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ABSTRACT: The global pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus has revealed the urgent need for
accurate, rapid, and affordable diagnostic tests for epidemic understanding and
management by monitoring the population worldwide. Though current diagnostic
methods including real-time polymerase chain reaction (RT-PCR) provide
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sensitive detection of SARS-CoV-2, they require relatively long processing time, Q/ 3 =2
equipped laboratory facilities, and highly skilled personnel. Laser-scribed of X 3 servietosdna
graphene (LSG)-based biosensing platforms have gained enormous attention as w

& $.
miniaturized electrochemical systems, holding an enormous potential as point-of- _— W*
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care (POC) diagnostic tools. We describe here a miniaturized LSG-based
electrochemical sensing scheme for coronavirus disease 2019 (COVID-19)
diagnosis combined with three-dimensional (3D) gold nanostructures. This
electrode was modified with the SARS-CoV-2 spike protein antibody following
the proper surface modifications proved by X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM)
characterizations as well as electrochemical techniques. The system was integrated into a handheld POC detection system operated
using a custom smartphone application, providing a user-friendly diagnostic platform due to its ease of operation, accessibility, and
systematic data management. The analytical features of the electrochemical immunoassay were evaluated using the standard solution
of S-protein in the range of 5.0—500 ng/mL with a detection limit of 2.9 ng/mL. A clinical study was carried out on 23 patient blood
serum samples with successful COVID-19 diagnosis, compared to the commercial RT-PCR, antibody blood test, and enzyme-linked
immunosorbent assay (ELISA) IgG and IgA test results. Our test provides faster results compared to commercial diagnostic tools
and offers a promising alternative solution for next-generation POC applications.

Antibody Immobilization
SARS-CoV-2 Detection

B INTRODUCTION LAMP technologies.'’™"* Detection of IgG and IgM antibod-
ies is related to the identification of SARS-CoV-2 around 10
days after the first symptoms.'>'® Though these tests provide
important immunological evidence, they often require
expensive equipment and laboratory conditions.'”"® Moreover,
the cross-reactivity of co-existing biological markers may lead
to false-positive results. Thus, oftentimes, patient samples with
positive results require further confirmation with alternative
testing methods.'” Developing effective, cheap, and rapid
detection kits helps infected cases to be confirmed by allowing
individuals to carry out the tests without a need for expertise to
save time and resources. Other than clinical diagnostic
techniques, point-of-care (POC) diagnostic systems could
pave the way and start a new era for the screening of viruses.”’

Coronavirus 2 (SARS-CoV-2) causes a severe acute respiratory
syndrome commonly known as coronavirus disease (COVID-
19)."” The disease was first reported in January 2020 in
Wuhan, China, and officially announced as a pandemic by the
World Health Organization (WHO) in March 2020.° This
single-stranded RNA virus attaches to the host cell surface
receptor by transmembrane spike glycoproteins." This binding
is achieved by the S1 and S2 subunits of the spike protein
between viral and cellular membranes.” Recently, researchers
have focused on developing rapid detection systems using both
subunits since the monitoring and managing of the pandemic
are extremely critical. The most widely used current diagnostic
method, real-time polymerase chain reaction (RT-PCR)
testing, is the gold standard and the most accessible diagnostic
tool for SARS-CoV-2 identification.”’ Received:  April 6, 2021
Other methods are based on the detection of immunoglo- Accepted:  May 20, 2021
bulins such as IgM and/or IgG.*” Examples include the
enzyme-linked immunosorbent assay (ELISA), lateral flow
immunoassays (LFls), real-time loop-mediated isothermal
amplification (RT-LAMP), or CRISPR-Cas9-linked RT-
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Several methods and devices have been proposed using
materials extracted from body fluids.”’ Recently, researchers
found that volatile organic compounds (VOCs) could emerge
in exhaled breath in the early stages of the infection, enabling
COVID-19 detection.”” Electrochemical biosensors have been
widely used by researchers as monitoring tools for disease
detection. However, various types of biosensing platforms
based on electrochemical strategies for COVID-19 diagnosis
are yet to be explored. Fabiani et al. developed an
electrochemical immunoassay using screen-printed electrodes
with an immunological label for COVID-19 diagnosis from
saliva samples.””> Yakoh et al. developed a paper-based
immunosensor based on electrochemical detection from real
clinical patient sera.”* Furthermore, Seo et al. reported a
biosensing platform based on a field-effect transistor (FET) for
COVID-19 diagnosis in clinical samples, leading to very low
detection limits.”> However, despite the various advantages of
reported immunoassays, such as sensitivity and accuracy, they
require complex and expensive equipment and time-consuming
sample pretreatments. Previously used metal electrodes such as
Pt and Au are costly and require lithography or masks for the
fabrication compared to carbon-based materials that can be
easily and cheagly produced by various methods without a
need for masks.”® Therefore, graphene-based materials can be
more accessible for the production of diagnostic kits for in-field
testing as an urgent need for controlling the spread of highly
contagious COVID-19.

Graphene is an extremely conductive and stable material
with high surface area.”” However, due to the absence of
chemically reactive functional groups of graphene, the surface
may require further nanoparticle functionalization. Nano-
particles have been widely used in healthcare applications,
thanks to their ability to increase catalytic activity and
deactivate bacteria, viruses, and fungi photothermally or by
generating reactive oxygen species.”® The graphene surface has
the ability to adsorb guest molecules conveniently, leading to
high sensitivity for various sensing applications.””*”*" Since
most of the graphene production methods are widely known as
expensive and time consuming, laser scribing of polyimide (PI)
sheets is a straightforward and mask-free graphene production
method. This technique provides graphene multilayers with
large surface area and low amount of defects due to the atomic
rearrangement on the surface and the formation of stacked
graphene flakes, high level of electronic state density, and high
electrocatalytic activity.”””® Various laser-scribed sensing
platforms have been reported previously for biomarker
detection.”*

We describe here a method for the quantification of SARS-
CoV-2 levels in blood serum by recognizing its protein host
cell receptor domain. It makes use of laser-scribed graphene
(LSG) and electrodeposited gold nanostructures (AuNSs) in a
disposable electrochemical immunoassay. For this purpose, a
gold-modified LSG surface was modified with cysteamine and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide:N-hydroxy
succinimide (EDC:NHS) as a cross-linking agent to create
electroactive groups on the surface. Finally, the system was
integrated into a POC system with a smartphone attachment,
enabling the diagnostic system to evolve into a portable, easy-
to-use, and reliable diagnostic tool for the SARS-CoV-2 virus.
The system is considered as affordable since it is based on
cheap graphene material and requires only 1 h incubation time.
Thus, patients have the possibility to test themselves and take
necessary actions, such as self-isolation.*” A clinical study was

carried out to evaluate the accuracy and applicability of the
system. The assay was applied to both a buffer solution and the
blood serum samples collected from COVID-19 patients,
compared to the clinically approved methods.

B METHODS

Materials and Apparatus. Cysteamine hydrochloride, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxy succinimide (NHS), gold(III) chloride hydrate
(HAuCl,), hydrochloric acid (HCl), and bovine serum
albumin (BSA) (lyophilized powder, >96% (agarose gel
electrophoresis)) were purchased from Sigma-Aldrich (St.
Louis, MO). Potassium chloride (KCl), potassium ferricyanide
(K;[Fe(CN)4]), and potassium ferrocyanide (K,[Fe(CN)4])
were purchased from MP Biomedicals. The phosphate-
buffered saline (PBS) tablets containing 0.0027 M potassium
chloride (KCl) and 0.137 M sodium chloride (NaCl) with pH
7.4 were purchased from Fisher Bioreagents. Differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) were
carried out using a PalmSens potentiostat (Palm Instruments,
Houten, the Netherlands). Immunoglobulin M (IgM) (cat no.
18260) and immunoglobulin G (IgG) (cat no. 14506) from
human serum (reagent grade, ~95%) were purchased from
Sigma-Aldrich (St. Louis, MO). Rabbit anti-SARS-CoV-2 S1
receptor binding domain (RBD) antibody and recombinant
SARS-CoV-2 S1 subunit protein host cell receptor domain
(RBD) were purchased from RayBiotech (cat. no. 230-30162).
The Euroimmun SARS-CoV-2 ELISA IgA and IgG were
purchased from Euroimmun, a PerkinElmer, Inc. Company,
and authorized by the Food and Drug Administration. RT-
PCR and antibody tests were performed by COVID-19 clinics
in Ege University, Izmir. Laser patterning was performed by a
CO, Universal Laser SystemsPLS6.75 laser with the laser spot
diameter and wavelength of ~150 and 10.6 ym, respectively.
The commercial polyimide (PI) substrate (Kapton width: 12")
was purchased from Utech Products and used as the substrate.
Previously optimized laser parameters were used. X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific) and
scanning electron microscopy (SEM, Thermo Fischer
Scientific Apreo S LoVac model, Oregon) were used for
elemental analysis and morphological characterization, respec-
tively. A PalmSens4 potentiostat (Palm Instruments, Houten,
the Netherlands) was used for electrochemical measurements.

Preparation of LSG/AuNS Electrodes. For the fabrica-
tion of the electrodes, polyimide PI as a substrate was used for
the fabrication of a three-electrode sensing system.”" Following
the LSG production, the working electrode (WE) surface was
modified by electrochemical deposition using chronoamper-
ometry, applying a constant potential of 0.9 V for 240 s in an
electrolyte solution of 50 mM HAuCl, prepared in 0.5 M HCL.
Finally, the gold-modified LSGs were cleaned with ultrapure
water and the surface was dried with nitrogen gas.

Preparation of the Electrochemical Immunosensor.
The gold surface was first modified with an aqueous
cysteamine solution (1.1 mg/mL) and incubated for 1 h.**
The surface then was washed with 0.05 M phosphate-buftered
saline (PBS) to remove the excess unreacted cysteamine.
Following the cysteamine immobilization, the electrode surface
was covered with 8.0 uL of an EDC:NHS (50:50 mM) mixture
for 5 h and then rinsed with 0.1 M PBS containing 0.1 M KCl
to remove the unreacted EDC:NHS.””"* Next, 8.0 uL of the
antibody (200 pg/mL prepared in 0.1 M PBS containing a 0.1
M KCI solution) was added to the working electrode surface
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Figure 1. (a) Representation of each experimental step with scanning electron microscopy (SEM) images showing the morphology at high
magnification (scale bar; 2 ym) and low magnification (scale bar; S ym); (b) X-ray photoelectron spectroscopy (XPS) data of LSG/AuNS/Cys/
EDC:NHS/anti-SARS-CoV-2 showing O 1s, C 1s, N 1s, S 2p, and Au 4f7 high-resolution spectra; (c) XPS atomic percentages of C 1s, O 1s, S 2p,

N 1s, and Au 4f after each preparation step of the immunosensor.

for 16 h incubation at 4 °C.** Electrodes were washed with 0.1
M PBS containing a 0.1 M KCl solution after the incubation of
the antibody. As the last preparation step, 8.0 4L of 0.1 mg/mL
BSA dissolved in 0.1 M PBS containing a 0.1 M KCI solution
was placed onto the working electrode surface to block the
unwanted active area.*> The binder and antibody functional-
ization steps and different EDC:NHS and anti-SARS-CoV-2 S1
antibody concentrations were initially optimized prior to the
sensing experiments. Finally, different concentrations of SARS-
CoV-2 spike protein were tested to observe the antibody—
analyte interaction.

Preparation of Serum Samples. We obtained 23 clinical
serum samples from the Ege University Hospital (Izmir,
Turkey). All patient samples were clinically identified as
COVID-19 positive or negative by commercial RT-PCR, with
the information describing that CT values above 35 indicate
RT-PCR-negative and below 35 indicate RT-PCR-positive
samples. Additionally, antibody and ELISA IgG and IgA tests
were performed to assess the effectiveness of the gold-modified
LSG sensors. Five of the patient samples gave negative RT-
PCR results. The study was approved by the Ege University,
Clinical Research Ethics Committee (20-8T/28). Blood serum
was initially separated from plasma by centrifugation.
Biosensing experiments were performed in the Central
Research Test and Analysis Laboratory Application Center in
Ege University (Turkey). The samples were used without any
pretreatment prior to the incubation onto the LSG/AuNS
electrode surface and electrochemical measurements. All
dilutions were performed using 0.1 M PBS containing 0.1 M
KCl at pH 7.4. Statistical analysis details are given in the
Supporting Information (Tables S1—S4).

B RESULTS AND DISCUSSION

Design and Characterization of the LSG/AuNS
Immunosensor. Our design comprises three electrodes:
AuNS-modified LSG working electrodes, an LSG counter
electrode, and a reference electrode (RE). Pristine LSG does
not possess enough functional attachments for necessary
antibody immobilization. Figure la describes the preparation
steps of the LSG/AuNS immunosensor. Initially, cysteamine
was drop-cast on the working electrode surface, resulting in the
presence of free ammonium groups attached to the surface
through cysteamine. As the next step, cysteamine-modified
LSG/AuNS was treated with EDC:NHS. This has an
activation role for COOH groups present on the electrode
surface for strong and rapid covalent coupling to amino-
functionalized biorecognition elements. Therefore, the anti-
spike protein antibody, known to be rich in carboxylic groups,
was immobilized onto the surface, capturing free ammonium
groups attached to the surface. Before proceeding with the
spike protein detection, BSA was immobilized onto the surface
to prevent nonspecific interactions and maintain the stability of
the sensing performances in complex matrixes. As the final
step, the protein present in the SARS-CoV-2 structure was
formed on the surface. The highly porous three-dimensional
(3D) structure of multilayer LSG is clearly seen in Figure la.
After AuNS deposition onto the LSG working area, the
formation of spiky flowery AuNS on the surface with high
porosity was observed. After each modification step, the
structural changes on the surface led to a slight increase in the
polarity and relatively softer edges of the flowery shape of
AuNS, given in Figure S1 at various magnifications. The XPS
high-resolution spectra of the LSG/AuNS immunosensor
(LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA),
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Figure 2. CV curves obtained for the LSG/AuNS sensor prepared using different (a) electrochemical depositions of the HAuCl, solution at
different applied voltages in the range of —0.3 to —0.9 V and (b) electrodeposition times from 1 to S min; histograms showing AL, (the change in
oxidation current) for (c) effect of EDC:NHS on SARS-CoV-2 binding and the effect of anti-SARS-CoV-2 S1 and S2 binding to the SARS-CoV-2
S1 protein; (d) effect of the incubation time of the antibody, (e) effect of the incubation time for the SARS-CoV-2 S1 protein; (f) effect of the anti-
SARS-CoV-2 concentration on the electrochemical response of the LSG/AuNS biosensor. Error bars represent +standard deviation (SD) and n =
3 samples. Measurements were performed in 5.0 mM [Fe(CN)4]*~/*" containing 0.1 M PBS and 0.1 M KCl with a scan rate of 50 mV/s.

shown in Figure 1b, revealed the atomic presence of N and S in
the working electrode surface by having C 1s, O 1s, Au 4f, N
1s, and S 2p photoelectrons. The XPS survey, high-resolution
spectra, and atomic percentages found in the surface after each
immobilization step are given in Figures S2—S7. The presence
of N on the surface was supported by the atomic peak of N in
energy-dispersive X-ray spectroscopy (EDX) data shown in
Figure S8. Moreover, Figure lc represents the atomic
percentages of electrodes obtained by XPS after each
modification step. The LSG/AuNS contains about 24% of
Au 4f, proving the successful deposition of AuNS on the
surface. Following the cysteamine deposition, around 4.4% of
N 1s and 2.2% of S 2p were detected. The addition of
EDC:NHS to the surface slightly increased the surface N 1s
content, which could be attributed to the contribution from N
atoms present in the EDC:NHS structure. Similarly, following
the anti-SARS-CoV-2 incubation, the N 1s content kept
increasing along with a slight increase in C 1s and O 1s
contents.

Optimization of the Immunoassay. As a first step, the
morphological difference between the bare LSG, LSG/AuNS,
and gold screen-printed sensor was investigated. Figure S9
shows the scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectroscopy (EDX) identifying the
elemental composition of the sensors. Additionally, the
chronoamperometry parameters used for AuNS electro-
deposition were optimized. SEM images showing different
LSG/AuNS working electrode surfaces prepared using differ-
ent electrodeposition voltages were compared to those of the
bare LSG surface in Figure S10, indicating the effect of the
applied voltage on the surface gold coverage. Among the
different applied voltages between —0.3 and —0.9 V, Figure 2a
shows that oxidation and reduction currents are stabilized after
an ~85% of increase in oxidation current for the
immunosensor prepared at —0.9 V in a 50 mM solution of
HAuCl,. Additional CV measurements were performed to
optimize the electrodeposition time for the AuNS modifica-

tion. The electrodeposition time was tested in a range of 1-5
min, resulting in the highest electrochemical response for 4
min with an approximately ~40% increase (Figure 2b).
Another optimization test was carried out to study the effect
of HAuCl, solution concentration on the performance of the
LSG/AuNS sensor, by measuring 25, 50, 75, and 100 mM
HAuCl, solutions. As can be seen in Figure S11, the highest
electrochemical response was obtained from the measurements
of the LSG/AuNS sensor prepared using 50 mM HAuCl,.
Though the coverage sustains at higher voltages and
concentrations of a gold solution, electrocatalytic activity
reduces due to the agglomeration, leading to a reduction of the
current response. Therefore, 4 min and a 50 mM solution were
selected for the further electrodeposition experiments.

The immobilization of the anti-SARS-CoV-2 S1 spike
protein was also tested in the presence and absence of
EDC:NHS. As shown in Figure 2c¢, the electrochemical
response of the sensor was higher after EDC:NHS
immobilization compared to the sensor response in the
absence of EDC:NHS. Following EDC:NHS immobilization
on top of the cysteamine layer resulted in an increase in proper
ammonium groups to support the strong antibody binding to
the surface. Another optimization test was performed by
detecting the SARS-CoV-2 S1 spike protein by the LSG/AuNS
immunosensor prepared by anti-SARS-CoV-2 S1 and anti-
SARS-CoV-2 S2 separately, to identify the specific attachment
between the antibody and analyte. Figure 2¢ shows that the S1
subunit of the SARS-CoV-2 spike protein has a stronger
attraction toward the anti-SARS-CoV-2 S1 spike protein,
resulting in a high drop in the oxidation current after the
analyte immobilization onto the surface. The incubation time
is another major factor affecting the LSG/AuNS immuno-
sensor performance. After the identification of the antibody
and EDC:NHS binder requirements, the antibody incubation
time was optimized by varying it between 4 and 16 h, keeping
the concentration of the antibody constant at 200 pug/mL
(Figure 2d). The antibody amount was also optimized by
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Figure 3. (a) Photo of the portable handmade POC potentiostat connected to a smartphone via a USB-C connection to record the signal using a
customized KAUSTat software. (b) Close-up photo of the potentiostat device (scale bar: 1 cm). (c) Denotation of pinouts of KAUSTat; DPVs of
the LSG\AuNS immunosensor presenting Al (the change in oxidation current) after each experimental step and the measurement of 100 ng/mL
SARS-CoV-2 spike protein by (d) PalmSens potentiostat and (e) portable handmade POC potentiostat. (f) Response of the LSG/AuNS
immunosensor in the presence of SARS-CoV-2, IgM/IgG (7:3), IgM, 1gG/IgM (3:7), 1gG/IgM, and IgG (p value > 0.05). SARS-CoV-2 protein
(150 ng/mL) and interfering proteins (immunoglobins, IgG and IgM) were used for the selectivity test. (g) Proposed LSG/AuNS immunosensor
in response to different concentrations of the SARS-CoV-2 spike protein vs the LSG reference electrode. The inset shows the relationship between
the A, and the logarithm of the concentration of the S1 protein (log Cgags.cov.,)- Histogram obtained for (h) repeatability study showed the test
of the proposed sensor showing oxidation current responses of four different immunosensors prepared by the same procedure and 200 ng/mL
SARS-CoV-2 protein. Error bars represent +SD and n = 3 samples. Measurements were performed in 5.0 mM [Fe(CN)4]>~/4 containing 0.1 M

PBS and 0.1 M KCI with a scan rate of SO mV/s.

incubating 100, 150, 200, and 300 ug/mL anti-SARS-CoV-2
S1 spike protein onto the LSG/AuNS immunosensor surface
as shown in Figure 2f. As a result, the best oxidation current
response was obtained from the LSG/AuNS immunosensor
prepared by 16 h incubation of 200 pg/mL antibody. No
significant variations were observed in the DPV response of the
LSG/AuNS immunosensor prepared with antibody concen-
trations higher than 200 pg/mL. Finally, the SARS-CoV-2 S1
spike protein incubation time was optimized by testing the
time range between 15 and 60 min with the same
concentration of the S1 spike protein, resulting in the best
current response obtained from the DPV of 60 min analyte
incubation (Figure 2e). Thus, electrodeposition of gold was
performed at —0.9 V for 4 min by applying a 50 mM gold
chloride solution. Furthermore, the spike protein was
incubated for 1 h following 16 h incubation of 200 ug/mL
antibody for further experiments.

Integration of the LSG/AuNS Electrode into a Point-
of-Care Device. We developed a second-generation custom-
made POC electrochemical analyzer (KAUSTat), which was
used as a proof of concept.® KAUSTat is a reconfigurable
multimeasurement polypotentiostat device for multichannel
electrochemical sensors, consisting of built-in memory, a
battery, Bluetooth, a mini-USB connector, a slot for an SD

card, and a connectable add-on device, enabling multiple
amperometric and voltammetric measurements. Moreover, the
device has a dual connector, enabling KAUSTat to be
connected to a smartphone with a micro-USB port. KAUSTat
connects directly to mobile application software and the phone
battery.

Figure S12 shows the details of the operation system of the
POC device connected to a specifically designed mobile
application software. A photograph of the LSG/AuNS
immunosensor, the components of the POC device,
smartphone connection, a portable circuit, and a sensor
integration unit of the device is demonstrated in Figure 3a.
The size comparison and five pinouts of KAUSTat for three
working electrodes (WE), one reference electrode (RE), and
one counter electrode (CE) are presented in Figure 3b,c. The
block diagram in Figure S13 shows the input/output
peripherals and the representation of KAUSTat used as an
add-on and a standalone watchlike device.

Analytical Features of SARS-CoV-2 Detection. Each
modification step was validated by electrochemical measure-
ments under the optimized conditions. Figure 3d shows the
DPV signals for bare LSG, LSG/AuNS, LSG/AuNS/Cys,
LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA, and
LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA/SARS-
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Figure 4. Histograms showing (a) AI, (the change in oxidation current) between RT-PCR-positive and -negative patient samples for each serum
dilution percentage; (b) correlation between LSG/AuNS sensor and RT-PCR results for each dilution percentage of 23 patient serum samples; (c)
AI, corresponding to different combinations of PCR and antibody test results; (d) correlation between LSG/AuNS sensor and RT-PCR, ELISA
IgG, and IgA test results of 23 patient serum samples. Error bars represent +SD and n = 3 samples. Measurements were performed in 5.0 mM
[Fe(CN)¢]>~/* containing 0.1 M PBS and 0.1 M KCl with a scan rate of 50 mV/s.

CoV-2 S1 protein. The sensor showed a significant increase in
the oxidation current intensity after the electrodeposition of
AuNS onto the LSG electrode. This current increase is
attributed to the high conductivity due to the high surface area
and excellent catalytic activity of AuNS, eventually leading to a
better electron mobility at the electrode—electrolyte interface.

Moreover, the increase in the current value after cysteamine
deposition can be related to the presence of polarizable
ammonium groups on the electrode surface, strongly drawn to
the negatively charged redox ions present at the electrolyte
interface to ease the load transfer. Finally, due to the bulky
structure resulting from the antibody—analyte binding, the
electron transfer process on the surface was hindered, leading
to a current decrease in DPV peaks. Figure 3d,e compares the
DPV response of the LSG/AuNS immunosensor measured by
the commercially available PalmSens electrochemical work-
station and KAUSTat device. Despite the slight sensitivity
difference, KAUSTat is able to identify each experimental step
and the presence of the SARS-CoV-2 spike protein. Thus, the
results prove that KAUSTat has a great potential as an
alternative measuring system, compared to the widely used
commercially available PalmSens electrochemical detection
system.

A calibration plot is shown in Figure 3g, demonstrating the
relation between SARS-CoV-2 S1 spike protein concentration
(ng/mL) and oxidation current difference between antibody—
analyte attachments (uA).

The concentration range of 5.0—500 ng/mL SARS-CoV-2
S1 spike protein was tested, and following an increase in the
oxidation current change, saturation in response was observed
due to the increase in the concentration of the analyte. As
shown in Figure 3g inset, a linear logarithmic relationship was
obtained in the range of 10—75 ng/mL analyte. The limit of
detection (LOD) was calculated to be 2.9 ng/mL by defining
log Csars.cov-2 equivalent to the average AI,, (the change in
oxidation current) of the blank plus three times its standard

deviation and using the following regression equation: Al =
14.60 log C —11.27 with a correlation coefficient of 0.996. The
electrochemical response was increased with the increase in
concentration. Reproducibility was examined to confirm the
reliability of the proposed immunosensor by preparing four
different sensors based on the same preparation method,
incubating with 200 ng/mL SARS-CoV-2 spike protein and
measuring each sensor three times (Figure 3h). The variation
in oxidation current response of four different immunosensors
was found as 4.5% for the immunosensors, proving that our
procedure can be considered as reliable.

Immunoglobins, IgG and IgM, glycoproteins produced by
specific immune cells as the response to virus exposure, were
selected as potential interferents for the selectivity test. Figure
3f shows the oxidation current change in DPV following IgG,
IgM, and specific SARS-CoV-2 S1 spike protein incubation
onto the LSG/AuNS immunosensor. Results were validated
statistically, proving that there is a significant difference
between the oxidation current values (p value: 8.75 X 107"
< 0.05). The current response observed by other protein
biomarkers, IgG and IgM,, is related to the nonspecific binding
of interfering substances, causing an oxidation current
difference signal in DPV. However, an approximately 40%
current difference was observed in the DPV signal between the
actual target and the interferences due to the selective
capturing, which proves that the proposed sensing system is
selective for the SARS-CoV-2 S1 spike protein. In addition,
histograms obtained for the mixtures of the interferents with
different ratios (v/v) are presented in Figure S14.

The oxidation current signals of SARS-CoV-2 S1 spike
protein, IgG, and IgM mixtures with different ratios were
observed as 114, 107, 118, and 117% for SARS-CoV-2/IgM
(2:1), SARS-CoV-2/1gG (2:1), SARS-CoV-2/IgM (4:1), and
SARS-CoV-2/IgG (4:1), respectively, by considering 100% as
SARS-CoV-2 response. Results were validated statistically,
proving that there is no statistically significant difference
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Table 1. Serum Samples (with 25% Dilution) Analyzed Using the LSG/AuNS Biosensing System and RT-PCR, ELISA IgG,

ELISA IgA, and Antibody Testing

sample AlLerage (A) RSD (%) proposed system”
patient #1 0.027 3.08 +
patient #2 0.025 324 +
patient #3 0.024 2.94 +
patient #4 0.025 12 +
patient #5 0.024 16.4 +
patient #6 0.021 1.78 +
patient #7 0.024 543 +
patient #8 0.024 9.47 +
patient #9 0.023 1.82 +
patient #10 0.029 2.53 +
patient #11 0.019 6.11 +
patient #12 0.019 9.32 +
patient #13 0.023 26.3 +
patient #14 0.026 1.13 +
patient #15 0.036 14.8 +
patient #16 0.028 8.80 +
patient #17 0.036 7.20 +
patient #18 0.008 - -
patient #19 0.008 - -
patient #20 0.015 - -
patient #21 0.006 - -
patient #22 0.01 - -
patient #23 0.006 - -

RT-PCR” ELISA IgG* ELISA IgA° antibody”
+ + + na
+ - - na
+ + + na
+ + + na
+ - + na
+ - - na
+ - - na
+ - - na
+ + + na
+ - - na
+ - + na
+ - - na
+ na na +
+ + +
+ + +
+ + +
+ + +

na na -
- na na +

“(+) and (—) signs represent positive and negative tested patients, respectively. PRT-PCR and antibody tests were performed by COVID-19 clinics
in Ege University (Izmir/Turkey). “The commercial SARS-COV-2 ELISA IgA and IgG were purchased from Euroimmun, a PerkinElmer, Inc.
Company, and authorized for emergency use by the Food and Drug Administration (FDA).

between the oxidation current values regardless of the
interferent additions to the spike protein (p value: 0.62 >
0.05). Therefore, it can be said that the designed platform
recognizes the SARS-CoV-2 specific protein selectively among
the other protein biomarkers.

Effect of Scan Rate and Flexibility Test. Pictures of the
device during the bending process are presented in Figure
S15a. The flexibility of the bare LSG, LSG/AuNS, and LSG/
AuNS immunosensors was tested by bending the sensors for 1
min at ~4S5 and ~90°. It can be observed in Figure S1Sb that
the oxidation current response remains unchanged after the
bending of the sensors at ~45 and ~90°, proving that LSG
electrodes are highly stable platforms for biosensing
applications. Also, the measured sheet resistance of graphene
multilayers is given as a function of bending duration (Figure
S15¢).

The scan rate effect was tested for the bare LSG and LSG/
AuNS sensors, varying the scan rate from 40 to 140 mV/s. CV
curves corresponding to the scan rate study of the sensors are
presented with the calibration data in Figure S15d,e. The active
surface area of the LSG/AuNS sensor was found to be 0.082
cm?, greater than the active surface area of the LSG bare
electrode, 0.057 cm?. The active surface area is enhanced due
to the excellent electrocatalytic activity of the AuNS-modified
LSG working electrode. Therefore, the LSG/AuNS sensing
system has a good potential for developing highly sensitive
electrochemical immunoassays.

Determination of SARS-CoV-2 in Clinical Samples.
The proposed sensor was validated using clinical serum
samples, tested by RT-PCR, ELISA IgG, ELISA IgA, and
IgG/IgM antibody testing. We measured the DPV of both RT-
PCR-positive and -negative blood serum samples under the

optimum conditions by replacing the spike incubation with
clinical samples. The oxidation current difference between RT-
PCR-positive and -negative patient samples for each serum
dilution percentage (0, 1.0, 10, 25, and 50%) was studied to
optimize the proper serum concentration for further measure-
ments, as given in Tables S5—S9. A significant current
reduction of the DPV signal was observed for the majority
of both RT-PCR-positive and -negative samples, shown in
Figures 4a and S16. This can be explained by the possible
cross-reactivity in the serum samples. It should be noted that
we did not need further filtration or centrifugation of the
serum samples prior to the measurement since proteins or
other substances in the serum samples could not be removed
without affecting the virus concentration. The mean value (n =
3) with the corresponding standard deviation was considered
for each measurement.

The correlation between LSG/AuNS sensor and RT-PCR
results for each dilution percentage of serum samples in Figure
4b indicates that current measurements of 10 and 25% diluted
samples yield the best correlation with the RT-PCR test.

Oxidation current values corresponding to RT-PCR-positive
and -negative patient samples based on different serum
concentrations were statistically validated by the two-factor
analysis of variance (ANOVA) test with replication. The p
value of RT-PCR-positive serum samples was found to be
relatively low (p: 1.96 X 107'* <0.05), proving that the current
response of RT-PCR-positive serum samples at different
dilution concentrations are significantly different. On the
other hand, the p value of RT-PCR-negative serum samples
was found to be relatively high (p: 0.42 > 0.05), proving that
there is no significant difference between the current response
of RT-PCR-negative serum samples at different concentrations.
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Figure S. (a) Representation of SARS-CoV-2 detection in human blood serum. DPVs for LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA,
LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA/positive serum, and LSG/AuNS/Cys/EDC:NHS/anti-SARS-CoV-2/BSA/negative serum
obtained by (b) PalmSens potentiostat and (c) portable handmade POC potentiostat. (d) Boxplot analysis of the averaged peak current obtained
from 23 patient samples using LSG/AuNS; the red line marks the threshold of classification in which all signals above 0.0168 A were classified as
positive and confirmed by RT-PCR. Linear plots of AI, (oxidation current change) vs SARS-CoV-2 concentrations obtained from LSG/AuNS in
(e) 10 and 25% of COVID-19-positive blood serum and (f) 10 and 25% in COVID-19-negative blood serum. Error bars represent +SD and n = 3
samples. Measurements were performed in 5.0 mM [Fe(CN) >+ containing 0.1 M PBS and 0.1 M KCl with a scan rate of 50 mV/s.

Thus, we have found that the highest and lowest current
reductions were achieved with 25% dilution of RT-PCR-
positive and -negative blood serum samples, respectively, with
the minimum interference effect. In the case of the RT-PCR-
positive serum samples, the current reduction was observed to
be larger, while a relatively small current reduction was
observed for the RT-PCR-negative patients.

Table 1 summarizes the obtained patient samples by
presenting the obtained oxidation current reduction for each
patient sample. The results of our LSG/AuNS immunosensor
were validated by performing ELISA IgG/IgA tests and RT-
PCR and IgG/IgM antibody tests performed by COVID-19
clinics. Three repetitions were performed for each patient, and
detailed data is presented in Table S9. The difference between
oxidation current values of the LSG/AuNS immunosensor
after both antibody and patient serum immobilization were
statistically verified by the t-test with paired two sample for
means. For the positive samples, the t,,, value was found to be
larger than f ., leading to a small py,o. value (p: 0.001 <
0.05), proving that the oxidation current values measured after
antibody immobilization are significantly different from the
current values after serum immobilization. Oppositely, for the
negative samples, the f, value was found to be smaller than
teiticap leading to a large pyyoa value (p: 0.3 > 0.0S), proving
that there is no significant difference between the oxidation
current values measured after antibody immobilization and
after serum immobilization. Moreover, the DPV oxidation
current responses of the LSG/AuNS immunosensor to
different combinations of antibody/RT-PCR-positive and
-negative patient samples were recorded for comparison
purposes (Figure 4). The oxidation current difference
corresponding to PCR and antibody test result combinations
are presented in Figures 4c and S17. We observed a slight
current increase following a nonspecific binding for PCR (—)
antibody (+) patient samples. However, the current change

increased around 2-fold for PCR (+) antibody (+) patient
samples compared to PCR (—) antibody (+) patient samples;
therefore, it is more noticeable. We tested the correlation
between our proposed test and commercially available RT-
PCR and ELISA IgG and IgA test results, and our test yielded
the best agreement with the RT-PCR test. Moreover, ELISA
IgG and IgA tests were found, respectively, in 65 and 74%
agreement with the LSG/AuNS immunosensor (Figure 4d).
Therefore, our approach is most compatible with the RT-PCR
tests among the commercial validation test kits. Taking into
account that ELISA tests have a high possibility of leading to
false-positive or -negative results due to the effect of
insufficient washing, cross-reactivity from preexisting antibod-
ies, or other possible interferences in the presence of the low
viral load, our results are considered as very satisfactory.
Figure Sa shows the detection mechanism of the SARS-
CoV-2 S1 spike protein in blood serum. DPVs of the LSG/
AuNS immunosensor measured before and after patient serum
incubation by a PalmSens potentiostat and our KAUSTat
device are compared in Figure Sb,c, respectively. Based on the
current response of the patient serum samples, we took a
statistical approach to identify a threshold value. The threshold
was determined by the boxplot analysis of the averaged peak
current obtained from 23 patient samples using LSG/AuNS,
presented in Figure 5d. The red line marks the threshold of
classification in which all signals above 0.0168 A were classified
as positive and confirmed by the RT-PCR test. Moreover, the
analytical characterization of RT-PCR-positive and -negative
serum samples by the LSG/AuNS immunosensor was
performed by the standard addition method. Linear plots of
the oxidation current difference of the LSG/AuNS immuno-
assay versus SARS-CoV-2 S1 spike protein additions in the
presence of 10 and 25% diluted positive and negative serum
are presented in Figure Sef. The LODs were calculated as
~3.0 and ~8.0 ng/mL in 10 and 25% diluted RT-PCR-
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negative serum, respectively. The results show that LOD values
for 10 and 25% diluted RT-PCR-positive serum were increased
to ~16 and ~10 ng/mL, respectively, proving the effect of the
real SARS-CoV-2 S1 spike protein in positive blood serum.
These LODs were calculated from the signal-to-noise ratio (s/
N = 3) at a 95% confidence interval.

Table S10 summarizes the analytical features and detection
methods of various biosensor platforms developed for SARS-
CoV-2 detection. Compared to previously developed COVID-
19 diagnostic tests shown in the table, our LSG/AuNS
immunosensor provides fast results with the requirement of 1 h
incubation and a practical POC diagnosis with satisfactory
analytical features. We believe that this portable POC
diagnostic platform provides a highly accessible screening in
both field and personal applications.

B CONCLUSIONS

We describe a smart antibody sensor based on electro-
deposition of AuNS on LSG electrodes for SARS-CoV-2
detection with a calculated LOD of 2.9 ng/mL. The detection
system was successfully applied to 23 blood serum samples of
COVID-19 patients for clinical validation. We tested the
correlation between our proposed test and commercially
available test results, and our test yielded the best agreement
with the RT-PCR test. The results show that the proposed
sensor has the possibility to be an alternative detection method
with a convenient detection time. The integration of the sensor
into a POC device provides ease of use in SARS-CoV-2
detection from blood serum samples. Though further improve-
ments are required for LSG/AuNS electrodes to develop fully
optimized POC diagnostic tools, the proposed sensing system
offers a good and stable alternative platform for future
applications. With further optimizations and modifications,
detection of SARS-CoV-2 in other samples such as
nasopharyngeal swab specimens will be part of our ongoing
research in the future.
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