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Gires—Tournois Immunoassay Platform for Label-Free
Bright-Field Imaging and Facile Quantification of

Bioparticles
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Hyeon-Ho Jeong, Dae-Hyeong Kim,* and Young Min Song*

Bright-field imaging of nanoscale bioparticles is a challenging task for optical
microscopy because the light—matter interactions of bioparticles are weak

on conventional surfaces due to their low refractive index and small size.
Alternatively, advanced imaging techniques, including near-field microscopy
and phase microscopy, have enabled visualization and quantification of the
bioparticles, but they require assistance of sophisticated /customized systems
and post-processing with complex established algorithms. Here, a simple
and fast immunoassay device, Gires—Tournois immunoassay platform (GTIP)
is presented, which provides unique color dynamics in response to optical
environment changes and thus enables the label-free bright-field imaging
and facile quantification of bioparticles using conventional optical micro-
scopy. Bioparticles on GTIP slow down the velocity of reflected light, leading
to vivid color change according to the local particle density and maximizing
chromatic contrast for high spatial distinguishability. The particle distribution
and density on the surface of the resonator are readily analyzed through 2D
raster-scanning-based chromaticity analysis. GTIP offers multiscale sensing
capability for target analytes that possess different refractive indices and
sizes.

provide in the COVID-19 pandemic era
caused by the SARS-CoV-2 coronavirus.?
Nanoscale bioparticles with low refractive
indices cause weak light-matter interac-
tions, making them difficult to be optically
observed.’! To address this challenge,
a variety of techniques have been used
to visualize nanoparticles, viruses, and
biomolecules including near-field optical
microscopy,®”] ultra-high-resolution
microscopy, 1% electron microscopy,-13]
and other recently developed imaging
and/or quantification techniques.>*23l
Although these methods provide excellent
resolution and quantitative information,
these conventional approaches to imaging
nanoscale bioparticles require sophis-
ticated and/or customized equipment,
complex data-processing algorithms, and
specialized personnel./%101417.211 Thege
prerequisites are particular limiting fac-
tors for the facile detection/quantification
of bioparticles in point-of-care settings or
resource-constrained settings.[2+-2¢

1. Introduction

Effective visualization and quantification of nanoscale sub-
stances are helpful techniques that photonic research can

Over the past few decades, advances in optics have enabled
the control of the speed of light propagating through opti-
cally dispersive media, thus presenting numerous opportuni-
ties for the utilization of light.”’] Slow light promotes strong
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light-matter interactions, which can also be exploited for
biosensing by allowing additional control over the spectral
bandwidth.?®)  Previously reported slow-light-based bio-/
single-molecular platforms mainly utilized nanovolume-scale
structures for the preparation of slow light, such as nanocavi-
ties in the surface-enhanced Raman scattering substrates.29-3
Meanwhile, as a simple structure for effectively controlling
light, Gires-Tournois (GT) resonators have been recently
studied as flat metasurfaces including dynamic phase-change
absorbers,3?l achromatic surface cloaking and lensing,?3 and
colored perovskite solar cells.3¥ However, despite the recent
emphasis on multiscale biointerfaces design,*” these strong
designable modulators have not yet been optimized for bioim-
aging requiring low-index viral particle detection.

Here, we present an intuitive and robust approach for the
label-free bright-field imaging and facile quantification of viral
particles (VPs) using a planar metacavity designed for slow-
light conditions. As a powerful and designable light-control
modulator, we utilized the GT resonator for inducing slow
light that promotes strong light-matter interactions.*l By har-
nessing its sensitive unity absorption properties,’*’] we designed
a GT immunoassay platform (GTIP) for label-free imaging of
SARS-CoV-2 VPs. For the non-infectious imaging test of SARS-
CoV-2, we prepared VPs by decorating the surface of SiO, nano-
spheres with SARS-CoV-2 spike proteins. Local clusters formed
from the VP droplets on the antibody-immobilized GTIP
were detected with distinct colors from the background. From
the cluster colors, particle counts could be estimated through
the 2D raster-scanning-based chromaticity analysis, and the par-
ticle distribution and density could also be successfully quan-
tized. Furthermore, during the analysis process, the slow light
effect according to the cluster shape of VPs and the resulting
chromaticity characteristics were derived using finite-difference
time-domain (FDTD) simulations, and thus the optimal design
according to various analytes could be presented. For practical
applications, the air-borne droplet detection using GTIP inte-
grated on a face protective mask was demonstrated.

2. Results and Discussion

2.1. GTIP for Bright-Field Imaging and Quantification of VPs

Figure 1 describes the proposed strategy for label-free bright-
field imaging of VPs. First, we employed the GT structure, a
planar resonator that can make a strong resonance without
nanopatterning and can be easily applied to a large area. The
proposed GT resonator has a tri-layer configuration with a
porosity (P,) of an intermediate layer to expand the design capa-
bility, which provides an optimal platform design according
to the refractive index and size of the analyte (Figure 1la;
Figure S1, Supporting Information for more details). By
adopting the tri-layer structure, the unity absorption is achieved
in a low-refractive-index medium similar to the target ana-
lyte, which is sensitive to analyte changes on its surface due
to the enhanced multiple interferences by the additional reso-
nant cavity. Visually, a large color difference with the analyte is
observed, allowing a facile colorimetric detection.*®! We present
an optimal design for bright-field imaging of SARS-CoV-2, in
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which the SARS-CoV-2 spike antibody is immobilized on the
surface of the designed GTIP to specifically capture the SARS-
CoV-2 spike protein (Figure 1b).

Second, as an artificial analyte that is structurally similar
to SARS-CoV-2, we prepared VPs by attaching SARS-CoV-2
proteins to silica nanospheres (Figure 1c). The 100-nm silica
nanospheres possess almost zero extinction through the whole
visible range, with a refractive index of 1.47, which is similar to
that of SARS-CoV-2 particles.?40 After dropping the prepared
VP solution onto the antibody-bound GTIP surface, the drop-
lets were locally dispersed by the high surface energy of the
hydrophilic surface during the drying process.*!l Meanwhile,
inside the droplet, VPs were vortexed by the Marangoni flow*?!
(Figure 1d; Figure S2, Supporting Information for more details).
The VPs initiate a cluster growth as a monolayer by recruiting
other particles at the air-solution interface. After the cluster
is formed, while moving following the surface fluid flow as a
whole, each cluster is allowed to combine with others through
a stochastic approach. VPs clusters are primarily formed from
monolayers at low concentrations.*}] At relatively high concen-
trations, clusters can be intermittently overlapped at the droplet
edge into form bi-layers*! (Figure S3, Supporting Information).
After evaporation of the droplet, the GTIP surface is rinsed in
buffer solution to remove non-specific binding (Figure S4, Sup-
porting Information).

Finally, the VP clusters on GTIP which are sensitive in
photopic vision by the slow light effect were colorimetrically vis-
ualized (Figure 1e; Figure S5, Supporting Information for more
details). GTIP provides visually distinct color changes when
analytes are present on its surface because outgoing light from
the resonator slows down while traveling through the volume
populated by analytes. This is due to the local effective medium
changes caused by VPs on the GTIP, which are designed to be
sensitive in the low-refractive-index media and result in the
change of the unity absorption condition. In the visible range,
the reflectance spectra of the cluster and background area are
clearly distinguished due to the shift of the resonance dip. For
quantification, a stitched image of the entire sensing area was
obtained by microscopic 2D scanning in a defined sensing area
(Figure 1f). The chromatic information of each cluster area was
extracted from the image array, and the cluster area was sepa-
rated by chromaticity analysis. Particle counts were then esti-
mated by matching simulated chromaticity results in the cluster
regions. Evaluated particle counts were summed for each unit
area to obtain the VP distribution over the entire sensing area.
By merging the density data over the entire sensing area, the
number density to estimate the concentration could be also
obtained.

2.2. Optical Modeling of the GT Resonator for Colorimetric
Visualization

Figure 2a illustrates a tailorable GT resonator for the colori-
metric detection and visualization, based on a tri-layer configu-
ration of SiO,/P-Ge/Au. The oxide layer (SiO,) was employed as
a low-refractive-index layer to interact with low-refractive-index
substances such as viruses, and the complex refractive index
layer (P-Ge) was inserted between the low-refractive-index layer
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Figure 1. Gires—Tournois immunoassay platform (GTIP) for bright-field imaging and quantification of VPs. a) Schematic of the structure and properties
of GTIP. b) Antibody immobilization for SARS-CoV-2 spike protein detection. c) VPs obtained by synthesizing SARS-CoV-2 and silica nanoparticles.
d) Schematic illustration of the viral particle movement in the droplet by Marangoni flow. Localized cluster formation by bursting the droplets during
the drying process. e) Colorimetric detection on SARS-CoV-2 particles with sensitive slow light in photopic vision. f) Cluster analysis using chromatic

information for quantitative sensing.

and the metal mirror (Au) to enable the resonant behavior of
the GT structure by multiple-beam interferences. Tuning three
design parameters sensitively, including the thicknesses (ts;o;
and t¢.) and P, of the layers involved in the complex interfer-
ences, leads to a tailored design for the strong resonance with
unity absorption on the low-refractive-index medium (see Note
S1, Supporting Information for the detailed design process).
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Basically, GT structures accompany group delays (GDs) due to a
nonlinear phase shift with resonant behavior. To maximize the
colorimetric behavior, the target wavelength was determined in
the chromatically sensitive range with the highest spectral sen-
sitivity (Figure S6, Supporting Information). To maximize the
slow-light effect, GDs of the GT resonators were calculated for
three design parameters, that is., tsj05, tge, and P, (Figure 2b;
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Figure 2. Optical modeling of GT resonators for colorimetric visualization. a) Schematic of the GT resonator with tunable design parameters. b) Group
delay (GD) of the GT resonator with different i, tsi0,, and P, for sensitive slow light. c) Reflectivity, phase, and GD of four GTIPs. Dashed and solid
lines indicate that the thickness of SiO, is 0 and 80 nm, respectively. d) Reflected power spectra and GD of GTIPs with SiO,/a-Ge and SiO,/P,-Ge for
different VP statuses (i.e., numbers and layers). e) Color difference (AE) with different t., tsiop, and P,. Closed white dashed lines refer to the most
sensitive designs, that is., high AE. f) Spatial AE of a-Ge GTIP and P,-Ge GTIP. Spatial reflected power spectra (bottom) and color representation (top)
of a-Ge GTIP and P-Ge GTIP. The illustration shows the morphologies of VPs. g) AE and derivatives of AE for P-Ge GTIP as a function of the refractive
index of VP (nyp). The diameter of VP (Dyp) is set to 100 nm. ‘LCC’ denotes a large color change. AE and the derivative of AE for P-Ge GTIP as a func-
tion of Dyp. The refractive index of SiO, was used for nyp. h) Universality of several GTIPs for various analytes with different refractive indices and sizes.

Figure S7, Supporting Information for more details). Based on
these results, we selected a GT design with a P, of 75%, a tc. of
60 nm, and a tg;o, of 80 nm, which shows the highest GD as an
optimal structure for the slow-light effect.

The reflectivity spectra indicate that the P-Ge-based GTIP
(red curves) exhibited the lower reflectivity than the amorphous
Ge-based GTIP (blue curves), regardless of the SiO, thickness

Adv. Mater. 2022, 34, 2110003 2110003 (4 of 10)

(Figure 2¢; top). In particular, the presence of the SiO, layer
leads to the significantly stronger absorption at a wavelength
of 526 nm. Figure 2c (middle) illustrates the phase changes of
four types of GTIPs. Although phase changes were observed
at each resonant wavelength, the GTIP with SiO,/75% P-Ge
displayed a notable phase change of approximately 7. Owing
to this abrupt phase change, the GTIP with SiO,/75% P-Ge
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served as a strong slow-light medium at a wavelength of 526
nm (Figure 2¢; bottom). Figure 2d shows GD and reflectivity
of GTIPs with VPs. Spectral variation of the slow-light effect
was exhibited by VPs in the P-Ge-based GTIP, whereas slow
light was rarely observed in the amorphous Ge-based GTIP. As
a result, the reflectivity spectra of the P,-Ge-based GTIP could
be clearly distinguished, depending on the VP distributions.

For colorimetric characterization using the GTIP, we calcu-
lated the color difference (AE) by adjusting the design parame-
ters tsioz tce and P, (Figure 2e). The detailed simulation results
and methods are shown in Figures S8-S11 and Note S2, Sup-
porting Information. The most sensitive GTIP designs, which
are marked with white dashed lines in Figure 2e, ranged from
a P, of 60-80%, a tgin, of 80-100 nm, and a t¢. of 60-80 nm,
including the optimal structure for slow light. Spectral and col-
orimetric analyses were conducted spatially by using the opti-
mized structure (Figure 2f). The GTIP based on P-Ge demon-
strated spatially classifiable reflected power spectra according
to the number and layer of VPs; thus, a bluish green color was
observed on the GTIP with a single VP and double VPs in con-
trast to the magenta color for the background. In the bi-layer
case, the expected color was greenish grey. The GTIP based on
P-Ge showed apparent color changes, and accordingly hue vari-
ations. The other substrates showed negligible color differences.

For universal applications of the GTIP, we calculated the
color difference and the derivative of the color difference for
several combinations of the design parameters of the GTIP. As
expected, the previously designed GTIP structure optimized for
the SARS-CoV-2 visualization exhibited a high color sensitivity
(i-e., large color changes (LCCs)) for the refractive index and
size of the SARS-CoV-2 VPs (Figure 2g). Different combina-
tions of the GTIP design parameters showed color sensitivities
(i-e., LCCs) in different ranges of the refractive index and size.
The results indicate that oxide layers with a low P, and a high
refractive index are more suitable for the high-refractive-index
analytes: P, and oxide layers with similar refractive indices
should be used to match the refractive index of the analyte, and
the detailed optimization is required depending on the analyte
size. The GTIP is therefore widely applicable, with potential
designs suitable for analytes with various refractive indices
(1.4-2.2) and sizes (10-1000 nm), including viruses, biogenic
particles, and metal oxides (Figure 2h; Figure S12, Supporting
Information for more details).

2.3. Particle Number Estimation by Cluster Analysis
with Chromatic Information

In the proposed system, VPs are usually formed as mono- or
bi-layers on the GTIP surface, given the Marangoni flow.
Interestingly, mono- and bi-layers show chromatic values
with completely distinct saturations in a limited hue range,
depending on the gap distance (Dg,,) between the individual
VPs (Figure 3a). Chromaticity values divided into two groups
(mono-layer and bi-layers) by chromatic analysis showed posi-
tive and negative correlations with the number of particles,
according to the changes in Dg,, (Figure 3b). Estimated values
are weighted against the chromatic values of mono-/bi-layers.
Bare GTIP areas show magenta, while GTIP areas covered by
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mono-layered VPs show bluish green, and GTIP areas cov-
ered by bi-layered VPs show greenish grey, which agree well
with the predictions of the numerical simulations (Figure 3c;
Figure S13, Supporting Information for comparisons with other
substrates). Because mono- and bi-layered VPs show clearly
distinguished colors, information of the colored areas can
therefore be directly converted into the numbers of VPs. The
chromaticity analysis in estimating the number of VPs is allow-
able for the morphological distribution observed in the target
analyte (Figure S14, Supporting Information). Additionally, in
the GTIP configuration for chromaticity analysis, the metallic
mirror layer can be replaced with some other metals instead
of Au (Figure S15, Supporting Information). This colorimetric
behavior, which is attributed to multiple reflections within the
GTIP, could be observed as distinct colors with a bright-field
microscope, while it was rather difficult to observe with a dark-
field microscope, and therefore the scattering effect was negli-
gible (Figure S16, Supporting Information).

For VP cluster analysis, we conducted cluster extraction and
particle estimation by analyzing the chromatic information of
the optical microscope images matched with scanning electron
microscope (SEM) images (Figure 3d.e). Cluster areas were
extracted by removing the background area from the hue range
obtained by comparing the calculation results with multiple
images taken under the same light source and experimental
setting (Figure S17, Supporting Information). Furthermore, in
the chromatic analysis, mono-/bi-layer areas present clearly
different saturation values, and thus the mono-/bi-layer areas
could be classified in the entire cluster area. Because the particle
distribution and color differences in each mono-/bi-layer area
exhibit positive or negative logarithmic correlations, respec-
tively, particle estimations could be conducted by weighting the
expected number of particles per a unit pixel according to the
color difference in each classified area (Figure S18, Supporting
Information).

From the representative pixel distribution results according to
the hue range, an overwhelming number of pixels were counted
solely within a specific hue range corresponding to the back-
ground color in the entire area. In the extracted cluster area,
pixels related to the particle distribution were counted over a wide
hue range (Figure 3f). In the case of clusters formed with the bi-
layer, most pixels were counted with various particle distributions
in the mono-layer, and only some areas were counted as bi-layer
pixels with relatively dense particle distributions (Figure 3g). To
ensure reliability, we repeatedly performed the particle number
evaluation for 50 clusters (Figure 3h). In the iterative process, we
optimized the particle number estimation by analyzing clusters
with various particle distributions in mono-/bi-layers (Figure 3i;
Figure S19, Supporting Information for more details). The esti-
mated number of particles for 50 clusters showed a high accuracy
and a strong linear correlation with the measured number of par-
ticles obtained from SEM images (Figure 3j).

2.4. Quantitative Measurement Using the Microscope Scanning
of the Entire Sensing Area
Figure 4a illustrates microscope-based scanning and chromatic

decoding process for the quantitative analysis. We defined the
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Figure 3. Particle number (N i) estimation by cluster analysis with chromatic information. a) Simulated colors and chromatic analysis depending
on the gap distance (Dy,p) of mono-/bi-layer VPs on GTIP. b) Estimated value weighting from color difference (AE) to the number of particles.
c) Measured/simulated color matching of mono/bi-layers and bare cluster #1 image. d,e) SEM image, microscope image, extracted cluster, and
estimated density of d) cluster #2 (mono-layer) and e) cluster #3 (bi-layer). Scale bar =1 um. f) Hue distributions of the entire area (top) and cluster
area (bottom). g) Niaricle distributions of the bi-layer (top) and mono-layer (bottom). h) Measured (red) / estimated (blue) number of particles with
different clusters. i) Averaged Np,picle of mono/bi-layers from different clusters. The data are presented as mean + SD, n= 50, ***p < 0.001. j) Scattered

dot plot of the estimated/measured particles.

sensing area (1 mm X 1 mm) through the patterning process,
and dropped a controlled amount of the viral solution (300 nL;
Figure S20, Supporting Information for the number of parti-
cles contained in the droplet) on the sensing area using a pump
with a micro-syringe (Figures S21,S22, Supporting Informa-
tion). After dropping and drying the viral solution, a stitched
image array (20 x 20) covering the entire area was obtained by
scanning the entire sensing area. Using a chromatic decoder
optimized in the previous particle-estimation process, only
color pixels in the cluster area were extracted by the elimina-
tion of the background in each pixelated image, and the particle
density was derived by weighting the estimated number of par-
ticles (Figure S23, Supporting Information).

By repeating the particle counting and density integration
in each unit image, the particle distribution and concentra-
tion were represented as a matrix-type heat map (Figure 4b;
Figures S24-S27, Supporting Information for details). At high
concentrations, particles are distributed sporadically over the
whole sensing area and densely distributed in some areas. In
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particular, bi-layers are frequently observed in the dense areas
where clusters are prone to stochastic overlap. At lower con-
centrations, clustered particles are locally distributed over the
whole area. The densely distributed area becomes increasingly
obscured, and bi-layers are rarely observable. At very low con-
centrations (i.e., 100 pg mL™), clusters are sparsely distrib-
uted, and both the number of cluster pixels and the estimated
number of particles show low values.

Figure 4c shows the derived number of particles for each
concentration, obtained through summing the number of par-
ticles over the entire sensing area (see Figure S28, Supporting
Information for cluster layer distribution). The GTIP exhibits
the linear detectability for SARS-CoV-2 VPs with a dynamic
range of 102-10° pg mL}, and is saturated below 100 pg mL.
However, biofluids contain complex and diverse mixtures of
circulating molecules that can interfere with the molecular
detection. We therefore conducted a selectivity test of the
GTIP using VPs of four types of analytes with various con-
centrations (Figure 4d), and evaluated their specific binding
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Figure 4. Quantitative measurement by microscope scanning of the entire sensing area. a) Schematic of the microscopic scanning and particle-
estimation process for the entire detection area. b) Cluster distribution in the sensing area with different concentrations (i.e., 50 ng mL™, 5 ng mL™,
500 pg mL™, and 100 pg mL™). ¢) Cluster counts in the entire sensing area with different concentrations. d) Selectivity tests with other viral proteins
were performed at each concentration. The data are presented as mean £ SD, n =3, *p < 0.05, **p < 0.01, and ***p < 0.001. e) Schematic illustration
of GTIP-attached face protection mask. f) Viral fluid spraying at droplet transmission distance (=1.3 m). g) Cluster pixel distribution of the viral fluid

spraying test (1 ng mL™).

behavior to the GTIP with the SARS-CoV-2 biomarker. The
results show that the GTIP specifically binds to SARS-CoV-2
at similar levels from high to low concentrations. Although
the GTIP shows some non-specific bindings to the analytes
genetically similar with SARS-CoV-2 (e.g., SARS-CoV and
MERS-CoV),[*! it shows a high selectivity to the analyte with

Adv. Mater. 2022, 34, 2110003 2110003 (7 of 10)

a completely different structure such as nucleocapsids, based
on immunoassay regime.

For the demonstration of practical applications of the GTIP
in daily life, Figure 4e shows a GTIP-attached face mask to
detect the droplet transmission by oral fluids, the main infec-
tion route of SARS-CoV-2. The GTIP surface was patterned
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with sensing areas (Figure 4e top inset), and viral droplets
were observed colorimetrically before evaporation due to local
adsorption to the sensing area (Figure 4e bottom inset; Figure
S29, Supporting Information for more details). We conducted
a viral spray test using a head model wearing a GTIP mask at
a distance of 3-6 feet (=1.3 m), which is a droplet transmission
distance between individuals at a high risk of infection through
conversation, coughing, and laughter (Figure 4f).l The VP
solution was sprayed at a concentration of 1 ng mL™ similar
to the viral copies of saliva obtained from patients.””] Due to
local adsorption of VP droplets sprayed on the detection area,
the distribution and expected number of particles in the detec-
tion area could be measured (Figure 4g).

3. Conclusion

By applying the GTIP to a typical bright-field microscopic
imaging procedure, we demonstrated that the VP cluster dis-
tribution and density can be determined in one-shot color
images by using the systematically classified pre-simulated
chromaticity data set. This strategy can have important
implications in terms of presenting a simple but powerful
alternative to previously-reported imaging and quantifica-
tion methods using separate fluorescent or plasmonic labels
(Table S1, Supporting Information). Meanwhile, to determine
the presence of single nanoparticles and viruses, ultrasensitive
detectors are necessary such as evanescent biosensors based
on optical resonators*®l and nanowaveguides,*! on the other
hand, our technique does not transcend the optical diffraction
limit to increase the spatial resolution. Thus, it cannot replace
ultrahigh-resolution microscopic techniques but instead can
significantly improve the chromatic contrast in the bright-
field bio-imaging that enables the quantification of nanoparti-
cles over a large sensing area. Moreover, compared to existing
SARS-CoV-2 diagnostic methods, the proposed method ena-
bles a rapid detection of SARS-CoV-2 without extra sample
treatments, such as amplification and labeling. The GTIP
also enables more intuitive colorimetric detection than elec-
trochemical-based methods by immobilizing single antibodies
to the surface without complex immune bindings (Table S2,
Supporting Information).

In more detail, the GTIP provides following advantages
over conventional approaches. First, no specialized devices are
required to perform GTIP experiments. Its optical design allows
for the color change to be observed with a standard bright-field
microscope available in most laboratories after simply placing
the analyte on the surface of the GTIP. Second, the GTIP ena-
bles the selective and diverse analyte detection from a single
experiment. By applying different specific target antibodies to
an array of multiple sensing areas, the repetitive detection pro-
cess for different analytes is eliminated. Third, the immune-
binding is not the only route for the detection of analytes in
the GTIP. As long as any binding agents can be attached to the
surface, the GTIP can provide the amplified light-matter inter-
actions with the analyte. Lastly, the proposed analytical strategy
may be applied to the fluid dynamic monitoring of analytes
with concentrations of analytical particles sprayed in air or dis-
persed in various forms on surfaces.
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As with existing techniques for profiling single particles or
particle clusters, chromatic data from GTIP are still sparse.
As a caveat, since the binding of GTIP is based on a well-
known immunoassay, the possibility of non-specific binding
of similar structures or completely different components in
addition to the target analyte cannot be completely excluded.
We aim to improve this issue in the future by developing a
number of differently designed assay arrays. In addition, a
fully automated microscope scan setup and advanced chro-
maticity analysis algorithms such as deep learning may
also reduce analysis time, and customized mobile phone
microscopy with a dedicated app would also allow the GTIP
to be easily used as a self-diagnosis kit for general users.>"
Despite current limitations, the GTIP still works as an inval-
uable tool for imaging viral analytes and quantifying their
density in air (i.e., concentration in droplet). We further
envision that the GTIP holds great potential for multiscale
imaging of analytes with various refractive indices and sizes,
without special treatments.

4. Experimental Section

Fabrication of the GTIP: The GTIP was prepared in two steps by:
i) producing porous resonant optical layers and ii) functionalizing
the surface with antibodies. First, to classify the sensing area,
photolithography and etching were performed on a single-side
polished silicon (100) wafer (used as a supporting substrate). An array
of squares (1 cm?) was patterned with positive photoresist (AZ 5214),
and the remaining part was etched to depths of 700 nm using reactive
ion etching (PLASMALAB 80 PLUS, Oxford, USA). Thin film layers of
Au reflector and P-Ge were sequentially deposited on the patterned
area by electron beam evaporation (KVE-E2000, Korea Vacuum Tech
Co., Korea) under high vacuum conditions (=10 Torr). Au was
evaporated at an angle normal to the surface, and the P,-Ge layer was
deposited after mounting the substrate on a tilted sample holder at
70°. The substrate was flipped to form a uniform surface at half of
the target thickness (60 nm). Sequentially, an 80-nm SiO, passivation
layer was deposited by plasma-enhanced chemical vapor deposition
(System 100, Oxford, USA). As a second step, oxygen plasma
treatment was performed for 10 min to activate the surface by forming
a hydroxyl group. The plasma treated substrate was then immediately
soaked in 5% polyethylene glycol (PEG) 400 solution (w/w in 95%
tetrahydrofuran) for 30 min. Subsequently, samples were dried at 80 °C
for 20 min. The PEG-coated surface was immobilized by immersing in
100 ug mL™" 1gG (Anti-Spike-RBD-hlgG1, InvivoGen, USA) for 30 min
at room temperature. To avoid nonspecific interactions, this PEG-1gG
surface was incubated with 1% bovine serum albumin (BSA) solution
20 mg mL™" (BSA solution, Biosesang, Korea) at room temperature for
20 min.

Synthesis Process of VPs: 1 mg mL™ colloidal solution of silica
nanoparticles (100 nm in diameter, Sigma Aldrich) was centrifuged and
washed with ethanol (0.3 mL) and MilliQ water (1 mL) three times.
The nanoparticles were then dispersed in 50 UL of 1% 3-aminopropyl
triethoxysilane (APTES 99%, Sigma Aldrich) in 99% ethanol to
cover their surface with amino functional groups overnight at room
temperature. After washing with ethanol and water, the particles were
immersed in a 10% glutaraldehyde solution (diluted with 50 mm PBS)
and stored for 3 h, followed by antigen (50 ug mL™) injection (Spike-
RBD-His, InvivoGen, USA), and then stored overnight at 4 °C.

Quantitative  Test of VPs  Functionalized —with ~ SARS-CoV-2:
VP solutions were diluted in PBS at different concentrations
(100 pg mL7-500 ng mL™). Each solution (300 nL in volume) was
injected into each sensing area of the GTIP via a gastight micro-syringe
(Legato 210, KD scientific Inc., USA). After evaporation of the solution,
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GTIP was rinsed with PBS solution for 30 s and with DI water for 10 s to
remove non-specific binding.

Optical Analysis (Bright-Field Imaging and Stitching): Optical bright-
field images were acquired a 100x objectives lens (MPlanFLN, Olympus,
Japan) using a CMOS camera (STC-MCCM200U3V, OMRON SENTECH,
Kanagawa, Japan) with a maximum frame rate of 35.8 fps. Under a white
LED lamp as a continuous light source, the exposure time required
to acquire a single image was 27.5 ms. The imaging field of view was
169 um x 141.4 um in a single image acquisition. A motorized scanning
stage with a maximum travel speed of 50 mm s™' was used to scan the
sensing area. To scan the sensing area, a motorized scanning stage with
a maximum travel speed of 50 mm s~ was used. Given the exposure
time and travel speed, raster scanning over an entire area defined as
1 mm X 1 mm took about 12 s at full speed with 20 x 20 shots at 50-um
intervals. The acquired images over the entire sensing area were stitched
using an automated algorithm in the software MATLAB (MathWorks,
USA).

Optical Calculation: FDTD in the commercial software (FullWAVE,
RSoft Design Group, USA) was used to calculate the amplitude and
phase of the reflected light from the CAD-modeled GTIP. In this
simulation, perfectly matched layer domains were used in the x/y/z
directions, and the grid size was set to 5 nm for high accuracy. In
addition, to obtain accurate output, material dispersions and extinction
coefficients were considered. The custom-designed code using MATLAB
(MathWorks, USA) was also used to calculate both the effective complex
refractive indices based on volume averaging theory, and the chromatic
information from the reflectance.

Statistical Analysis: All data were presented as mean £ SD and
analyzed using one-way analysis of variance and Tukey's post hoc tests.
Statistical significance was determined as NS (not significant, p > 0.05),
* (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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