORDS: large-scale metasurface, Fano resonance, microfluidics, surface plasmon resonance, SARS-CoV-2, point-of-care detection

INTRODUCTION
Metasurfaces are metal−dielectric surfaces that interact with
light at subwavelength scale1,2 and enable unusual and
outstanding photonic behaviors at the micro/nanoscale, such
as optical chirality,3 negative reflection,4 ultraband reflection/
transmission,5 diffraction-limited focusing,6 polarization rout-
ing,7 anomalous diffraction,8 and asymmetric Fano response.9

The plasmonic properties of metasurfaces can be controlled by
using metal composites, changing the thickness of coating
layers, and engineering structural geometries.10−12 Different
geometries are commonly obtained by nanofabrication
techniques such as electron beam lithography,13 nanoimprint-
ing,14 ion-beam milling,15 laser-interference lithography,16

chemical synthesis, and self-assembly.17 Plasmonic Fano
resonant metasurfaces show asymmetric spectral shift due to
isolated metal atoms, which are found to be useful in
ultrasensitive biomolecule detection applications.18 Surface
plasmons of metasurfaces can exist when the free electrons of
nanostructures undergo certain oscillation conditions to couple
an external optical field.19 The resonant excitations of those
free electrons with response to an external optical field, known
as surface plasmon resonances (SPRs), are sensitive to the

surrounding medium and act as an optical sensor. Particularly,
SPRs in the visible/near-infrared region have been shown to be
of more interest in biosensing applications due to significant
light confinement based on slow down, which allows light
coupling to the free electrons in the surface. SPRs can be
generated from localized or propagated plasmons. For
example, localized SPRs can be generated from spherical
nanoparticles and nanoholes,20 and optical field distribution
can be explained based on the Mie scattering principle.
Similarly, the propagating SPRs can be generated from
waveguide modes through grating structures21 or plasmonic
gold-coated flat surfaces using prism coupling.19,22 Further,
terahertz (THz) plasmonic and toroidal metasensors are able
to improve classical nanophotonics and their biosensitivity
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with high accuracy and reliability in immunosensing
applications.23,24 Metasurfaces with high-quality factor (Q-
factor) resonance were studied in photonic crystal and
waveguide arrays. This is due to the well-known physics of
optically bound states in the continuum (BICs).25 Plasmonic
BIC metasurfaces found useful applications only in longer
wavelengths such as the THz regime, where optical losses by
metal are negligible, and they can be considered a perfect
conductor. However, BIC plasmonic metastructures in mid-
infrared or visible ranges remain challenging due to intrinsic
optical losses by noble metals (such as gold or silver).
Therefore, a hybrid BIC plasmonic system with minimum
radiation losses in the visible range was demonstrated based on
the combination of metallic grating and dielectric structures.19

Therefore, the light confinement and enhancement properties
of plasmonic nanostructures and integration with microfluidics
reveal a promising platform for next-generation biosensors.19,22

However, the fabrication of cost-effective, large-scale, and
uniform Fano resonant nanoplasmonic metasurfaces with
predefined optical properties remains a critical engineering
challenge. In particular, the requirements of a complex
nanofabrication infrastructure with trained personnel, time-
consuming processing steps, and bulky optical techniques limit
the widespread use of Fano resonant surfaces. Optical disk-
based metasurfaces were recently demonstrated as an
alternative approach that moves away from traditional silicon

substrates to plastic-templated platforms. An optical disk has
shown promising reproducibility and uniformity in precise
electromagnetic excitation at the nanoscale for rapid and cost-
effective biosensing applications, especially for the highly
sensitive detection of peptides, proteins, and viruses from a
variety of sample sources.18

Coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the most recent infectious disease-causing respiratory tract
illness to humans in a worldwide pandemic.26 Different
laboratory-based and clinical diagnostic techniques have been
used to detect SARS-CoV-2, such as paper-based lateral flow
assay (LFA), reverse-transcription polymerase chain reaction
(RT-PCR), quantitative RT-PCR, enzyme-linked immuno-
sorbent assay (ELISA), and isothermal PCR. RT-PCR is
considered the gold standard technique for the diagnosis of
SARS-CoV-2 in clinical samples.27 Being a highly sensitive
molecular assay of viral RNA detection, RT-PCR enables the
detection of SARS-CoV-2 with a minimum number of RNA
copies.28 However, RT-PCR diagnosis requires centralized
facilities limiting their use in remote or field locations.
Similarly, ELISA techniques, although useful, do not provide
quantitative diagnostic results while being less sensitive.
Therefore, cost-effective, rapid diagnostic tools for SARS-
CoV-2 detection with high precision within a limited time
frame in a resource-limited setting are urgently required in

Figure 1. Plastic-templated plasmonic metasurface sensor for SARS-CoV-2 detection and quantification. (A) NIAID BEI resource
procedures for SARS-CoV-2 sample collection, virus culture, and heat or gamma irradiation steps for inactivated virus preparation (further
details are available in the Materials and Methods section). (B) Surface plasmon resonance-based SARS-CoV-2 detection. (C, D) Optical
response of the proposed sensor is based on the resonance wavelength shift based on molecular binding that allows differential identification
of SARS, MERS, and influenza from their specific and nonspecific binding events.
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point of care (POC). Alternative biosensing tools have been
proposed to mitigate current diagnostic problems, such as
graphene-oxide-functionalized field-effect transistors (FETs),29

surface-enhanced Raman spectroscopy (SERS),30−32 and
localized surface plasmon resonance (LSPR).33,34 However,
LSPR optical systems are bulky and hard to deploy for the
POC and at resource-limited settings. Recently, an optical disc-
based portable biosensing platform has been reported for viral
detection, utilizing a number of chemical steps for surface
etching and clean-room access for coating plasmonic metal
layers.18 Further, previously optical disc-based biosensing
approaches have used bit-error measurements through a
commercial disc readout35,36 and surface-enhanced Raman
spectrum measurement using bulky equipment,37,38 which
limits their transportability for point-of-care detection or use at
resource-limited settings.

Here, we employ a cost-effective plastic-templated optical
digital versatile disc (DVD) as a large-scale metasurface to
detect and quantify SARS-CoV-2. We use commercially
available DVD surfaces, which are already coated with
plasmonic metal layers, thus avoiding previously reported
surface preprocessing.39,40 We demonstrate how the large-scale
metasurface platform integrated with a microfluidic system can
generate optical Fano responses when employed for SARS-
CoV-2 detection. These optical responses quantify molecular
(antibodies, proteins, and SARS-CoV-2 viral particle) inter-
actions and their binding to targets in real time. The Fano
spectral responses present high sensitivity (S = 1475 nm/RIU)
and figure of merit (FOM = 147), comparable with the
reported Fano metasurface with a spectrum in the visible
range.18,41−43 Further, the high sensitivity of the plasmonic
metasensors with exotic electromagnetic response of toroidal
dipoles was demonstrated to detect infectious virus surface
proteins.24,44 Platinum nanoparticle (PtNP)-based nanoprobes
have been used to capture and detect virus particles such as
hepatitis B virus (HBV) and Zika viruses (ZIKV).45 Similarly, a
thin metallic nanoaperture/pore-based optical platform has
also been used to detect specific single molecules and cancer
markers.19,20 Similar to other platforms, our metasurface-based
platform showed specificity and distinguished SARS-CoV-2
when compared with infectious particles from similar
respiratory RNA viruses such as Middle East Respiratory
Syndrome (MERS) and influenza virus. Overall, we demon-
strate (i) a cost-effective large-scale plasmonic metasurface
approach for real-time binding of antibodies, proteins, and
viruses to their respective targets (Supporting Information,
Table S1); (ii) spectral shift, interactions, and binding of
protein G with the SARS-CoV-2 antibodies (monoclonal and
polyclonal); (iii) selection of SARS-CoV-2 antibodies and
proteins based on their spectral binding and validation with
gold standard RT-PCR, ELISA, and dot blot techniques; (iv)
selectivity or specificity of SARS-CoV-2 antibodies and their
interaction and binding against influenza and MERS viruses;
(v) detection and quantification of SARS-CoV-2 viral particles
(heat-inactivated (HI) and gamma-inactivated (GI)); and (vi)
a label-free, optical platform to detect SARS-CoV-2. Therefore,
the plastic-template plasmonic metasurface presents a clear
potential for biosensing applications, such as SARS-CoV-2,
other infectious agents, and other viruses at POC and resource-
limited settings due to cost-effectiveness and device portability.

RESULTS AND DISCUSSION
Overall Plasmonic Chip-Based Real-Time Detection

Concept of SARS-CoV-2. We used heat- and gamma
irradiation-inactivated SARS-CoV-2 samples separately, ob-
tained from BEI Resource Center supported by National
Institute of Allergy and Infectious Diseases (NIAID), as shown
in Figure 1A (further details are available in the Materials and
Methods section). We used a plastic-templated optical disc-
based plasmonic metasurface with a built-in nano periodic
surface grating (spacing ∼750 nm and width (W) ∼450 nm) as
an optical platform to detect and quantify SARS-CoV-2
particles (Figure 1B).18 To demonstrate surface plasmon-based
biosensing response, we cleaned the already metal-coated
plasmonic optical disc-based metasurface and assembled it as a
custom microfluidic chip. Further details regarding surface
preparation and chip fabrication are provided in the Materials
and Methods section. The fabricated plastic-templated micro-
fluidic chip contains metal−dielectric waveguide strips that
excite multiple surface plasmon modes. When broadband light
is directed to illuminate the microfluidic plasmonic metasur-
face of the device, a plasmonic response is observed due to the
large-scale uniform surface grating structures.

We then employed this plasmonic chip for a single-step
detection and quantification of SARS-CoV-2 samples. We used
heat- and gamma-inactivated SARS-CoV-2 samples to verify
the sensitivity of our cost-effective detection platform. This
detection mechanism was based on layer-by-layer or step-by-
step surface modification through chemical processes to
capture and quantify biomolecules and virus particles (Figure
1B,C). For layer-by-layer surface functionalization, we start
with the formation of a gold:thiol interaction-based self-
assembled monolayer on our device’s gold surface by overnight
incubation in 11-mercaptoundeconoic acid (11-MUA). Then,
the carboxyl groups of 11-MUA are covalently functionalized
via N-(3-(dimethylamino)propyl)/N-hydroxysuccinimide
(EDC/NHS) chemistry. Similarly, EDC/NHS activation
helps with the binding of protein G to the device surface to
immobilize SARS-CoV-2 antibodies to capture the SARS-CoV-
2 viral particles for diagnostic applications. As broadband light
is directed toward the modified chip surface, optical resonance
can be observed in the reflected light. The resonance response
curve moves to higher wavelengths (red shift) as we
functionalize the metasurface microfluidic chip with bioanalyte
layers (Figure 1C). This optical plasmonic phenomena was
then employed for real-time detection of interactions and
binding of biomolecules with the surface. As the different
analytes flow from input tubing toward output tubing in a
microfluidic channel, decorated with a Fano resonant sensor as
its bottom channel layer, the resonance peaks shift to higher
wavelengths due to the higher refractive index in the
immediate vicinity of the metasurface as targets bind to the
surface. After washing, resonance peaks are unable to return to
their previous level, indicating the effective binding of
biomolecules including the virus particles with the surface
(Figure 1D). Therefore, layer-by-layer surface sensing with
target surface chemistry allows real-time monitoring of the
specific binding of mono- and multilayers of biomolecules and
virus particles, distinguishing them at the molecular level.

Surface Characterization and Optical Resonance
Validation. To observe and characterize the optical response,
a cost-effective and disposable microfluidic chip was fabricated
based on a plastic-templated plasmonic metasurface (Figure
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2A). The sample preparation and chip fabrication steps are
illustrated in detail in the Supporting Information (Figure S1).
The plastic-templated metasurface with broadband light
illumination shows scattering in a rainbow pattern due to a
large uniform nanostructure and color diffraction easily visible
to a naked eye (Supporting Information, Figure S2). This is
due to the reason that the plasmonic metasurface shows
excitation of bright modes and dark modes due to plasmonic
nanoscale surface grating structures. The scanning electron
microscopic (SEM) image shows a nanoplasmonic grating
structure with a uniform surface periodicity of ∼750 nm
(Figure 2B). To observe and characterize the optical response,
the fabricated microfluidic chip was illuminated with a
broadband light source and the reflected light was collected
for analysis. Figure 2C shows the schematic representation of
the experimental setups to measure the plasmonic response of
the plasmonic surface-based microfluidic chip. Further, an
experimental optical resonance curve followed with numerical
modeling shows excitation of optical modes due to light
interaction with plasmonic nanoscale surface structures
(Figures 2D and S3). The numerical modeling also shows
the electric and magnetic field top and side views with their
charge distributions at Fano resonance (Supporting Informa-
tion, Figure S3). Further details regarding chip fabrication,
optical setup, and numerical modeling are described in the
Materials and Methods section and Supporting Information in

Figure S3. Briefly, the devices are fabricated by laser cutting of
poly(methyl methacrylate) (PMMA) and double-side adhesive
layers, followed by attachment of these to the sensor area of
the DVD surface. The optical resonance field can be observed
with normal light illumination, and the experimental results
followed medium (n = 1.0 and 1.33) refractive index variation
(Figure 2D).

We measured the Fano response of the plastic-templated
metasurface through a customized optical setup (Supporting
Information, eqs 1−3, Figure S4). As we illuminated
broadband light onto the microfluidic chip with air medium,
we observed a dip plasmonic Fano resonance at 750 nm. The
medium-dependent optical Fano resonance shifting was then
observed by flowing deionized water (DI) through the
microfluidic chip, yielding an asymmetric plasmonic Fano
resonance peak at 530 nm (Figure 2D, Supporting
Information, eq 2). The shifting of the Fano resonance and
shape of the curve change due to the variation of the Fano
parameter or q-value. To verify the optical response as a Fano
line-shape, we evaluated resonance spectra through Fano curve
fitting (Supporting Information, Figure S5). We calculated
Fano fitting parameters [B, ωc, A, Γ, q] (definitions are
provided in the Supporting Information) as [42.67 ± 0.64, 750
± 0, 1.69 ± 0.11, 6.91 ± 0.21, 0.202] for air medium (n = 1.0)
first. Similarly, for water medium, we calculated Fano fitting
parameters [B, ωc, A, Γ, q] as [17.34 ± 0, 552.77 ± 0.0, 34.63

Figure 2. Optical characterization and bulk sensing of a plastic-templated plasmonic metasurface. (A) Plastic-templated plasmonic
metasurface-based microfluidic chip fabrication. Scale bar = 2.0 cm. (B) SEM image and surface morphology of a plastic-templated DVD
metasurface. (C) Optical setup to measure plasmonic resonance of the metasurface microfluidic chip. (D) Optical resonance response of the
plasmonic chip with air and water medium. (E) Resonance reflection and peak wavelength as a function of wavelength and glycerol medium
concentration (%) variation. (F) Resonance peak and dip wavelength shifting response as a function of time with glycerol concentration (%)
variation from 1% to 70%. (G) Real-time plasmonic response as a function of time with varied glycerol concentrations (%).
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± 0.6, 28.66 ± 0, 12.38 ± 0]. The results confirmed that, as the
medium changes, the Fano parameters change their values due
to resonance mode coupling or interference with the
background mode.

Further, to characterize plasmonic behavior of our metasur-
face, we used the glycerol concentration dilution series and
measured the corresponding bulk sensitivity values. As we
increased the refractive index (RI) of the dielectric medium,

the Fano resonance peak, dip, and middle point of the
asymmetric line-shape moved to higher wavelength values as
we increased the glycerol concentrations of the medium from
1% to 70% (Figure 2E). This occurs due to the increase in the
RI of the surrounding medium and the consequent increase of
the resonance mode decay. The waveguide’s modes and RI-
associated field decay were also studied numerically to explain
the resonance wavelength shifting.18 Fundamental transverse

Figure 3. Surface sensitivity measurements of the plastic-templated plasmonic metasurface to observe real-time molecular interactions and
its binding affinities. (A) Layer-by-layer surface functionalization of the surface plasmonic metasurface (SPM). (B) Real-time binding
response of multiple analytes, such as protein G, SARS-CoV-2 antibody, and antigen measured by optical readout. (C) Resonance
wavelength shift and binding as a function of protein G concentrations. (D, E) Real-time resonance wavelength as a function of SARS-CoV-2
antigen and antibody dilution.
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electric (TE00) and transverse magnetic modes (TM00) are
excited based on the waveguide dimensions and surrounding
RI medium. The TM00 shows maximum field intensity
interaction with the surrounding medium. Therefore, reso-
nance wavelength shifting is observed due to the variation in
the RI of the medium. As we increased the glycerol
concentration (concentration from 1% to 70%), the RI value
increased gradually from 1.33 RIU to 1.43 RIU. Both
resonance peak and dip values were thus shifted toward the
right (higher wavelength) as we increased the concentration of
glycerol percentage values (Figure 2E−G). To evaluate the
performance of the plasmonic sensor, we measured the
resonance peak/dip wavelength shift (Δλ) and their
corresponding full width at half-maximum (fwhm) due to RI
variation (Δn). The sensor’s sensitivity (S) and figure of merit
(FOM) can be defined as S = Δλ/Δn and FOM = S/
fwhm.41,46 As we changed the glycerol concentration from
1.0% to 70%, the concentration-dependent change in the RI
from 1.336 RIU to 1.428 RIU matched with the Fano response
curve shifts toward higher wavelengths. Due to RI variation,
the resonance peak moves from 529.94 nm to 571.02 nm, and
the peak from 496.09 nm to 528.82 nm. For small RI variation
(Δn ≈ 0.007 12), we have observed peak and dip wavelength
shifts of 4.03 and 7.69 nm, respectively. However, peak and dip
wavelength shifting shows high linearity (R2 = 0.99) with RI
variation. The linear fitting also shows a maximum sensor
sensitivity (S) of 1475 nm/RIU resonance dip wavelength
shifting. The fwhm or 3 dB bandwidth of the Fano resonance

at 750 nm derives a FOM of 147. Further, to observe the
longevity and repeatability of bulk sensing, we have repeated
the experiments at multiple times on different days (n = 5). We
have found similar optical response of the resonance
wavelength shift as a function of varying glycerol concen-
trations from 2.5% to 20% (v/v) (Supporting Information,
Figure S6).

Layer-by-Layer Real-Time Molecular Detection. To
build a highly specific detection platform on our photonic
plasmonic metasurface, layer-by-layer surface functionalization
was performed as illustrated in the conceptual block diagram
(Figure 3A). The multiple surface chemistry steps were
optimized to capture mono- and multilayers of biomolecules,
antibodies, and proteins (Figure 3B, Supporting Information,
Figures S6, S6). Finally, optimized chemical steps were used to
capture the surface protein of SARS-CoV-2 using anti-spike
antibody. Surface functionalization included EDC/NHS,
protein G, protein blocking agent, primary SARS-CoV-2
antibody, SARS-CoV-2 spike protein/SARS-CoV-2 viral
particles, and secondary anti-SARS-CoV-2 antibody. Detailed
chemical steps, incubation periods, and flow rates are defined
in Table S2 of the Supporting Information. Figure 3B shows
the real-time optical response of our plastic-templated wafer-
scale plasmonic metasurface upon capture of distinct
biomolecules, evidencing their binding after washing with
phosphate buffer saline (PBS) solution. Initially, the plastic-
templated metasurface chip with a gold surface was function-
alized with carboxyl groups through incubation of 11-MUA.

Figure 4. Device surface specificity of a plastic-templated plasmonic metasurface to differentiate influenza, MERS, and SARS-CoV-2. (A)
Western blot analysis of spike SARS-CoV-2 antibody and antigen interaction. (B, C) Dot blot image and quantification with different
dilutions and repetitions of heat-inactivated SARS-CoV-2-antibody interactions. (D, E) Real-time surface functionalization and specificity of
the plasmonic metasurface to differentiate influenza, MERS, and SARS-CoV-2. (F) Layer-by-layer surface functionalization through SARS-
CoV-2 antibody dilution to observe cumulative molecular binding affinity of MERS and SARS-CoV-2 particles.
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Afterward, EDC/NHS functionalization was performed by
flowing the solution through the chip to provide a stable
succinimide group on the metasurface that allows the binding
of amino groups for further functionalization with proteins (for
example, protein G). Protein G-coated surfaces allowed us to
immobilize the primary anti-SARS-CoV-2 spike antibody on
the devices, which could then bind to the spike protein antigen
of the virus and, in turn, with the secondary antibody.
Functionalization of our metasurface enables observing
molecular interactions, their binding, and consequent capture
through the Fano resonance shifting. During EDC/NHS (100
mM:100 mM) solution flow, a Fano resonance wavelength
shift of 0.22 ± 0.008 165 nm (mean ± standard error, n = 3)
was observed (Figure 3B). Similarly, as we flowed protein G
solution, primary anti-SARS-CoV-2 antibody (mAb), and
SARS-CoV-2 spike antigen through the microfluidic channel,
the cumulative Fano resonance shifts for each step were of 0.36
± 0.008, 0.66 ± 0.017, and 0.795 ± 0.0125 nm (mean ±
standard error, n = 3), respectively. Each chemical step was
followed by a thorough PBS wash before flowing the next
chemical solution. Atomic-scale molecular interactions and
their associated binding were observed at each step by
comparing the resonance wavelength shifting (before and
after PBS washing). We have also studied variations in protein
G concentrations from 25 to 1000 μg/mL and measured the
individual Fano resonance shifts during the molecular binding
events (Figure 3C). Lower molecular binding and resonance
wavelength shifting were observed at the lowest protein G
concentration of 25 μg/mL. Maximum Fano resonance shifting
was observed with 1000 μg/mL of protein G. However,
maximum molecular binding was observed with 500 μg/mL of
protein G through the microfluidic channel (comparing the
baselines before and after PBS washing) (Figure 3C).
Therefore, the optimal 500 μg/mL of protein G was used
for functionalizing the plastic-templated metasurface to capture
SARS-CoV-2 spike antibody. A study of protein G
concentration was also performed over time on the 50 to
500 μg/mL and validated the real-time resonance wavelength
shifting due to cumulative molecular binding with no visible
saturation (Supporting Information, Figure S8). We then
varied the concentration of anti-SARS-CoV-2 spike antibody
and SARS-CoV-2 spike antigen to observe their real-time
binding and spectral shifting (Figure 3D,E). As we increased
the concentration of analytes, the molecular thickness
increased gradually, causing the resonance wavelength shift
toward higher wavelengths. Similarly, a wavelength shift was
also validated using the ELISA-based technique through the
spike SARS-CoV-2 antibody and protein concentration
variation (Supporting Information, Figure S7).

Optimization of SARS-CoV-2 Binding and Specificity
Tests. SARS-CoV-2 presents three main types of surface
proteins�spike, envelope, and membrane proteins�as their
surface antigens. Among these, spike protein has been
considered predominant, for which several candidate vaccines
have been developed and administered in humans. Therefore,
we functionalized our plastic-templated plasmonic metasurface
with anti-spike SARS-CoV-2 antibody to capture SARS-CoV-2
via binding to the viral surface protein. We employed Western
blotting to confirm the specificity of antibody−antigen pairs
with the used anti-SARS-CoV-2 spike antibody and respective
spike protein antigen (Figure 4A). We confirmed our spike
SARS-CoV-2 antibody having strong binding with SARS-CoV-
2 spike protein (Figure 4A). Minimum binding responses were

observed with SARS-CoV-1 and MERS protein. Further, we
evaluated the binding affinity between anti-spike SARS-CoV-2
antibody with SARS-CoV-2 viral particles using a fast dot blot
analysis (Figure 4B,C) where we observed a virus dose-
dependent detection signal (30 × 106 to 90 × 106 copies per
μL).

To improve the specificity of the antibody and to reduce the
nonspecific interactions with other related viruses (SARS-CoV-
1 and MERS), we introduced a protein blocking agent (Pierce
protein-free (PBS), Product # 37584, Thermo Scientific) in
our system after the functionalization of protein G through the
microfluidic channel. Blocking solution passivates protein-free
metasurface areas and reduces the nonspecific binding of
nontarget molecules. However, the surface treatment with and
without blocking agent did not significantly affect the spectral
resonance shifting of anti-SARS-CoV-2 antibody (Supporting
Information, Figure S9). We have also evaluated spike SARS-
CoV-2 monoclonal and polyclonal antibodies of mouse and
rabbit sources and tested for their interactions with SARS-
CoV-2 antigen. We did not observe any major differences in
the binding response by these antibodies, indicating that they
have similar recognition ability for surface proteins of SARS-
CoV-2 (Supporting Information, Figures S10 and S11).

To assess the specificity of binding, we introduced a solution
containing the MERS virus in the microfluidic channel (Figure
4D). A small spectral resonance shift was observed with MERS
particles compared with SARS-CoV-2 prior to washing,
demonstrating specificity. In contrast, negligible binding of
MERS anti-SARS-CoV-2 antibody was observed after washing
the microfluidic channel with PBS. Yet, a strong molecular
binding of SARS-CoV-2 was observed after washing the
channel with PBS. Further, we increased the SARS-CoV-2
antibody concentration by 2-fold compared to the initial
concentration and showed the resonance wavelength shifting
of MERS and SARS-CoV-2 (Supporting Information, Figure
S12). A moderate level of nonspecific binding of MERS was
observed after the PBS washing but was significantly lower
than the specific binding signal observed with SARS-CoV-2
after the washing with PBS. To verify the specific binding of
SARS-CoV-2 antibody with SARS-CoV-2 antigen, we have
used influenza virus, MERS, and SARS-CoV-2 at the same time
(Figure 4E). No spectral shift or molecular binding was
observed with influenza virus. However, we observed a small
spectral shift and molecular binding with MERS virus
compared with SARS-CoV-2. MERS viruses may have spike
protein with some homology with the spike protein of SARS-
CoV-2. However, maximum resonance shifting with molecular
binding was observed with SARS-CoV-2 virus. Therefore, the
employed SARS-CoV-2 antibody enabled differentiating
influenza, MERS, and SARS-CoV-2 via their associated real-
time molecular binding and spectral shifting characteristics.
Further, we evaluated our plastic-templated functionalized
plasmonic surface with maximum anti-SARS-CoV-2 antibody
and varied the virus concentration of MERS and SARS-CoV-2
(Figure 4F). We observed increased cumulative resonance
wavelength shifting as a function of spike anti-SARS-CoV-2
dilution from 1:13 to 1:120. Maximum resonance (1.79 times
higher) wavelength shifting was observed with SARS-CoV-2
compared with MERS virus (Supporting Information, Figure
S12). Therefore, layer-by-layer surface functionalization of a
plastic-templated plasmonic metasurface was able to detect
their interaction and atomic binding in concordance with virus
concentration (Figure 5).
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Quantitative Detection and Capture of SARS-CoV-2
Particles. To verify the performance of the plastic-templated
plasmonic metasurface, we tested inactivated (heat (HI) and
gamma ray (GI)) SARS-CoV-2 particles using our cost-
effective optical detection platform. We functionalized the
plasmonic metasurface with all optimized concentrations of 11-
MUA (10 mM), EDC/NHS (100:100 mM), protein G (500
μg/mL), and anti-SARS-CoV-2 antibody (1:60 dilution of
stock). We have shown SARS-CoV-2 viral particle detection
through optimized layer-by-layer surface functionalization of
our plastic-templated plasmonic metasurface (Supporting
Information, Figure S12). Further, incubated (1 h duration)
anti-SARS-CoV-2 antibody was used to capture GI and HI
SARS-CoV-2 particles (Figure 5A,B). The stock gamma-

inactivated viral particles of 7.2 × 104 virus copies per
microliter in 1:20 dilution were used during GI SARS-CoV-2
experiments. The stock GI SARS-CoV-2 concentration was
further diluted to the required concentrations using PBS before
flowing them through the microfluidic channel. The real-time
response shows a Fano resonance wavelength shift from 533.96
to 532.1 nm due to the molecular binding of SARS-CoV-2
particles on the functionalized surface. Fano resonance
wavelength shifting and molecular binding were also observed
for HI SARS-CoV-2 particles (Figure 5B). For HI SARS-CoV-
2 viral particles, we used a stock concentration of 47 × 106

virus copies per microliter in 1:20 dilution for the experiment.
In our experiments, the GI SARS-CoV-2 virus showed higher
resonance wavelength shifting and molecular binding com-

Figure 5. Plastic-templated plasmonic metasurface for SARS-CoV-2 capture, detection, and quantification. (A−C) Real-time detection of GI
and HI SARS-CoV-2. (D, E) Resonance wavelength shifting due to logarithmic and serial dilution of the number of viruses. (F) Captured
SARS-CoV-2 on our plastic-templated plasmonic metasurface platform. Scale bars = 2 (left) and 0.5 μm (right).
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pared to HI SARS-CoV-2 virus particles. This could be likely
due to the denaturation of SARS-CoV-2 virus antigen upon
exposure to heat during inactivation compared to those
inactivated using gamma radiation, as the γ radiation promotes
random breakage of genomic biomolecules but not particularly
the structural integrity of the viral antigen.47 Further, we
measured the HI and GI SARS-CoV-2 virus copies by real-time
RT-PCR to correlate the results (Supporting Information,
Figure S13). The CT/Cq (cycle of threshold) value decreased
exponentially as we increased the number of virus copies. HI
SARS-CoV-2 particles show maximum Cq (approximately two
times) compared with GI SARS-CoV-2 particles at the same
input virus concentration. To understand this further, we have
observed real-time flow and incubation of GI SARS-CoV-2
particles (Figure 5C). Maximum resonance wavelength shift,
approximately 0.7067 ± 0.0345 nm, was observed due to the
binding of GI virus particles. Real-time Fano resonance
wavelength shifting was obtained as a logarithmic function of
GI virus concentration (Figure 5D). Continuous virus binding
was observed with decreasing dilution (increasing concen-
tration) ranging from 145 to 14.5 × 104 copies/mL. A linear
spectral response was observed due to the cumulative binding
of SARS-CoV-2 particles onto the nanoplasmonic metasurface.
Maximum resonance wavelength shifting was observed with
maximum dilution of stock concentration, 14.5 × 104 copies/
mL. Additionally, we also studied a sequential series of higher
dilutions from stock concentration (1:10 to 1:160) containing
SARS-CoV-2 viral particles ranging from 9 × 103 to 14.5 × 105

copies/mL. We validated and quantified the virus copies
through RT-PCR and their binding confirmation through
ELISA as shown in the Supporting Information, Figures S13,
S14. In the experiments, the Fano resonance wavelength shifts
in a stepwise pattern due to PBS washing steps between the
flow of two sequential virus concentrations into the micro-
fluidic channel (Figure 5E). All the SARS-CoV-2 dilutions
cause a maintained red shift due to molecular binding after
PBS washing. The SARS-CoV-2 viruses are captured randomly
at the waveguide surfaces and attached to the spacing between
them. The SEM image (Figure 5F) of the captured SARS-
CoV-2 virus confirms the highly sensitive capture of the
particles on the plasmonic metasurface platform. Further, we
also tested the longevity and repeatability of the device using
protein G (Figure S15), antibody (Figure S16), and SARS-
CoV-2 particles (Figure S17) at multiple times on different
days (n = 5 for each experiment), and the results are provided
in the Supporting Information.

CONCLUSIONS
We used a commercially available plastic-templated optical disc
as a large-scale cost-effective metasurface platform and showed
an effective biosensing application to detect and quantify
SARS-CoV-2 virus. The demonstrated plasmonic metasurface-
based biosensing platform is simple and less time-consuming
for nanofabrication or plasmonic material coating and does not
require clean room facilities. Our plastic-templated wafer-scale
metasurface sensor platform offers an inexpensive alternative
SARS-CoV-2 detection tool, can replace silicon substrate-
based metasurface fabrication techniques, and does not require
any expensive facility for nanostructure fabrication or sample
preparation. Additionally, we demonstrate how metal−
dielectric layers of the plastic-templated metasurface can be
excited at the optical mode to provide a plasmonic Fano
response, allowing detection of each analyte layer and

quantitative detection of SARS-CoV-2 particles. Some of the
limitations of our study are that we have measured only a
single point (∼1 mm radius spot size) from a large chip surface
(20 × 3 mm2), and surface nonuniformity may cause some
shifting of the reference wavelength (during the initial PBS
wash). Therefore, the virus can bind nonuniformly everywhere;
so to minimize nonspecific virus binding, we used a protein-
free blocking agent (further details are in the Methods and
Materials section). Furthermore, during the measurements, the
PBS signal was observed to stabilize over longer periods of
time, and this could potentially be resolved by replacing PBS
with other washing solutions such as osmotically balanced
buffers.48

Further, layer-by-layer surface chemistry functionalization
and real-time light−matter interaction are employed to
measure molecular interactions and binding of the antibodies,
proteins, and the antigens, including anti-SARS-CoV-2 anti-
body, SARS-CoV-2 spike proteins, and the intact viruses.
During the surface functionalization of our biosensing platform
with anti-SARS-CoV-2 antibody, we have observed nonspecific
binding of MERS spike protein due to its similarity to that of
SARS-CoV-2. Finally, we have validated our plastic-templated
Fano resonance metasurface detection platform with gold-
standard RT-PCR, ELISA, and dot blot techniques. The
proposed wafer-scale cost-effective metasurface platform was
evidently able to detect and quantify heat- and gamma-
inactivated SARS-CoV-2 viruses without any significant
nonspecific binding with influenza or MERS viruses. Overall,
we demonstrate a sensitive, large-scale manufacturable surface
biosensing platform using a simple, cost-effective, and
disposable plastic-templated metasurface-based microfluidic
device. This biosensing platform can be easily adapted for
addressing other current and future pathogens and to detect a
wide range of biological targets such as viruses, antibodies, and
proteins in POC and at resource-limited settings.

MATERIALS AND METHODS
Sample Preparation for Plastic-Templated Metasurface-

Based Microfluidic Biosensor Application. We have used a
simple procedure to fabricate a cost-effective, large-scale biosensing
platform for SARS-CoV-2 detection. We have used commercially
available blank DVD disks (1−16× speed, 4.7 GB, TDK) as a
plasmonic platform. The commercial DVD surface consists of
different subsequent layers, such as a plastic protection layer (top),
metal-grating layer, photoresist layer, and bottom polycarbonate
plastic layer. Briefly, we removed the top plastic surface of the DVD
and removed the PR layer by cleaning the DVD surface, having the
plastic-templated metasurface with plasmonic metal-coated surface
grating ready for microfluidic chip building. Finally, we assembled the
layers of PMMA, double-side adhesive, and the plasmonic metasur-
face to fabricate the microfluidic plasmonic chip ready for liquid
analyte (biomolecules) flow (further details are available in the
Supporting Information, Figure S1). The fabrication procedure of the
microfluidic metasurface-based plasmonic chip consisted of the
following steps: (i) top plastic removal by using a sharp blade, (ii)
cleaning the DVD surface with ethanol and methanol in equal volume
amounts (1:1) at 60 °C for 5 min on an electric hot plate (Corning
PC-420D), (iii) plasmonic metasurface surface washing with DI
water, drying with air flow, cutting with a laser or sharp blade through
the PMMA layer side, and attachment of the double-sided adhesive
layer according to the microfluidic chip design, and (iv) final assembly
of the microfluidic chip with the attachment of the input and output
tubing to form a plasmonic microfluidic chip for biosensing
applications (further details are available in the Supporting
Information, Figure S1).
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Surface Functionalization, Sensitivity, and Specificity of
SARS-COV-2 Detection. To measure the optical biosensing
performance of the plastic-templated wafer-scale metasurface, bulk
and surface sensitivity measurement techniques were performed. To
measure the bulk sensitivity of the metasurfaces, glycerol in DI water
was diluted (v/v) from 1% to 70% and flowed through the
microfluidic chip, measuring resonance wavelength shifting in real
time. To measure the surface sensitivity of the metasurface, layer-by-
layer surface functionalization was performed to capture SARS-CoV-2
antibody, protein, and virus particles. Surface functionalization of the
metasurface is based on subsequent chemical steps: (i) overnight (12
h) incubation of the metasurface inside the 10 mM 11-MUA (450561,
Sigma-Aldrich, MO, USA) solution to generate carboxyl groups. (ii)
Finally, the surface was washed with ethanol, dried through airflow,
and assembled into the microfluidic chip. The microfluidic chip
consisted of three layers: a top PMMA layer (thickness: 3.2 mm,
MacMaster Carr, Elmhurst, IL, USA), a middle double-side adhesive
(DSA) layer (thickness: 50 μm, iTapestore, Scotch Plains, NJ, USA),
and last a metasurface layer. A CO2 laser machine (VL-200,
VersaLaser, AZ, US) was used to cut the PMMA and DSA layers.
(iii) A mixture (1:1) of 100 mM EDC (03450 Fluka−Sigma-Aldrich,
MO, US) and 100 mM NHS (130672 Aldrich−Sigma-Aldrich, MO,
USA) was flowed through the microfluidic channel to produce
succinimide groups on the DVD metasurface. (iv) After the flow of
EDC/NHS, the chip was washed with PBS and protein G (Cat. #
21193, Thermo Fisher Scientific, MO, USA) was flowed through the
channel-bound succinamide groups with amine groups in protein G.
(v) After that, the protein-free blocking buffer (Cat. # 37585, 100 mL,
Thermo Scientific, MO, USA) was run through the channel. That will
reduce unbound protein G in our DVD metasurface to increase target
antibody binding. (vi) After washing with PBS, monoclonal spike
SARS-CoV-2 antibody (Sino Biological, Cat. # 40150-D003) was
bound to the protein G layer. (vii) Then, we captured the spike
SARS-CoV-2 antigen (Ray Biotech, Cat. # 230-20406-200) and
washed the microfluidic channel. (viii) Finally, we washed the
microfluidic channel with PBS, and polyclonal spike SARS-CoV-2
antibody (Sino Biological, Cat. # 40592-T62) was flowed through the
channel to confirm the binding of spike SARS-CoV-2 antigen. After
observing layer-by-layer surface functionalization to capture SARS-
CoV-2 antigen, we have also tested our platform with antigens/intact
viruses of influenza (H3N2, Bioworld 22060519) and MERS (Cat. #
NR-44260). We followed the same surface functionalization
procedure as mentioned above, steps (i) to (vi). After SARS-CoV-2
antibody functionalization, we filled the microfluidic channel with
influenza virus and washed the channel with PBS. After washing, we
flowed inactivated MERS virus through the channel and washed the
channel with PBS. Finally, we flowed the SARS-CoV-2 sample
through the channel and washed it with PBS. (Further details are
available in the Supporting Information, Table S2).

SARS-CoV-2 Sample Collection, Capture, and Real-Time
Quantification. We have obtained heat-inactivated SARS-CoV-2
(Catalog # NR-52286, Isolate USA-WA1/2020) and gamma-
inactivated SARS-CoV-2 (Cat. # NR-52287, isolate USA-WA1/
2020) virus samples from NIAID BEI Resources (order number:
IC2020-1784). SARS-CoV-2 sample collection procedures were based
on subsequent steps: SARS-CoV-2 samples were isolated and
collected through an oropharyngeal swab from patients. After that,
collected oropharyngeal swabs were mixed with sample buffer solvent,
and finally the SARS-CoV-2 samples were inactivated with external
heat or gamma-ray sources. Similarly, the complete genomic
information and other information about heat-inactivated SARS-
CoV-2, USA-WA1/2020, and gamma-inactivated SARS-CoV-2, USA-
WA1/2020, are also available at BEI Resources. We have diluted the
stock concentrations and flowed the solutions through the layer-by-
layer surface-functionalized DVD metasurface (same as surface
functionalization steps (i) to (vii)). As we flowed lower to higher
concentrations of SARS-CoV-2 samples, the optical response (Fano
resonance wavelength in nm) shifted to higher values, allowing us to
correlate it with the number of virus copies.

Optical Modeling. Optical properties of the plastic-templated
metasurface were modeled using a finite element-based computational
tool (CST Studio Suite). The 3D model structure was based on
nanoperiodic grating with periods = 750 nm, width = 450 nm, and
height = 250 nm. Further, single unit cell and periodic boundary
conditions were considered to reduce complexity and computational
time. The light was illuminated through an input port, and output was
measured through the output port. For simplicity, we considered a
plastic-templated grating structure based on polycarbonate (n = 1.58)
and decorated with gold (Au) material. The grating structure was
illuminated through a broadband light source, and reflected light
intensity was calculated as a function of incident wavelength. Finally,
electric and magnetic field distribution and their associated charge
distributions were observed at Fano resonance frequency.

RT-PCR, ELISA, Western Blot, and Dot Blot Based SARS-
CoV-2 Quantification. RT-PCR. We used an RT-PCR assay kit
designed against the nucleocapsid coding region of SARS-CoV-2 for
quantifying the viral RNA from heat- and gamma-inactivated viruses
obtained from NIAID-BEI Resource Center for determining the viral
titer. We followed the manufacturer’s protocol to perform the assay.
Further details are described in Table S3 of the Supporting
Information.

ELISA. We used ELISA for measuring the specificity of antibody
used in this study for functionalizing the Fano resonance sensor.
Sample functionalization and the measurement procedure were
described previously.49 We have functionalized a 96-well plate by
incubation at 4 °C overnight with 50 μL of recombinant spike protein.
The stock concentration of recombinant spike protein was 5 μg/mL
(expressed in E. coli) in 100 mM sodium bicarbonate buffer solution.
After the incubation period, we washed the plates three times with
PBS solution mixed with 0.05% Tween 20 (PBST). We blocked the
plate bottom surfaces with 100 μL of 1% bovine serum albumin in
PBST for 2 h of incubation. Further, diluted serum samples were
added sequentially and incubated for 1 h at room temperature. After
washing three times with PBST, samples were incubated at room
temperature with horse radish peroxidase (HRP)-conjugated
secondary antibody (1:5000) for 1 h. We washed the sample plate
three times with PBST and functionalized it with 100 μL of the
substrate TMB (3,3′,5,5′-tetramethylbenzidine)/H2O2 (BD Bioscien-
ces, San Jose, CA, USA) in a dark room for 20 min. Finally, the
substrate reactions were stopped by adding 100 μL of 2 N H2SO4. We
used a Tecan spectrophotometer to measure the optical density (OD)
at 570 nm wavelength, and the results are expressed as mean
absorbance ± standard deviation (SD). Further details are described
in Table S4 of the Supporting Information.

Western Blot Analysis. To test the specificity of antibody used in
this study for the Fano resonance sensor purchased from Sino
Biologicals, we used the spike protein of SARS-CoV-2 and SARS-
CoV-1. In brief, 100 ng of spike protein in 30 μL was mixed with 10
μL of 4× loading buffer (NuPAGE LDS), heated at 95 °C for 5 min,
loaded in 4−12% SDS-polyacrylamide electrophoresis gradient gel
(Thermo Fisher-Invitrogen, Waltham, MA, USA), and run at 80 V for
2 h. We then electroblotted the gels onto a nitrocellulose membrane
(0.2 μm pore size, Schleicher & Schuell, Keene, NH, USA). The
membrane was blocked with 5% nonfat dry milk in tris-buffered saline
containing 0.01% Tween-20 (TBS-T, pH 7.6) for 30 min and then
incubated with the anti-rabbit SPK monoclonal antibody overnight at
4 °C on a rocking platform for 24 h. The following day, the
membrane was washed with TBS-T, incubated with the 1:10 000
dilution of a peroxidase conjugated goat anti-rabbit IgG secondary
antibody (Rockland Immunochemicals, Gilbersville, PA, USA), and
allowed to rock for 2 h at room temperature. The blots were washed
three times in PBS-T, developed using Pierce ECL Western blotting
substrate (Thermo Fisher Scientific, Waltham, MA, USA), and
imaged with the IVIS Lumina III in vivo imaging system. Further
details are described in Figure S12 of the Supporting Information.

Dot Blot Assay. Further, we have employed the dot blot technique
to verify the binding affinity of our spike SARS-COV-2 antibody and
virus particle in nitrocellulose membranes. This naked-eye colori-
metric detection was based on the following subsequent steps: (i) The
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paper-based platform was prepared, sized and scaled to square
sampling boundaries (∼4 × 4 mm2) of the nitrocellulose membrane
(Bio-Rad, Cat. # 1620117) having a pore size of 0.45 μm. (ii) GI
SARS-CoV-2 were based on the number of virus copies to see their
colorimetric response. (iii) Different virus concentrations (2 μL
droplets) were deposited once, twice, and thrice at each square
boundary. (iv) The dry nitrocellulose membrane was immersed and
incubated for 30 min at room temperature with 5% bovine serum
albumin (BSA) (Sigma-Aldrich, Cat. # A2153) in TBS (Tris-buffered
saline, Cat. # 94158)-T (0.05% Tween 20) (Sigma-Aldrich, Cat. #
P7949) in TBS. (v) The nitrocellulose membrane was blocked and
washed with PBS overnight, then incubated at 4 °C with spike SARS-
CoV-2 primary antibody (mouse anti-spike, 1:500 dilution, Sino
Biologicals Cat. # 40150-D003-50) solutions. (vi) Finally, membranes
were washed three times with TBS-T and incubated for 1 h at room
temperature with secondary antibody (goat anti-mouse, alkaline
phosphatase conjugate, Invitrogen Cat. # G-21060, 1:1000 dilution).
(vii) Finally, the membrane was washed three times with TBS-T and
immersed in a solution containing AP-conjugate kit (Bio-Rad, Cat. #
1706432). The membrane was removed from the solution when the
dots became visible to the naked eye (20−30 min maximum) (further
details are available in the Supporting Information, Table S5).

Optical Setup and Biosensing Experiment. A customized optical
setup was used to measure the optical Fano response of our plastic-
templated DVD metasurface. This optical setup consisted of a
broadband light source (OSL2 fiber illuminator, Thorlabs, wave-
length: 380 to 800 nm), customized spectrometer (Ocean Optics,
HR4000+, resolution: ∼0.02 nm fwhm, wavelength range: 380−800
nm), light illumination subsystem (convex lens, optical polarizer,
shutter, input optical fiber), and light collection subsystem (convex
lens, shutter, output optical fiber). Light illuminated from the source
passed through the input convex lens, linear polarizer, optical shutter
(50 μm), beam splitter (50/50), and focusing objective lens (4×).
Incident light was normally illuminated on the DVD chip, and
reflected resonance spectra passed through the objective and beam
splitter and measured through the customized spectrometer.
Biomolecules or analyte was flowed through the input tubing of the
microfluidic chip using a syringe pump system. The Refractive Index
(RI) of the analyte/dielectric medium causes Fano resonance shifts
from left to right. Customized software was used to measure the peak/
dip (in nm) of the Fano resonance as a function of time (in seconds).
Therefore, real-time molecular interactions and their binding event
were measured using MATLAB-interfaced Omindrive software.

Statistical Analysis. Statistical analysis (median and standard
deviation of samples) was performed using Microsoft excel software.
Further details on the statistical analysis are discussed in the text and
figure captions. Normalization procedure involved taking the median
of the PBS washing steps before and after each molecular binding
event and taking the respective ratios.
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