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ABSTRACT: This paper presents a sponge-based electrochemical
sensor for rapid, on-site collection and analysis of infectious viruses
on solid surfaces. The device utilizes a conducting porous sponge
modified with graphene, graphene oxide, and specific antibodies.
The sponge serves as a hydrophilic porous electrode capable of
liquid collection and electrochemical measurements. The device
operation involves spraying an aqueous solution on a target surface,
swiping the misted surface using the sponge, discharging an
electrolyte solution with a simple finger press, and performing in
situ incubation and electrochemical measurements. By leveraging the
water-absorbing ability of the biofunctionalized conducting sponge,
the sensor can effectively collect and quantify virus particles from the
surface. The portability of the device is enhanced by introducing a

push-release feature that dispenses the liquid electrolyte from a miniature reservoir onto the sensor surface. This reservoir has sharp
edges to rupture a liquid sealing film with a finger press. The ability of the device to sample and quantify viral particles is
demonstrated by using influenza A virus as the model. The sensor provided a calculated limit of detection of 0.4 TCIDS0/mL for

HINI virus, along with a practical concentration range from 1—

10° TCIDS0/mL. Additionally, it achieves a 15% collection

efficiency from single-run swiping on a tabletop surface. This versatile device allows for convenient on-site virus detection within
minutes, eliminating the need for sample pretreatment and simplifying the entire sample collecting and measuring process. This
device presents significant potential for rapid virus detection on solid surfaces.

KEYWORDS: virus sensor, electrochemical sensors, microfluidics, conducting polymer, graphene sponge

B INTRODUCTION

The emergence of viral infections in respiratory diseases has
significantly impacted both human health and porcine
production. In the United States, a key example is the porcine
reproductive and respiratory syndrome virus (PRRSV), which
has led to increased productivity losses." Similarly, influenza A
virus (HIN1) has resulted in widespread human infections.”
These respiratory viruses can become airborne and spread via
aerosols generated by respiratory activities and can replicate
and shed before symptoms become apparent.” Activities such
as talking, coughing, or laughing can disperse aerosols, which
can remain suspended in the air and then settle on surfaces.”
Consequently, contact with these contaminated surfaces can
lead to infections. Viral infections can also be transmitted
through tainted food, water, and sewage, highlighting the need
for timely virus surveillance and preventative strategies.
While traditional virus diagnostic methods, such as reverse
transcription-quantitative polymerase chain reaction (RT-
gqPCR),° enzyme-linked immunoassays (ELISA),” immuno-
blotting,® and immunofluorescence assays,” are widely used for
identifying various respiratory viruses, they have several
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limitations. The ELISA method, for example, requires costly
and laborious antibody production, making large-scale use
challenging.10 Similarly, the RT-PCR method, while sensitive
and specific, requires careful handling of RNA samples to
prevent degradation, making it unsuitable for rapid on-site
testing.ll Furthermore, these traditional methods necessitate
specialized equipment and highly trained personnel, escalating
costs, and restricting accessibility. Therefore, there is an
increasing need for rapid, affordable, and scalable diagnostic
procedures for the on-site detection of respiratory viruses.
Portable virus sensors utilize a variety of approaches, such as
optical,12 electrochemical,"® isothermal ampliﬁcation,14 micro-
electromechanical—system,15 giant magneto—resistive,16 molec-
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Figure 1. (a) Schematic of a portable virus sensor composed of a sponge-based electrochemical cell equipped with penetrating sharp edges. The
cell is incorporated with a compact liquid reservoir holding a presealed electrolyte solution. (b) Diagram of the sponge electrode constructed from a
silicone-based porous elastomer functionalized with graphene, reduced graphene oxide, and antibodies specific to the target virus. (c) Diagram of
the device operational procedures that involve spraying an aqueous solution on the surface, swiping the misted surface with the sponge, releasing
the electrolyte solution, and executing the incubation and detection of the virus within the electrochemical cell.

ularly imprinted polymer,'” and paper-based microfluidic-
based'®*! methods, to detect viruses like influenza,**
dengue,23 SARS-CoV-2,>* and Zika.> Among these methods,
electrochemical sensors stand out for their high sensitivity and
fast response and utilize specific interactions between viral
particles and receptors such as antibodies and aptamers on
sensing electrodes.”® Surface modification with biofunctional-
ized materials such as silicon nanowires,”’ graphene,28 carbon
nanotubes,” quantum dots,”” and many nanocomposites®" are
often incorporated to enhance the sensitivity of electro-
chemical sensors.

Different sampling technologies accompany virus detection
methods to collect virus particles from diverse environ-
ments,>>.>* Devices like electrostatic air samplers,34 bioaerosol
cyclones,® and impingers36 are used to collect airborne virus
particles and other contaminants. Filtration and ultrafiltration
are often employed for sampling viruses in water, while
centrifugation can separate virus particles based on size and
density.”” Also, surface sampling typically involves sterile
swabs,”® cleaning cloth,”” and tape-lift sampling.*" Despite
these advances, there has been a limited effort to integrate
sampling and sensing into a device for on-site detection and
surveillance of viruses that settle onto hard surfaces as aerosols.

This paper reports a portable electrochemical virus sensor
that utilizes a conducting sponge-based platform for the rapid
and specific detection of viruses on hard surfaces. The device
can directly collect samples from the hard surface, dispense
liquid electrolytes by a finger press, create specific antigen—
antibody bonds on the surface of scaffolds, and conduct
electrochemical measurements to quantify the target virus. The
porous sponge can absorb water from the misted hard surface,
transporting virus particles into the sponge. Upon contact with
the interior surface of the sponge, the virus particles bind to

the biofunctionalized surface through the formation of
antigen—antibody immunocomplexes. Moreover, a push-
release mechanism is employed to discharge a presealed liquid
electrolyte onto the sensor surface. The entire process, from
moistening the hard surface to receiving results, takes several
minutes. The effectiveness of the sensor is demonstrated using
the swine HIN1 virus as a model, illustrating the potential of
the sponge sensor for on-site sample collection and virus
detection on hard surfaces.

Bl SENSOR DESIGN

The device features a compact design for on-site sampling and
analysis, making it a versatile solution for virus detection. The
electrochemical cell consists of a hydrophilic conducting
sponge as the working electrode (WE), a Ag/AgCl-based
pseudo reference electrode (RE), and a thin-film gold (Au)-
based counter electrode (CE) (Figure la). The sponge is
modified with graphene, reduced graphene oxide (rGO), and
specific antibodies targeting the virus of interest (Figure 1b). It
is situated within a circular fence in the middle of the
electrochemical cell. The porous structure of the sponge
increases the loading capacity of the antibody molecules. These
antibodies are immobilized on the surface of the sponge via the
EDC-NHS chemistry method,”" thereby enriching the
interaction between the antibody and antigen of the target
virus.

To collect viral samples from a solid surface, the surface is
misted with a phosphate-buffered saline (PBS) solution
(Figure 1c). The sponge then moved over the surface, drawing
the liquid. A miniature liquid reservoir is designed to store the
liquid electrolyte for the upcoming electrochemical measure-
ment. It is sealed with a protective sealing film. The circular
fence has sharp edges. A simple finger press against the sharp
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Figure 2. (a) Schematic of the fabrication process used to realize a silicone-based conducting sponge modified with graphene flakes and reduced
graphene oxide. Sugar cubes served as templates to form the sponge. Repeated immersion in a graphene suspension followed by baking resulted in a
conducting sponge. Further, drop casting of a suspension of reduced graphene oxide rendered the sponge hydrophilic properties. (b) Comparison
of the size between the original silicone sponge and the sponge after the graphene flake and reduced graphene oxide treatment.

edges punctures the sealing film. Consequently, the electrolyte
is discharged, immersing all the three electrodes of the sensor.
The sensor is left still for a set duration, allowing for the
bonding of antibodies and antigens.

B EXPERIMENTAL SECTION

Materials. Silicone elastomer (Ecoflex 00—30) was purchased
from Smooth-On, Inc. (Macungie, PA, USA). Sugar cubes (C&H
Pure Cane) were acquired from Walmart. Bovine serum albumin
(BSA), potassium chloride (KCl), and HINI antibodies (Anti-Swine
HIN1 Hemagglutinin antibody produced in rabbit, SAB3500061)
were purchased from Sigma-Aldrich (St. Louis MO, USA). Phosphate
buffered saline (PBS), 1-ethyl-3-(3-(dimethylamino)propyl) carbo-
diimide hydrochloride (EDC), and N-hydroxysulfosuccinimide
(NHS) were obtained from ThermoFisher Scientific (Waltham,
MA, USA). Graphene dispersion (CGD-200 ML) was purchased
from the Graphene Supermarket (Ronkonkoma, NY, USA), while
potassium ferricyanide was sourced from Fisher Scientific (Pittsburgh,
PA, USA). Reduced graphene oxide (rGO) was purchased from ACS
Material (Pasadena, CA, USA). Fluorescein was purchased from
ACROS Organics (CAS 2321-07-5) through Thermo Fisher Scientific
(Waltham, MA, USA). Antiswine HIN1 Hemagglutinin antibodies
were purchased from Sigma-Aldrich and are specific for the influenza
A virus. These unconjugated antibodies were produced by the
inoculation of rabbits and supplied in PBS with 0.02% sodium azide
(an antimicrobial agent). The bulk antibody sample was aliquoted
into smaller containers and stored at —20 °C for multiple uses. A
single dose of antibodies was thawed and then transferred to an
incubation tube during surface functionalization.

The swine IAV isolate A/swine/MO/A01203163/2012 (HIN1)
was isolated, propagated, and titrated in MDCK cells (ATCC CCL-
34) following a previously published protocol.*” The IAV isolate stock
demonstrated an infectious titer of 107 median tissue culture
infectious doses per mL (TCIDS0/mL). For the preparation of serial
dilutions of the virus isolates, a minimum essential medium was
employed. To assess the specificity of the sensor, swine viral
pathogens, such as HIN2, H3N2, porcine circovirus 2d (PCV 2d),
and porcine reproductive and respiratory syndrome virus (PRRSV),
were utilized. Swine oral fluids, nasal swabs, and lung tissue
homogenates were selected from the samples submitted to the Iowa
State University Veterinary Diagnostic Laboratory. These samples
underwent JAV RT-qPCR testing to confirm their status. In this step,
nucleic acids were isolated from 100 L virus cultures or swine clinical
specimens using a commercial RNA/DNA extraction kit (MagMAX
Pathogen, Thermo Fisher Scientific, Waltham, MA, USA) and an
automated extraction system (Kingfisher Flex, same supplier),
following the instructions of the manufacturer. The extracted nucleic
acids were collected with 90 yL of elution buffer. For PCR assay, a

commercial IAV RT-qPCR kit targeting the matrix and nucleoprotein
genes (VetMAX-Gold SIV One-Step RT-PCR kit, Thermo Fisher
Scientific, Waltham, MA, USA) were employed.* Cyclic threshold
(Ct) values from the PCR test were recorded for virus samples diluted
at various concentrations that were obtained. Samples showing a Ct
value less than 38 were considered IAV positive, while those with Ct
values of 38 or higher were classified as negative.

Formation of Hydrophilic, Conducting Sponge. Commercial
sugar cubes with a side length of 10 mm and an approximate particle
size of 400 um were utilized as templates for the creation of sponge
cubes.**™*" As shown in Figure 2a, the sugar cubes were arranged
within a Petri dish and subsequently submerged in a solution
composed of an equal volume ratio of Type A and Type B
components of Ecoflex silicone (00-30; Smooth-on, Inc.). The Petri
dish was then placed inside a vacuum degasser for 30 min, facilitating
the mixture to infiltrate into the sugar cube templates due to the
induced pressure difference. The Petri dish was then transferred onto
a 60 °C hot plate and left to cure for 3 h. Following the curing
process, the sugar templates infused with Ecoflex silicone were
extracted from the Petri dish and immersed in deionized (DI) water
within an ultrasonic cleaner set at 45 °C for 30 min. They were then
given a DI water rinse. The resulting Ecoflex sponge, featuring its
interconnected pores between silicone-based scaffolds, was dried in an
oven at 60 °C for 30 min. To ensure all pores were expanded, the
sponge was immersed in toluene for 2 h, followed by an ethanol rinse
to remove excess toluene.

In order to enhance the electrical conductivity of the sponge, it was
immersed in a dispersion of graphene flakes at a concentration of 50
mg/mL for 1 h (Figure 2a). This enabled the flakes to spread
throughout the pores of the sponge, eventually forming a graphene
layer on the scaffold surface after being baked at 90 °C for 12 h. This
immersion and baking process was repeated several times to ensure
high conductivity. Subsequently, 1 mg/mL dispersion of rGO was
drop-cast onto the sponge, making its surface hydrophilic. The final
size of the rGO/graphene/sponge composite was reduced by
approximately 25% in volume compared to that of the original
elastomeric sponge (Figure 2b). Scanning electron microscopy
(SEM) images show the modified sponge having a porous feature
and being covered by graphene and rGO layers.

Surface Biofunctionalization. The surface of the rGO/
graphene/sponge was functionalized with HINI antibodies by
employing the EDC-NHS chemistry technique. A solution was
prepared with EDC (10 mg/mL), sulfo-NHS (10 mg/mL), and
antibodies (1 mg/mL), resulting in a final antibody concentration of
1S ug/mL. The sponge was then immersed in this mixture and
agitated at a room temperature of 22 °C for 2.5 h. This step facilitated
the EDC-NHS cross-linking and the immobilization of antibodies.
Following this, the sponge was kept in a humidified chamber at 4 °C
for 12 h to stabilize the antibodies. During this process, EDC
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Figure 3. (a) Electrical conductivity of the graphene/sponge as a function of the number of immersion cycles at varying graphene concentrations.
(b,c) Optical images (b) and resistance behavior (c) of the graphene/sponge during multiple compression-release cycles. (d) Water contact angle
tests for the graphene/sponge (left) and rGO/graphene/sponge (middle), with a fluorescence image (right) highlighting water absorption in the
pores of the rGO/graphene/sponge. Here, a dye concentration of 30 M was prepared by mixing green fluorescein in deionized water. The image

was captured using a Leica M205 FCA fluorescence stereo microscope.

interacted with the —COOH groups present on rGO, forming an o-
acrylisourea intermediate. This intermediate, in combination with
sulfo-NHS, generated a stable NHS ester, which allowed the primary
amines of the antibodies to establish covalent C—N bonds.*” In the
final step, the sponge was immersed in a BSA solution (2 mg/mL) to
block the nonspecific binding sites on the surface of the sponge.*’

Sensor Assembly. The housing for both the electrochemical cell
and miniature liquid reservoir was formed by 3D printing. The
sponge-based WE electrode was fixed to the bottom of the
electrochemical cell with an electrically conductive adhesive resin
(AA-CARB 61; Atom Adhesives; Fort Lauderdale, FL, USA). The CE
was formed by depositing a S nm-thick titanium (Ti) and a 100 nm-
thick gold (Au) on a polyethylene terephthalate (PET) strip (3 mm X
10 mm X 1 mm) through e-beam evaporation. The RE had the same
dimensions as the CE. It was realized by depositing a 300 ym-thick
layer of silver/silver chloride (Ag/AgCl; 901773; Sigma-Aldrich; St.
Louis MO, USA) paste on another Au/Ti/PET strip via the screen-
printing method. All three electrodes were extended to the exterior of
the electrochemical cell. The liquid reservoir was used to house a PBS
solution and was sealed with Parafilm (HS234526B; Heathrow
Scientific; Vernon Hills, IL, USA).

Antibiofouling Considerations. Biofouling on biosensor
surfaces presents a challenge that can interfere with the sensor
operation. Generally, this issue is caused by several factors, such as
nonspecific protein binding at the active sites and microbial growth on
the sensor surface. Although our sponge sensor was specifically
designed for single use, several strategies were implemented to reduce
the potential for biofouling. First, the rGO/graphene/sponge
electrode presented a high hydrophilicity. This characteristic is crucial
because hydrophilic surfaces are inherently less susceptible to
biofouling compared to hydrophobic ones due to the competitive
binding of water molecules which reduces the chances of foulant
attachment.””*" Additionally, BSA was utilized as a blocking agent to
create a physical barrier against the nonspecific binding of

proteinssz’53 to the surface of the BSA/antibody/rGO/graphene/
sponge electrode.

Bl RESULTS AND DISCUSSION

Physical Characterization. The electrical conductivity of
the graphene-infused sponge was observed to rise with an
increasing number of cycles of soaking in a dispersion of
graphene flakes and baking the sponge, as depicted in Figure
3a. Greater concentrations of graphene flakes could enhance
conductivity, provided that the immersion cycles remained the
same. However, the growth in conductivity began to slow as
the number of cycles continued to rise. This trend was
consistent across the three tested dispersion concentrations
(12.5, 25, and SO mg/mL). This could be because the sponge
approached its limit for graphene flake uptake, making further
immersion cycles less impactful. To achieve optimal con-
ductivity, the sponge was treated with a 50 mg/mL graphene
flake concentration and underwent the immersion and baking
process eight times.

It is noteworthy that after collecting a liquid sample from a
solid surface, the sponge electrode would remain uncom-
pressed during electrochemical measurements. Nevertheless,
mechanical stress might be introduced during sweeping across
the surface to collect the sample, potentially impacting the
conductivity of the sponge. Consequently, it was crucial to
revert the sponge to its original resistance when it was
transitioned from its compressed to uncompressed state.
Figure 3b,c demonstrates consistency in resistance as the
sponge returned to its original state following repeated
compressions at 25% strain ten times.
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Figure 4. (a—d) SEM images of fabricated Ecoflex sponge (a), graphene/sponge (b), rGO/graphene/sponge (c), and BSA/antibody/rGO/
graphene/sponge (d). (e) SEM image of the rGO/graphene/sponge after applying ten cycles of mechanical compression and release. (f—k) XPS
analysis for rGO/graphene/sponge and antibody/rGO/graphene/sponge, including the deconvoluted (f), N 1s (g), and C 1s (h) peaks for tGO/
graphene/sponge and the deconvoluted (i), N 1s (j), and C 1s (k) peaks for antibody/rGO/graphene/sponge.

Figure 3d demonstrates the alteration of the surface The treated rGO/graphene/sponge exhibited extremely hydro-
chemistry following the rGO treatment through drop casting. philic property, achieving an almost zero-degree water contact
E https://doi.org/10.1021/acssensors.3c02766

ACS Sens. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acssensors.3c02766?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02766?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02766?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02766?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

Figure 5. (a) CV results for the rGO/graphene/sponge electrode across varying scan rates. (b) Correlation between anodic peak current and the
square root of the scan rate for the rGO/graphene/sponge electrode, with potential relative to the Ag/AgCl reference electrode. (c)cv profiles for
the graphene/sponge, rGO/graphene/sponge, and BSA/antibody/rGO/graphene/sponge, each at a consistent scan rate of 10 mV/s. (d) Nyquist
plots from the EIS analysis for electrodes referenced in (c), tested between a frequency range of 0.5 Hz to 1 MHz, while maintaining a constant 10
mV potential difference relative to the Ag/AgCl RE. The inset shows the Randles circuit model. For (a—d), the tests were conducted in an
electrolyte composed of 5 mM ferro/ferricyanide ([Fe(CN)s]*~#) and 0.1 M KCl dissolved in PBS at pH = 7.4.

angle. This change can be attributed to the introduction of
carboxylic groups on both the inner and exterior scaffold
surfaces of the sponge. In contrast, a sponge without the rGO
treatment presented a 108-degree water contact angle.

The water absorption capability of the rGO/graphene/
sponge was demonstrated by using water mixed with 30 uM
fluorescein. This was verified without any mechanical
intervention, such as pressing and releasing the sponge. The
instantaneous absorption of liquid within 1 s (Supporting
Information Video S1; Supporting Information) implies that
capillary forces play a significant role in this process. Figure 3d
displays the pores of the sponge fully saturated with water,
indicating its effective water absorption properties.

Microscopic Analyses. Scanning electron microscope
images (captured using a FEI Quanta-FEG 250 field-emission
SEM) revealed details of various materials at different stages in
the formation of a virus-specific sponge-based working
electrode. These materials included the Ecoflex sponge,
graphene/sponge, rGO/graphene/sponge, and BSA/anti-
body/rGO/graphene/sponge (Figure 4a—d). The images
indicate that the pore sizes of these sponges were a few
hundred micrometers and both graphene and rGO were
attached to the untreated Ecoflex sponge surface. Additionally,
Figure 4e shows the resilience of the rGO/graphene/sponge
composite after ten cycles of mechanical compression and
release. It underwent ten cycles of compression-release testing,

showing negligible changes in morphology and no apparent
cracks. This durability is in line with the resistance dynamics of
the rGO/graphene/sponge, as previously demonstrated in
Figure 3b,c. Also, energy-dispersive spectroscopy (EDS)
analysis, conducted using an Oxford Aztec energy-dispersive
spectrometer, on the rGO/graphene/sponge (Figure SI;
Supporting Information) reveals clear peaks corresponding to
the elements C, O, and Si. Furthermore, traces of Na and CI
were detected, likely originating from residual PBS presented
on the material surface.

X-ray Diffraction Analyses. X-ray photoelectron spec-
troscopy (XPS; Kratos Amicus XPS system) studies were
performed on the rGO/graphene/sponge and antibody/rGO/
graphene/sponge. The rGO application was confirmed by a
wide scan spectrum in Figure S2a (Supporting Information)
that revealed the presence of O 1s (532.3 eV), C 1s (284.5
€V), and Si 2p (103.1 eV). Detailed XPS spectra for the O 1s,
N 1s, and C 1s were deconvoluted to their respective binding
energies (Figure 4f—k). The deconvoluted O 1s peaks (Figure
4f) appeared at 533.49 eV (C—O-C), 532.25 ¢V (C-0),
530.97 eV (C=0), and 529.53 eV (0=C—0).>**" Similarly,
the deconvoluted C 1s peaks (Figure 4h) for the rGO/
graphene/sponge peaks were located at 288.85 eV (O=C-—
H), 286.88 eV (—C—0), 28520 eV (C—C), and 284.17 eV
(C=C). After the surface biofunctionalization with antibodies,
the wide-scan XPS spectrum of the material indicates the
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Figure 6. (a) Transient R response with the BSA/antibody/rGO/graphene/sponge electrode when exposed to 1, 10, and 1000 TCIDS0/mL
HINI in PBS. (b) Nyquist plots across various HIN1 virus concentrations. (c) R, value of the sensor as a function of HIN1 concentration in the
range from 0.5 to 10° TCID50/mL, derived from the Nyquist plots in (b) and detailed with the Randles circuit in the inset. (d) Ry, value of the
sensor as a function of HIN1 concentration in the range from 0 to 1 TCIDSO/mL. (e) R value of the sensor under exposure to PBS and an
assortment of swine respiratory viruses, such as HIN2, H3N2, PC 2d, and PRRSV, along with three HIN1 concentrations. Error bars depict the
standard deviation from five repeated measurements. (f) R, value of the sensor under stability test using HIN1 virus at 1000 TCIDS0/mL. (g) R
value of the sensor under repeatability test using HIN1 virus at 1000 TCIDS0/mL.

presence of O, N, C, and Si (Figure S2b; Supporting
Information). The O 1s spectrum in Figure 4i suggests the
formation of amide bonds (O=C—NH) between the —NH,
of antibodies and carboxylic groups (O=C—OH) at 529.53
eV. Furthermore, this conversion could be validated in the C
1s spectrum, where the carboxylic peak at 288.85 eV, visible in
Figure 4h, was absent in Figure 4k. The amide bond (O=C—
NH) at 287.68 eV showed a shift of approximately 1 eV from
the carbonyl group (C=0) in the O=C—OH group, possibly
due to electron donation from neighboring nitrogen atoms.
The presence of P-type orbitals in nitrogen and oxygen atoms
facilitates this electron donation, causing a shift in binding
energy.’® This amide group functionalization was further
confirmed in the N 1s spectrum at 400.18 eV (Figure 4j).

Electrochemical Characterization. The electrochemical
properties of the rGO/graphene/sponge electrode were
investigated by using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) techniques on a Zive
electrochemical workstation (eDAQ, Colorado Spring, CO,
USA). The redox electrolyte solution, containing S mM ferro/
ferricyanide ([Fe(CN)4]*~*) and 0.1 M KCl in PBS (pH =
7.4), was utilized for both the CV and EIS studies.

Figure Sa shows that an increase in the scan rate from 10 to
90 mV s~ led to an increase in the anodic and cathodic peak
currents. In Figure Sb, a linear correlation was established
between the anodic peak current and the square root of the
scan rate, suggesting a diffusion-controlled electrochemical
process. This behavior indicates a quasi-reversible redox couple
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and free diffusion of redox-active species within the solution.>”
The observed linear relationship aligns with the Randles—
Sevcik equation

iy = (2.687 x 10°)n*%4,C°(Dv)'? (1)

where i, is the peak current obtained from cyclic voltametric, n
is the number of electrons transferred in the redox event, A,
(cm?) is the electroactive surface area, C° (5 mM) is the bulk
concentration of the analyte, D (0.16 X 107¢ cm?* s7') is the
diffusion coefficient of the oxidized analyte, and v (V s7!) is the
scan rate.”® Additionally, Figure Sc compares the cyclic
voltammograms stemming from the sponge electrodes with
different surface modifications including graphene/sponge,
rGO/graphene/sponge, and BSA/antibody/rGO/graphene/
sponge. Due to the high conductivity of graphene, the
graphene/sponge electrode exhibited an anodic peak current
of 1.34 mA. This measurement was about 3.35 times the value
observed for the rGO/graphene/sponge electrode (0.40 mA)
and 4.96 times that of the BSA/antibody/rGO/graphene/
sponge electrode (0.27 mA). The treatment of graphene and
rGO led to a lower peak separation potential AE of 0.512V, in
comparison to the singular graphene treatment (0.759 V),
suggesting a faster charge transfer.”” The immobilization of
antibodies and BSA resulted in the CV curve adopting a
quasirectangular shape, indicative of capacitive or battery-like
behavior of the electrode.

EIS was employed to probe the interfacial characteristics of
sponge electrodes having varied surface modifications in
relation to the ferro- and ferricyanide redox reaction. The
resulting Nyquist plots were analyzed by the Randles circuit
model, incorporating the charge transfer resistance R, the
double layer capacitance Cq, and the Warburg impedance W
(Figure 5d). To obtain the real (Z') and imaginary (—Z")
components of the complex impedance at different frequencies
for a parallel RC circuit, R, and Cy values were calculated
using eq 2.8

R,+W
Z(w) = R, + : >
R, +W
=R, +

1+ 'Ry + W)'Cy
L w(Ry + W)'Cy
1+ o’ (R, + W)*Cy’ )

The graphene/sponge electrode exhibited a R, value of 80.5
Q. Further modification with rGO increased the R, value to
355.3 Q, attributable to the low conductivity of rGO. The
immobilization of antibodies and BSA proteins provided an
insulative layer, impeding the redox conversion of [Fe-
(CN)¢]*/* and pushing the R, value to 390.8 Q.

Additionally, to evaluate the electron transfer between the
electroactive species and the modified sponge electrodes, the
heterogeneous electron transfer rate constants (k) were
deduced for the varied sponge electrodes. The equation k, =
RT/(n*F*AR,C) was applied, wherein R is the gas constant
(8.314 J K™ mol™), T is the temperature (298 K), n is the
electron transfer constant of the redox couple, F is Faraday’s
constant, A is the surface area of the electrode, and C is the
concentration of the redox couple within the electrolyte. The
derived k, value for the graphene/sponge electrode (5.10 X
10 cm s™') was higher than that of the rGO/graphene/
sponge electrode (1.16 X 107 cm s™'). The inclusion of the

insulating antibodies and BSA further impeded the electron
transfer, reflecting in the decreased k; value to 1.05 X 10™° cm
s™' (Table S1; Supporting Information).

Furthermore, the Randles—Sevcik eq (eq 1) was utilized to
calculate the electroactive surface area (A,) of the BSA/
antibody/rGO/graphene/sponge electrode. At the scan rate of
v = 0.01 V57!, the peak current was measured to be 0.27 +
0.022 mA (mean =+ standard deviation, from experiments
conducted on five identical samples of the BSA/antibody/
rGO/graphene/sponge electrodes), leading to an A, of 20.1 +
1.77 cm®. With a corresponding relative standard deviation of
8.8%, the sponge-based sensing electrode demonstrated
considerable reproducibility.

Electrochemical Virus Detection. Figure 6 demonstrates
the transient response, sensitivity, and selectivity of the sensor
to the swine HINI virus using the BSA/antibody/rGO/
graphene/sponge electrode. The transient response test
determined the incubation time required for stable immuno-
complex formation between the immobilized antibodies and
HINI1 virus. The sensor was first exposed to a 1 TCID50/mL
HINI concentration of HIN1 virus in PBS (pH = 7.4;
containing 5 mM [Fe(CN),]*~* and 0.1 M KCl). After each
exposure interval, the sensor was rinsed with PBS to remove
the unbound virus before the EIS measurement. R, values,
derived from their corresponding Nyquist plots via the Randles
circuit, showed a decline over time (Figure 6a), indicating the
virus binding to the immobilized antibodies on the sensor
surface. Notably, the R, began to decrease in the first minute
and plateaued around the 2 min mark, establishing an
incubation time for the sensor. Furthermore, the incubation
time appeared to be almost unaffected by varying concen-
trations of HIN1 virus. This observation was based on the R
responses of the sensor to three virus concentrations at 1, 10,
and 1000 TCIDS0/mL in PBS at pH = 7.4 containing 5 mM
[Fe(CN)s]** and 0.1 M KCI (Figure 6a).

Next, the sensitivity of the sensor was evaluated using
various concentrations of the swine HIN1 virus, ranging from
3 X 107" to 1 X 10° TCIDS0/mL. These concentrations were
prepared by diluting a stock HIN1 virus in PBS (pH = 7.4;
containing 5 mM [Fe(CN)¢]*”/* and 0.1 M KCl). The
baseline R, of the sensor was recorded at 982.4 Q in PBS
without the virus. The sensor was exposed to different HIN1
samples for the established 2 min incubation and subsequently
cleaned with PBS. The cleaning procedure involved pressing
the PBS reservoir against the sharp edges of the electro-
chemical cell to rupture the sealing film. This was followed by
the discharging of the PBS solution from the reservoir.
Subsequently, the electrochemical cell with the reservoir still
attached was gently shaken to enhance the cleaning process.
Finally, the electrochemical cell was inverted and placed on an
absorbent tissue paper to allow the PBS solution to be
absorbed by the paper (Figure S4). Figure 6b shows the
Nyquist plots from different virus concentrations. At 1
TCIDS0/mL, the R, value of the sensor reduced to 921.6 Q
and further decreased to 825.5 Q at 10° TCID50/mL. As the
concentration rose further beyond 10> TCIDSO/mlL, the R,
value continued dropping, but the decline rate significantly
slowed down. A log—linear calibration curve was plotted for
the sensitivity, showing —35.08 Q/log(TCIDS0/mL) for the 1
to 10° TCID50/mL range and —6.37 Q/log(TCID50/mL)
from 10° to 10° TCIDS0/mL (Figure 6¢c). Interestingly, the
sensor responded linearly to virus concentrations below 1
TCIDSO/mL with the highest sensitivity at —68.90 €/
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Figure 7. (a,b) Time-lapsed fluorescence images of the droplets sprayed on the tabletop surface using the fine mist spray, at time ¢ = 0 (a) and 34
(b). (c) Size distribution for the droplets sprayed on the tabletop surface at time t = 0. (d) Collection of liquid from the moistened tabletop surface
that was treated with virus samples. (e) Sponge displaying an absorbed liquid sample. Details about the sharp tips, the Au-based CE, and the Ag/
AgCl-based RE within the electrochemical cell are given in the inset. To facilitate the visualization of the CE and RE, the outer circular wall of the
electrochemical cell was partially broken. (f) Prepressed miniature PBS reservoir adjacent to the sharp edges of the electrochemical cell housing the
sponge. (g) Activation of the reservoir by the finger pressure resulted in the release of the PBS solution into the cell for virus incubation and
detection. (h) SEM image of the sponge with virus particles. Note that the virus was administrated onto the table at 10 TCIDSO/mL.

TCIDS0/mL (Figure 6d). Over the entire concentration range
from 3 X 107! to 1 X 10° TCID50/mL, the R, reduced with
increasing HIN1 virus concentration (Figure 6¢,d). This trend
is consistent with findings from several studies, where an
increase in current or a reduction in impedance was
noted.*””®" The formation of antibody-virus immunocom-
plexes impacted the charge transport through the electrical
double layer at the electrode—electrolyte interface, increasing
the charge count and lowering the R, However, contrarily,
many other studies have reported the opposite trend, where R,
increases as HIN1 virus concentration increases.”” " These
different observations could be attributed to a range of
complex factors, often linked to changes in the physical and
chemical properties of the electrode surface and the electro-
chemical environment at the electrode—electrolyte interface,
especially in the context of immunocomplex formation at a
specific electrode surface in a particular environment.

The limit of detection (LOD) for the sensor was determined
using its linear response for concentration below 1 TCID50/

mL (Figure 6d) and applying the 3 6/S method, where o is the
standard deviation for the baseline signal and S is the
sensitivity of the sensor within the linear range. The LOD
was calculated to be approximately 0.4 TCIDS0/mL (derived
from the calculation 3 X 9.2/68.9). However, as discussed
later, for practical purposes and to ensure accurate detection of
the HINI1 virus in the presence of other IAV strains, the
effective detection range for HIN1 was set higher than the
calculated LOD.

The specificity of the sensor was assessed by exposing it to
two other swine IAV subtypes, namely, HIN2 and H3N2, and
two additional swine respiratory viral pathogens, PCV 2d and
PRRSV. As illustrated in Figure 6e, the R value of the sensor
showed a modest reduction of —3.8 and —6.3% from its
baseline when introduced to HIN2 concentrations of 10> and
10* TCIDS0/mL, respectively. In response to H3N2 at the
same concentrations as HIN2, the R variations were nearly
parallel, exhibiting changes of —2.2 and —6.8%. For PCV 2d
and PRRSV at a 10> TCIDS0/mL concentration, the R, value
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Figure 8. (a) Nyquist plots of the sensor responding to four HIN1 concentrations collected from the table. (b) Correlation between the measured
and applied HIN1 concentrations, considering a dilution factor of 2. The inset shows a close-up in the low concentration range. (c,d) Virus
collection efficiency versus swiping speed (c) and swiping cycle (d). The applied HIN1 virus concentration was 10 TCIDS0/mL. The collection
efficiency refers to the ratio of the concentration measured to the concentration applied. (e) R, values for one IAV PCR-negative sample and three
IAV PCR-positive samples collected from the table surface. Error bars represent the standard deviation of five tests (n = S).

presented a minor drop of —1.7 and —2.1%. This drop became
slightly more pronounced at a 10* TCIDS0/mL concentration,
with R, reductions of —3.1 and —3.4%, respectively. The
sensor reacted somewhat more to the IAV subtypes than to the
PCV 2d and PRRSYV viruses, which could be due to increased
nonspecific binding. Notably, following these interference tests,
the ability of the sensor to detect HIN1 virus was re-evaluated,
using three HIN1 samples at concentrations of 10% 10% and
10* TCID50/mL. The result showed a similar decrease in R,
to what it displayed before exposure to the interfering viruses,
indicating that the sensor retained its specific affinity for the
HINT1 virus, even when presented with other pathogens.

It is important to note that when the sensor was exposed to
nontarget HIN2 and H3N2 virus, there was a decrease in the
R, value by 6.8 and 6.3%, respectively. In comparison, the
target HIN1 virus at a concentration of 1 TCID50/mL caused
a consideration R reduction by 7.3%. This reduction was only
marginally higher than that induced by the nontarget viruses
(Figure 6e). Consequently, to identify the presence of the
HIN1 virus, a reduction in R, greater than 7.3% should be
observed. Given these findings, the practical detection range of
the sensor for the HIN1 virus was established between 1 and
10° TCIDS0/mL. This range was chosen despite the calculated
LOD being as low as 0.4 TCIDS0/mL to ensure reliability in
detecting HIN1 virus amidst potential interference from other
IAV strains.

Stability and Repeatability. The stability of the sensor
was assessed by detecting HIN1 virus at a concentration of
1000 TCIDSO/mL in PBS (pH = 7.4; containing S mM
[Fe(CN)4]>™/* and 0.1 M KCl). This evaluation was

performed ten times over an hour with a 1 h interval. Between
two consecutive measurements, the sensor was cleaned with a
PBS solution, gently dried with tissue paper, and stored in a
humid environment at 4 °C. The mean value of R, was found
to be 825.3 Q with a relative standard deviation of 3.1%, as
shown in Figure 6f. To evaluate the repeatability of the sensor,
another test was conducted by exposing the sensor to HIN1
virus at 1000 TCIDSO/mL for a duration of 12 h.
Measurements of the R, value were taken every 2 h without
changing the virus sample or intervening the sensor. The result
(Figure 6g) indicates a mean value of R, = 818.2 Q with a
relative standard deviation of 5.5%, indicating considerable
repeatability over extended exposure.

Collecting and Detecting Virus Particles on Solid
Surfaces. We sought to simulate a scenario where respiratory
viruses settle on solid surfaces, droplets carrying the viruses
evaporate, and the viruses are exposed to the air, as opposed to
remaining within droplets. To achieve this, we designed an
experiment that involved preparing a virus-contaminated
surface, utilizing our sensor to collect virus samples from the
surface and performing electrochemical analysis to determine
the HIN1 virus concentration. The first step involved spraying
a virus suspension solution on the surface using a fine mist
sprayer. After spraying the droplets of the virus suspension
solution, we did not immediately use the sponge to collect
them. Instead, we allowed the droplets to evaporate naturally,
leaving the virus particles on the surface. This approach aimed
at closely resembling a contaminated surface, which may not
appear to be visibly wet. Finally, we misted the dry, virus-
contaminated surface by spraying droplets of PBS without any
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virus on the table surface. This step was designed to facilitate
the collection of virus samples using a sponge, simulating the
process of gathering virus particles from a contaminated
surface for electrochemical analysis.

More specifically, the sensor established a baseline R, of
985.8 Q in PBS. We then prepared four HINI virus
concentrations (10, 10% 10°, and 10* TCID50/mL) by
diluting the stock virus in PBS. Our fine mist sprayer (Fine
Mist Atomizer, Hydior) dispersed the HINI virus suspension
solution onto a chemical-resistant phenolic tabletop to create a
virus-contaminated surface. The size distribution of the mist
droplets was analyzed by using Matlab (Figure 7a), revealing
that most droplets were between 20 and 200 ym in diameter
(Figure 7c). This droplet size range is comparable to those
produced using other methods used in virus transmission
research, such as spray bottles” and nebulizers.”® Also, it
should be noted that, in these studies, PBS is often employed
to prepare virus samples for droplet generation.”” In our
experiment, approximately 34 s after spraying, most droplets
on the tabletop evaporated (Figure 7b). Ten minutes after the
spraying, the tabletop was almost completely dry.

To collect viruses from the virus-contaminated surface using
the sponge, 2 mL of PBS was sprayed on the table to wet the
surface area where the virus sample had been sprayed
previously. The thickness of the mist layer is not uniform,
ranging from 50—250 pm (Figure S3; Supporting Informa-
tion). Subsequently, the sponge was gently passed over the
misted surface to collect the liquid (Figure 7d,e). The swiping
speed was about 30 mm/s. Next, the PBS solution reservoir of
the sensor was pressed against the sharp edges of the circular
fence, causing the sealing film of the reservoir to rupture
(Figure 7fg). The PBS was released from the reservoir,
immersing the entire sponge in the electrochemical cell. About
4 mL of PBS solution was required for full immersion. The
sponge was left to rest for 2 min, allowing for incubation
(Figure 7h) at the surface of the sponge.

After the incubation, EIS measurements were conducted,
producing the responses displayed in Figure 8a. As the
concentration of the sprayed virus sample increased, the R
value of the sensor showed a decrease. The detected virus
concentration was deduced from the corresponding R, value
by using the calibration graph in Figure 8c. Given that the
collected virus sample was in 4 mL of PBS solution, whereas
the initial virus sample was only 2 mL, the deduced virus
concentration was multiplied by a factor of 2 to calculate the
measured actual virus concentration. Figure 8b demonstrates a
correlation between the applied and measured virus concen-
trations, characterized by a slope of 0.146 and r* = 0.98. This
slope, indicating the ratio of measured to applied concen-
tration, represented the virus collection efficiency of the
sponge. The obtained low efficiency could be attributed to
various factors. For instance, virus particles might adhere to the
table surface after settling and not be effectively absorbed by
the sponge with the PBS solution. Additionally, once the
sponge was saturated with the solution, its capacity to attract
more solution through the capillary force would be reduced,
leaving some virus particles on the surface. Moreover, even if
virus particles were initially absorbed into the sponge, they
might be flushed out during loading the PBS solution from the
integrated reservoir into the sponge due to possible insufficient
binding to the interior surface of the sponge. Given these
multiple plausible factors, quantifying the impact of each factor
would present a significant challenge.

Interestingly, when the swiping speed increased from 30 to
75 mm/s, the virus collection efficiency only marginally
decreased from 14.6 to 12%. Slowing the swiping speed below
30 mm/s showed negligible improvement in efficiency,
whereas going beyond 100 mm/s led to a notable drop in
efficiency, as depicted in Figure 8c. When operating at 30 mm/
s, multiple swipes across the same surface area had a minimal
impact on improving the collection efficiency (Figure 8d).
Nevertheless, this test demonstrated that at a moderate speed
using the sponge sensor can effectively collect virus samples
from a solid surface, resulting in a considerable correlation with
the actual quantity of the target virus.

The proof-of-concept of the device to detect the HIN1 virus
was further demonstrated by evaluating one IAV PCR-negative
lung tissue homogenate and three IAV PCR-positive samples
(Figure 8e). The positive samples included a nasal swab with
Ct = 22.1, a lung tissue homogenate with Ct = 24.6, and an
oral fluid with Ct = 28.9. Each of these was applied to the
tabletop and then gathered by using the sponge sensor
following the previously outlined procedure for HIN1 virus
samples. The result revealed that for the negative samples, the
R, value was only slightly beneath the baseline, suggesting the
minimal presence of HINI1 virus. Meanwhile, the R, values
significantly dropped for the positive samples, pointing to
higher concentrations of the HIN1 virus.

B CONCLUSIONS

We developed a sponge sensor for rapid on-site virus detection
on solid surfaces. Utilizing the water-absorbing ability of a
conducting porous sponge modified with rGO, graphene, and
specific antibodies, this sensor could collect, identify, and
quantify virus particles directly from the surfaces. To operate,
PBS solution was sprayed to moisten the target area, which was
then dried with the sponge. Releasing the electrolyte solution
required a simple finger press. After 2 min incubation, the
sensor provided the concentration of the target virus. The
calculated LOD of the sensor was 0.4 TCIDS0/mL for HIN1
virus, while the practical detection range covered from 1 to 10°
TCIDS0/mL. Compared to other electrochemical HIN1 virus
sensors,”* ™" our sensor offered a wide dynamic detection
range and a short detection time (Table S2, Supporting
Information). A single sponge swipe collected about 15% of
the virus particles from the moistened area. In our proof-of-
concept demonstration, several swine HINI virus-positive
samples were used to create virus-contaminated surfaces,
accompanied by a negative control sample. Our sponge sensor
showed its ability to collect virus samples from the surface and
then perform electrochemical analysis to determine the HIN1
virus concentration. The integration of a press-release
mechanism enhanced its portability, making it convenient for
on-site detection. We envision the possibility of integrating
multiple sponge-based sensing elements into a single device,
allowing for simultaneous detection of different viruses.
Additionally, incorporating affordable electronic readout
circuits could transform our sponge sensor into a compact,
rapid, and multipurpose detection tool suitable for on-site
surveillance of multiple viruses. Given the context of the
COVID-19 pandemic, this device holds great potential for
adaptation in the detection of the SARS-CoV-2 virus. By
substituting the recognition molecules for the HIN1 IAV with
those specific to the SARS-CoV-2 virus during surface
functionalization, our sensor could detect this virus. Last, it
is worth noting that there remains considerable room to
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improve biofouling mitigation. Future strategies might include
the integration of antifouling agents’® and the application of
electrostatic repulsion techniques’’ to repel charged bio-
molecules for minimizing nonspecific adsorption.
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