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ARTICLE INFO ABSTRACT

Keywords: Respiratory viruses have consistently posed global health threats, a fact underscored by the COVID-19 pandemic,

N_an"Plasmonics which highlighted the urgent need for more effective screening tools. Early prevention strategies relied heavily

gfms on physical distancing due to limited knowledge about the virus and the absence of effective diagnostics, vac-
10Sensors

cines, or treatments. Although point-of-care testing (POCT) methods were eventually developed, their effec-
tiveness is constrained by the ability of the virus to mutate, rendering these tests less reliable over time. There is a
critical need for an alternative screening tool for respiratory viruses that can broadly detect virus particles and
remains unaffected by viral mutations.

In here, we introduce a nanopot plasmonic sensor (NPS) platform that meets these criteria. This sensor can
directly detect virus particles based on their nanoscale structural characteristics. Operating within the visible
light spectrum, the NPS platform captures artificial lipid enveloped viruses (ALEVs), resulting in visually
detectable color changes. These colorimetric changes and the sensor’s nanoscale size-selectivity were confirmed
through optical extinction measurements and simulations, which revealed the plasmonic origins of the sensor’s
high sensitivity. The broad detection capability and simplicity of measurement suggest that the NPS platform
could serve as an effective screening tool for future pandemic preparedness.

Nanopot structures
Localized surface plasmon resonance
Colorimetric assays

1. Introduction for over 6 million fatalities [2-5]. Sources indicate that one of the pri-

mary methods of transmission for these viruses is the inhalation of

Over the last hundred years, several respiratory viruses have posed
significant threats to public health, individual safety, and the global
economy. Some notable outbreaks include Severe Acute Respiratory
Distress Syndrome (SARS) in 2002, the swine flu outbreak (caused by
the H1N1 strain) in 2009, and the Middle East Respiratory Syndrome
(MERS) that emerged in 2012. A particularly impactful instance was the
COVID-19 pandemic, triggered by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [1]. In just three years, COVID-19
has resulted in over 400 million infections and has been responsible

airborne droplets or aerosols produced when infected people cough or
sneeze[6,7]. Additionally, touching surfaces contaminated by the virus
and subsequently rubbing one’s eyes, nose, or mouth can lead to
infection [8]. This rapid transmission capability means that curbing the
spread of such viruses early on is a key need.

At the onset of the pandemic, many nations shut their borders and
instituted a range of measures termed “social distancing”. These efforts
included limiting large gatherings, mandating face masks [9-11], pro-
moting air filtration [12,13], and implementing body temperature
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checks [14] within communities [15]. These steps were taken in
response to limited knowledge about the viral genetic makeup and the
absence of effective diagnostics or treatments. As the pandemic pro-
gressed, there was an urgent push to develop vaccines and therapeutic
drugs [16,17]. However, creating these solutions takes time, and some
individuals experienced side effects like fever, vomiting, and muscle
pain [18-20]. Moreover, genetic mutations of the virus can hinder
diagnostic detection coverage and also reduce the efficacy of existing
treatments or necessitate the creation of new vaccines and medications.

Point-of-care testing (POCT) methods using a surface acoustic wave
[21], microarray [22], electrochemical sensor [23,24], and micro-
fluidics [25,26] for detecting viruses have been developed due to rapid
detection time, high efficiency, low cost, and ease for operation [27-29].
In particular, optical POCT methods based on antigen-antibody in-
teractions [26,30,31], enzyme activation [32], aptamer [33,34], DNA
[25,35], and RNA [36] binding convert the virus signal to measurable
optical signals through colorimetric [25,31,37], fluorescence [36], and
localized surface plasmon resonance (LSPR) techniques [30,32,38,39].
Despite their utility, these POCT methods face significant challenges for
widespread public use, primarily due to their lengthy measurement
times and labor-intensive processes. Furthermore, during the early
stages of a pandemic, when detailed molecular-level information about
viral nucleic acids and structural proteins is not yet available, it becomes
particularly difficult to accurately identify infected cases. Drawing from
recent pandemic experiences, it is evident that there is a critical need for
the development of new technologies that can serve as interim measures
until more specific interventions—such as PCR testing, rapid di-
agnostics, prophylactic medicines like vaccines, and treatments—are
available.

Here, we demonstrate a simple and fast nanopot plasmonic sensor
(NPS) to detect viruses using its size (<160 nm) that does not require
processing such as labeling, antibody coating, extra electric power, or an
antifouling coating [40]. Specially, captured virus particles in the
nanopot induced a large change in light intensity and major peak shift
based on nanoplasmonic phenomena, which also caused the platform
color to change from reddish to greenish. We also examined the effects
of NPS surface coverage, nanopot shape, and the size of artificial lipid
enveloped viruses (ALEVs, 70 ~ 400 nm diameter) using a combination
of optical extinction measurement and simulation approaches. To
extend the practical feasibility of NPS, we further developed an inte-
grated analysis package consisting of a detector and software, including
user interface (UI), in order to obtain RGB values of the NPS platform as
a function of ALEV concentration. The size-based detection method
represents a valuable innovation, offering a quick, accessible, and cost-
effective tool for early pandemic response. This is especially critical in
the event of a new pandemic caused by an unknown virus.

2. Experimental section
2.1. Preparation of nanoplasmonic sensor with nanopot structure

The process began with the drop casting of UV cure resin RM-311
(Minuta Technology Co., Ltd. Korea.) on a nanohole patterned 8-inch
silicon master (nanohole diameter = 200 nm, depth = 100 nm, pitch
= 340 nm), which is prepared using electron beam lithography (e-beam)
combined with KrF(248 nm laser wavelength) photolithography. After
placing PET film on the resin, UV curing was performed for 90 s and then
1st replica was detached from a silicon master. The molding process was
repeated to form final stamp which is same as an original pattern of a
silicon master without pattern distortion [41]. Next, Au with 10 nm
thickness was deposited on the stamp using e-beam evaporation (Daeki
Hi-Tech Co., Ltd., Korea) at a deposition rate of 1.0 ~ 1.2 A/s under a
high-vacuum state of ~10~° Torr, and then nano-hole metal layer was
transferred to the target PET substrate by pressing at 160 °C and 6 bars
for 10 min. (Supporting information S1). Etching process using Asher
equipment (gas = O, flow = 50 s.c.c.m., power = 50 W ~ 200 W, Femto
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Science, Korea) generated nanopot structure due to the isotropic etching
[42].

2.2. Characterization of nanoplasmonic sensor

The sample images were obtained using SEM (S-4700, Japan) and
focused ion beam (FIB, Thermofisher, USA). AFM images and surface
roughness of PS and NPS were obtained using an NX-10 instrument
(non-contact mode, scan area = 1 ym x 1 um, scan rate = 0.6 Hz, Park
Systems, Suwon, Republic of Korea) with a cantilever (AC160TS, force
constant of ~26 N/m, Olympus, Germany). Optical extinction spectra of
PS and NPS were measured using a microplate reader (SpectraMax iD5,
Molecular Devices, San Jose, CA, USA). Bulk refractive index sensitivity
was measured by incubating PS and NPS in water—glycerol mixtures
with increasing glycerol fractions (0-40 % v/v). For practical test,
artificial saliva (SAE0149, Sigma-Aldrich, St. Louis, MO, USA) was used
directly to the sample and bovine serum albumin (BSA) protein (Milli-
poreSigma, Burlington, MA, USA) were prepared in 10 mM Tris buffer
(150 mM NaCl, pH 7.5). 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids dissolved in chloroform were acquired from Avanti Polar
Lipids (Alabaster, AL, USA). Vesicles were prepared by the extrusion
method, as previously described [43]. Aliquot of DOPC chloroform so-
lution containing 5 mg lipid was added into a glass vial and dried with
nitrogen gas to form a dry lipid film on the wall. Then, the vial was
stored in a vacuum chamber overnight to remove chloroform residues.
Next, 1 mL of Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.5) was added
to hydrate the lipid film to 5 mg/mL and the lipid suspension was vor-
texed for 3 min. Afterwards, the vesicles were extruded with a 100-nm
polycarbonate filter by passing the lipid suspension through a Mini-
Extruder (Avanti Polar Lipids) for a total of 11 times. The size distri-
bution of extruded vesicles was determined by dynamic light scattering
experiments using an ELSZ-2000 instrument (Otsuka Electronics Co.,
Ltd, Osaka, Japan), as previously described [44]. The average intensity-
weighted vesicle size was measured to be around 125 nm. Before the
experiments, the vesicles were diluted in Tris buffer to 0.2 mg/mL. For
visualization test, NPS was incubated with 0.3 mg/mL virus-like particle
solution for 4 h followed by extensive rinsing with MilliQtreated water.
After vesicle treatment was complete, the samples were incubated in a 2
% v/v aqueous glutaraldehyde solution, followed by water rinsing. The
samples were extensively dried, and then coated with a 10 nm thick
layer of gold with a JFC-1600 sputter coater (Auto Fine Coater, JEOL,
Tokyo, Japan) (20 mA, 60 sec). SEM imaging was performed using a
FESEM 7600F instrument (JEOL, Japan) with an acceleration voltage of
5 kV at different magnifications.

2.3. Finite-Difference Time-Domain (FDTD) simulation of nanoplasmonic
sensor

To perform the simulation, we set gold membrane (thickness = 30
nm) and PET film (thickness = 100 um) and perfectly matched layer
(PML) techniques was used to improve the efficiency of modeling
calculation for the nanohole array. The plane wave source used at this
work was a frequency of 524.637 THz with a pulse length (fs) of
2.65788, an offset (fs) of 7.53596, and a bandwidth of 449.689. The n
and k values of ALEV were extracted with Ellipsometry (Supporting
information S2).

2.4. Color analysis

The virus detection machine was composed of four main parts; a
standard illumination source, a camera, a rectangle frame, and software.
The dimensions of the frame were 16 cm x 20 cm x 24 ¢cm (L x W x H)
and it had black color blanket to block the incidence light from outside.
For an illumination system, a LED light (FTS-B-100X100-HSW, Triv-
ision, South Korea) and a digital 8 bit controller (FTS1-2250 M, Triv-
ision, South Korea) were placed on the bottom of frame. The camera
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(resolution = 1920 x 1080, Razer Kiyo Pro, Razor, Irvine, CA, USA) was
located on the top of the frame with distance controller. UI and driving
software were developed through Microsoft Foundation Class (MFC)
programming to analyze the visible region color of the plasmonic
biosensor. Standard RGB data from bare and ALEV treated sample
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images was collected and then the dark background and white hole in
total pixels of the film were excluded. The selected pixels were used to
calculate the average of the red, green, and blue values, respectively.
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Fig. 1. Nanoplasmonic sensor based on nanopot structure (NPS) for virus detection. (a) Comparison of conventional virus detection methods (IR temperature sensor,
PCR, rapid antigen kit) and our work. (b) Schematic of fabrication steps and operating principle of NPS. (c,d) SEM images of PS and NPS (Au mesh thickness = 28 nm,
nanohole diameter = 200 nm, pitch = 340 nm, depth = 100 nm). (e) Optical extinction spectra of PS and NPS before and after incubation with Artificial Lipid
Enveloped Virus (ALEV) containing solution at room temperature for 15 min. The red and black line with solid and dot in Fig. 1e correspond to photographs of PS and
NPS before and after incubation with ALEV contained solution. (f) Summary of maximum peak shift before and after ALEV incubation (n = 3).
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3. Results and discussion
3.1. Preparation of NPS

Fig. la presents a comparison of conventional methods, including
infrared (IR) thermometer, polymerase chain reaction (PCR) test, and
rapid antigen kits and the technology developed in this work, to detect
virus-infected individuals. The IR temperature sensor is widely used for
mass screening at airports, border crossings, and seaports during pan-
demics due to simplicity, rapid response, low cost, and non-physical
contact, but it has low accuracy by environmental conditions such as
distance, angle, and humidity [14]. PCR testing is the most accurate
technique to detect viruses directly using viral genetic materials
enclosed within the lipid envelope [28]. In general, it requires relatively
longer time (one hour to a couple of days) to obtain results due to
complex sample processing that depends on PCR type, primer, and
probe. In the case of Rapid Kit, we consider two perspectives, 1) Prep-
aration of POCT and 2) Simplicity of analysis process. That require lots
of time to discover genetic information of unknown virus and to develop
target antibody against virus. In the analysis process, sample collection
(e.g. swabbing method) from patient or infected people needs acces-
sories (cotton, gauze) and also causes pain by touching sensitive and
weak surfaces. It requires cell lysis step and reaction time for anti-
gen—antibody binding to produce color change [45]. Of note, PCR tests
and rapid antigen kits require genetic information about the virus strain
to design the primer or antibody. Compared to commercial methods, our
work demonstrates that NPS can directly detect the virus itself without
requiring additional processes such as cell lysis, DNA labelling, or
antigen-antibody binding interactions. This technology can lead to a
new virus collection method (e.g. breath analyzer) without complicated
and painful process [46].

Fig. 1b shows the fabrication and operating principles of the NPS
platform for virus detection. Briefly, after Au deposition on the template
with nanohole array, the Au nanohole array was transferred onto a
polyethylene terephthalate (PET) film using nanotransfer, which does
not require additional glue layer (See the details for the preparation of
the template in Supporting Information S1) [47].

Next, Oy plasma etching process forms the nano-scale cavity (nano-
pot) with 100 nm of depth and 250 nm of diameter underneath the Au
nanomembrane, which is bigger than typical virus size (~160 nm)
(Fig. 1¢). To identify the role of nanopot, we compared NPS to plasmonic
sensor (PS), which is a sample before Oy plasma etching in this study.
After etching process, the surface of the nanopot and Au nanomembrane
showed an increase in surface roughness, but there was no noticeable
distortion and thickness change of the Au nano patterns (Supporting
Information S3). The nanopot structure generates a change in the optical
spectrum such as position, extinction, and shape of peak in the visible
light range. For example, NPS showed a blueshift of the maximum peak
from 615 nm to 571 nm, and also a color change from blue to red
(Fig. 1e). The blueshift can occur due to the change in effective refrac-
tive index of the environment [32,39].

To characterize sensing capabilities, we measured bulk sensitivity,
which is an important criterion to evaluate the performance of nano-
plasmonic sensors [48]. NPS showed slightly improved bulk sensitivity
of 163 nm/RIU compared to plasmonic sensor (PS, 123 nm/RIU)
(Supporting Information S4). Furthermore, since most virus pandemics
are caused by membrane-enveloped viruses, we prepared 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) lipid vesicles as an artificial lipid
enveloped virus (ALEV) using the extrusion method and compared the
maximum peak position of the PS and NPS after ALEV coating (See the
details in Experimental Section) [49]. After ALEV incubation for 15
mins, the NPS platform showed a large maximum peak shift of 11.0 +
4.2 nm and noticeable color change from red to green as compared to the
value of 5.5 + 2.1 nm and neglectable color change for the PS platform
(Fig. 1f). We also tested nanoplasmonic sensors with various diameters,
pitches, and thicknesses of the Au nanohole patterns (diameter: 170 ~
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230 nm, pitch: 340 ~ 500 nm, thickness: 28 ~ 80 nm) (Supporting In-
formation S5-S9). Although all samples after O plasma treatment
showed 2 times higher maximum peak shifts than those of the bare
samples after ALEV coating, only Au nanohole pattern with 200 nm of a
diameter, 340 nm of a pitch, and 28 nm of Au thickness exhibited a
remarkable color change from red to green, which can be distinguished
even by the naked eye (Supporting Information S10-S12). The shape of
the nanopot structure also can affect the sensitivity of NPS, for example,
the optimized size of nanopot which can contain 2 ~ 3 ALEVs showed
the most effective sensitivity to generate a visible color change.

3.2. Origin of the plasmonic enhancement effect

We performed finite-difference time-domain (FDTD) simulations to
investigate the origin of the plasmonic enhancement effect based on the
nanopot geometrical specifics and ALEV capture (Fig. 2). To improve
accuracy, the design of the PS, NPS, and ALEV-captured NPS structures
for optical simulation were based on the geometrical and optical infor-
mation of actual samples, including diameter, height, and width of
nanopots and the refractive index (n) and extinction coefficient (k) of
ALEVs (Fig. 2d-f, Supporting Information Fig. S1 and S13). In the case of
PS, the light intensity at the edge of the Au nanomembrane that faced
the PET film was relatively strong compared to other regions (under-
neath of Au nanofilm) due to the short-range distribution of the electric
field (Fig. 2g and 2 h). After nanopot formation, the simulation result
showed 1.5 times higher light intensity at the edge of the Au nano-
membrane than that of PS due to the combination of the increase in
exposed surface area of the Au nanomembrane and the nanopores that
are smaller than the light wavelength, while the real optical spectrum of
NPS showed a decrease in the peak intensity. It is possible that the non-
rectangular shape of the Au edge and the relatively high surface
roughness of the Au nanomembrane and PET might contribute to the
decrease in light intensity [50]. In addition, the light intensity of the NPS
platform increased by up to ~ 1.6 times at the edge of the Au nano-
membrane depending the number of captured ALEV (Fig. 2i). The peak
shift due to ALEV capture was induced by the change in the external
dielectric environment and hence refractive index shift increase from air
to ALEV, which resulted in the experimentally observed maximum peak
shift increase [51,52]. Of note, the captured ALEV that exhibits a nano-
scale spherical shape also generated noticeable light intensity between
the edge of Au nanomembrane and ALEV, which could contribute to the
additional increase in peak intensity. As the number of ALEVs in the
nanopot increased from 0 to 3, there was also additional gradient
enhancement of the light intensity at the top and in the middle of the
nanopot (Supporting Information Fig. S14). This result indicated that
the combination of the nanopot and ALEV mainly affected the peak
intensity and the magnitude of the maximum peak shift, which resulted
in a large color change for virus detection. In addition, the repetition of
ALEV coating process and the high concentration of ALEV can produce
the significant color changes visible to bare eyes by increasing the
number of ALEV in nanopot.

3.3. Optical characterization of the NPS

To clarify the origin of the color change, we measured the maximum
peak shift of NPS using ALEVs with various diameters (70 nm, 100 nm,
and 400 nm) (Fig. 3a and Supporting Information S15). In the case of
400 nm ALEV, which is bigger than the diameter of the Au nanohole, it
induced only a 2.6 + 1.5 nm redshift in the maximum peak position.
However, ALEVs with 70 nm and 100 nm diameters that are smaller
than the Au nanohole yielded 17.3 + 0.6 nm and 14.3 + 0.6 nm
maximum peak shifts, respectively. To visualize the size-dependent
capture of ALEV, we placed NPS in DI water containing polystyrene
beads with diameters of 100 nm and 400 nm for 15 mins. After washing,
there was no 400 nm diameter bead in nanopot structure, but various
numbers of 100 nm diameter beads were observed inside nanopot
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Fig. 2. FDTD simulations for modeling plasmonic effect of NPS platform to detect virus particles. (a-c) Schematic of nanoplasmonic sensor structures for FDTD
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and the number of ALEVs in a nanopot.

structures (Supporting Information S16). Importantly, nanobeads
showed color change. This means that the samples containing nano-
particles with similar shape and size can produce false positive. To
overcome this issue, further research is needed to determine what the
kind of the nanoparticles are contained in saliva and breath. We also
used the lipid vesicles to visualize how ALEVs are captured in the
nanopots (Supporting Information S17). These results support that an
optimized nanohole diameter provides virus selectivity through size-
dependent control via a steric effect. To validate that the nanopot is
the key platform component contributing to the sensing detection, we
coated Au nanomembranes of PS and NPS with thiol-terminated
methoxy polyethylene(glycol) (mPEG-SH), which binds to the Au sur-
face only. Although NPS showed a slightly higher maximum peak shift
(4.5 £+ 3.5 nm) than that of PS (3.0 &+ 2.6 nm) due to the increase in the
surface area by the undercut etching, the difference between PS and NPS
is neglectable (Fig. 3b). This finding supports that the nanopot formed in
the PET film mainly contributes to the maximum peak shift rather than
binding to the Au surface.

Next, we evaluated the effects of adding Tris buffer, artificial saliva,
bovine serum albumin protein (BSA, dimensions = ~14 nm x 4 nm x 4
nm), or ALEVs to the NPS platform because biological specimens used
for screening often contain various foreign materials such as volatile
organic compounds (VOCs), exosome, and proteins in addition to viruses
(Fig. 3c and Supporting Information S18). Among the various

conditions, the ALEV coating induced the largest redshift in the
maximum peak with 12 + 0.6 nm, while Tris buffer, artificial saliva, and
BSA showed —5.0 & 0.6 nm, —8.3 &+ 0.7 nm, and 0.3 + 0.7 nm shifts,
respectively. Interestingly, BSA with 10 uM and 125 uM of concentration
showed similar redshift in the maximum peak. This result indicates that
small size (less than 7 nm) of particles could be minor effect on red shift
of peak. To measure the sensitivity of the nanoplasmonic sensor, we
tested various ALEV concentrations (i.e., 1.25, 12.5, 125, and 250 pM)
(Fig. 3d, Supporting Information S19 and S20). As the concentration
increased, the nanoplasmonic sensors showed a gradual increase in the
maximum peak shift from —6.3 + 0.8 nm to 11.6 + 1.3 nm. In addition,
we repeated the coating process, which involved incubating the sample
for 15 mins followed by washing 3 times with deionized water, up to 5
times with Tris-buffer, artificial saliva, BSA (10 pM), and ALEV (125
pM). All cases exhibited saturation after 2- or 3-times application of the
coating process and, in the case of the ALEV coating, it showed the
largest maximum peak shift (21.3 4 2.9 nm) and greenish color (Fig. 3e,
Supporting Information S21 and S22).

3.4. Colorimetric analysis using optical detection setup
To detect viruses in a systematic way, we developed an optical

detection setup, including an image capturing part (i.e., sample holder,
light source, power supply, and detector) and a processing part (i.e., a
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color analysis software) (Supporting Information $23). Fig. 4a shows an
illustration of the virus detection process and the corresponding change
in optical extinction spectrum. To avoid color distortion caused by light
reflection, the light source (10 cm x 10 cm) was placed at the NPS
backside (1 cm x 1 cm) and the detector captured transmitted light only
in dark condition. As a first step, we obtained a bare NPS image from the
detector and extracted color information according to the RGB color
scale (0 ~ 255), which are three primary colors of light. RGB value
means 256 levels of brightness from black (0, minimum light intensity)
to white (255, maximum light intensity). We selected the pixels in each
color value range of red (150 ~ 255), green (120 ~ 220), and blue (150
~ 255) from a total of 307,200 pixels in a single NPS image to minimize
noise. For example, the number of each color value range (0 ~ 149, 0 ~
119) means a sample holder part in the images that can affect the real
signals, and hence can be excluded.

Next, different ALEV concentrations (0 ~ 500 uM) were applied to
the NPS platform for 15 mins and washed with DI water thrice. After
ALEV-coated NPS images were obtained, we calculated color change
compared to the NPS platform without ALEV (Fig. 4b). As the ALEV
concentration increased, the blue color showed no noticeable trend
whereas the green color exhibited a gradual increase in the color change
but was still relatively small (—4.0 + 4.0 ~ 5.7 £ 0.7). However, the red
color showed a dramatic increase in the color change from —6.0 + 4.1 to
32.8 + 14.2 as a function of ALEV concentration. Pixel distribution of
red color before and after ALEV coating clearly showed a separated pixel
distribution (Fig. 4c-e). By contrast, the pixel distribution of green and
blue colors before and after ALEV coating was overlapped (Fig. 4f-k).
This result indicates that the red color is the most critical value to
analyze for virus detection using NPS compared to green and blue colors.
We also tested NPS using real virus samples from covid-19 patients (data
is not shown). It showed that the sensitivity and specificity of NPS are

93.8 % and 57.1 %, respectively (Cut-off value of color change = 8).

4. Conclusion

We have developed a systematic approach to detect viruses based on
a NPS platform. The buried nanopot structure is intentionally formed in
the nanohole area of Au nanomembranes on PET films and captures the
virus using its size only. Importantly, the significant change in peak
position of extinction spectra resulted from the captured virus and in-
duces a visible color change that can be analyzed by the optical detec-
tion setup. While other approaches that have demonstrated the high
selectivity using the molecular features of viruses such as viral proteins
or nucleic acids could be inactivated by genetic mutations, a unique
feature of the NPS in our work provides a long-term stability because it is
based on the size of viruses and additional processes such as labeling,
antibody coating, extra electrical power, or antifouling coating are not
required. In summary, our method can help to realize high accuracy and
fast speed virus detection via a simple and low-cost process and NPS
platforms could therefore lead to a new class of screening technologies
for broad spectrum virus detection in public spaces.
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Fig. 4. Colorimetric analysis for virus detection using NPS. (a) Illustration shows measurement process overview, including color detection, image capture, data
analysis steps, and principle of color change. (b) Summary of relative color change of NPS according to red, green, and blue color channels before and after in-
cubation with various ALEV concentrations. (c-k) Representative graphs show the pixel distribution as a function of color value in the range of 0 ~ 255 after in-
cubation in ALEV-containing solution with various ALEV concentrations (0 pM, 125 pM, and 500 pM).
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