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ABSTRACT: Additive manufacturing holds promise for rapid
prototyping and low-cost production of biosensors for diverse
pathogens. Among additive manufacturing methods, screen
printing is particularly desirable for high-throughput production
of sensing platforms. However, this technique needs to be
combined with carefully formulated inks, rapid postprocessing,
and selective functionalization to meet all requirements for high-
performance biosensing applications. Here, we present screen-
printed graphene electrodes that are processed with thermal
annealing to achieve high surface area and electrical conductivity
for sensitive biodetection via electrochemical impedance spectros-
copy. As a proof-of-concept, this biosensing platform is utilized for
electrochemical detection of SARS-CoV-2. To ensure reliable specificity in the presence of multiple variants, biolayer interferometry
(BLI) is used as a label-free and dynamic screening method to identify optimal antibodies for concurrent affinity to the Spike S1
proteins of Delta, Omicron, and Wild Type SARS-CoV-2 variants while maintaining low affinity to competing pathogens such as
Influenza HIN1. The BLI-identified antibodies are robustly bound to the graphene electrode surface via oxygen moieties that are
introduced during the thermal annealing process. The resulting electrochemical immunosensors achieve superior metrics including
rapid detection (S5 s readout following 15 min of incubation), low limits of detection (approaching S00 ag/mL for the Omicron
variant), and high selectivity toward multiple variants. Importantly, the sensors perform well on clinical saliva samples detecting as
few as 10° copies/mL of SARS-CoV-2 Omicron, following CDC protocols. The combination of the screen-printed graphene sensing
platform and effective antibody selection using BLI can be generalized to a wide range of point-of-care immunosensors.
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B INTRODUCTION infections at the earliest stages’ and gauging the effectiveness
of subsequent interventions.’

Among COVID-19 diagnostic methods, the reverse tran-
scription—quantitative polymerase chain reaction (RT-qPCR)
is the gold standard.” While RT-qPCR possesses high accuracy
and sensitivity, it also requires detailed analysis by highly
skilled personnel in specialized laboratories with high-cost
equipment.”” With soaring demand for tests at the height of
the pandemic, rapid antigen-based lateral flow assays (LFAs)
became extremely popular, providing an easy-to-use, low-cost,
and rapid alternative for point-of-care applications.'® However,
the limited sensitivity and specificity of LFAs undermine its
utility as a definitive and conclusive test.” Therefore, alternative

The coronavirus disease, COVID-19, was first reported in
December 2019 in Wuhan, China. Because of its high
transmissibility, COVID-19 rapidly spread worldwide, resulting
in hospitals being overwhelmed with patients experiencing
diverse symptoms including dyspnea, fever, chills, cough, bone
pain, fatigue, headache, and diarrhea." During the subsequent
global pandemic, over 775 million people were infected, and
more than 7.0 million deaths were reported by March 2024.”
Throughout the COVID-19 pandemic, new variants of SARS-
CoV-2 emerged with evolved characteristics such as enhanced
symptom severity (Delta variant) or transmission rate
(Omicron variant). Despite effective vaccines being available,
it is estimated that approximately 30% of the global population
has not received even one vaccination dose, especially in low-
income communities with limited access to healthcare.’
Consequently, prompt diagnosis was critical to making
informed treatment decisions." In particular, diagnostic
methods with a low limit of detection (LOD) and broad
response to evolving variants are essential to identifying viral

Received: March 31, 2024
Revised:  April 22, 2024
Accepted: April 23, 2024
Published: May 2, 2024

© 2024 American Chemical Society https://doi.org/10.1021/acsami.4c05264

v ACS PUbl ications 25169 ACS Appl. Mater. Interfaces 2024, 16, 2516925180


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beata+M.+Szydlowska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ci%CC%81cero+C.+Pola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zizhen+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lindsay+E.+Chaney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janan+Hui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Sheets"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremiah+Carpenter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremiah+Carpenter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delphine+Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+C.+Claussen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+L.+Gomes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+C.+Hersam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c05264&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05264?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05264?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05264?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05264?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05264?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/19?ref=pdf
https://pubs.acs.org/toc/aamick/16/19?ref=pdf
https://pubs.acs.org/toc/aamick/16/19?ref=pdf
https://pubs.acs.org/toc/aamick/16/19?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c05264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A

C

——SP go,s- 1801 %
— 0.05{ —AJP c i 160 - this work
g ‘g 0.5 i ?140_
= © 0.4- 1204 3
c 0.00 © ,-'§§ < 100 é
= ®02] ¢ Wl -
O -0.05 x e ok v
8 0.1- is wor 40 -
0.3 0.0 0.3 0.6 0.9 0 1000 2000 3000 0 1000 2000 3000
Potential (V) Resistance (Q2) Resistance (Q2)
D E F
160 o sSP 40 "
160 - 5004 . Agp 3 35
3133- — 400 e | =30
= 100, %300‘ ol %’iﬁ'
< ] o4 ¢ 8 20
A 80 ¢ 5 2004 = 151
60 100 7 _a---7"7| £ 104
40+ ol £" 5-
20 T T T T T T T T T 0-
0 20 40 60 80 00 01 0.2 03 AJP ASP

Roughness (nm)

Concentration (mM)

Print type

Figure 1. (A) Cyclic voltammograms (CVs) acquired at 25 mV/s from dipstick electrodes printed using screen printing (SP) and aerosol jet
printing (AJP). (B) Relationship between the peak separation at 25 mV/s and two-point-probe electrode resistance. The purple star is the optimal
SP electrode reported in this work; the purple diamond is the optimal AJP electrode. (B) Relationship between electrochemical surface area (ESA)
and two-point-probe electrode resistance. The purple star is the optimal SP electrode reported in this work; the purple diamond is the optimal AJP
electrode. ESA was estimated using CVs acquired at various scan rates (3, 15, 25, 50, 100, and 150 mV/s) in the 5 mM Fe(CN)4*/Fe(CN)s*~
redox probe with 0.1 M KCl in 1x PBS. (D) Relationship between ESA and electrode roughness. (E) Comparison between the response of the SP
and AJP electrodes to biotin—avidin binding events at different concentrations. (F) Efficiency of the antibody attachment onto the activated surface
of SP and AJP electrodes with the Bradford assay. The asterisk () indicates a statistically significant (p < 0.05) difference in the amount of attached

antibody according to the student t test.

SARS-CoV-2 detection schemes for reliable, rapid, inexpensive,
and everyday use have been highly sought. Toward this end,
significant effort has been devoted to developing portable
nanomaterial-based biosensors'"'> that enable accurate
diagnosis of infected patients without the need for in-person
contact or specialized equipment.

Prominent examples of portable COVID-19 biosensors
include graphene-based field-effect-transistor (FET) sensors,
colorimetric sensors, multiplexed sensors, and localized surface
plasmon resonance (LSPR) sensors as well as electrochemical
amperometric and impedance-based sensors."' ™' Among
these cases, electrochemical sensors have attracted significant
interest as a result of their high sensitivity, low cost of
operation, rapid response, short readout time, and minimal
required sample volume.'” Electrochemical sensors frequently
employ electrodes consisting of nanostructured carbon
materials,"®"” such as graphene, graphene oxide, carbon
nanotubes, carbon quantum dots, or fullerenes,'>*>*' due to
their large surface-area-to-volume ratios, solution processability
that enables rapid additive manufacturing,”” and established
functionalization schemes.”””* Despite these advantages of
carbon nanomaterials, deposition methods strongly influence
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film mozphology, resulting in challenges with reproducibil-
ity.”»*>*° Common deposition and printing processes include
drop-casting, spin-coating, stamping, aerosol jet printing
(AJP), inkjet printing, and 3D printing,”*****"*" each of
which results in a different film morphology, thickness,
roughness, and resolution, all of which can affect electro-
chemical performance. In contrast, screen printing (SP) offers
scalable and low-cost production with the potential for high
reproducibility, especially with suitably chosen postprocessing
methods.”"*” In particular, graphene SP electrodes have been
widely employed in biosensing platforms for diverse targets
including C-reactive proteins for early detection of cardiovas-
cular disease, viral detection even before the COVID-19
pandemic, and broadly understood food safety measures.*®
Screen-printed electrodes are often subjected to surface
modification with other materials such as metallic nano-
particles (e.g,, copper’**** and gold’"***°), transition metal
dichalcogenides (e.g,, molybdenum disulfide’"”” and tungsten
oxide®"*”), conductive polymers (e.g., polyaniline®"***° and
polypyrole®*>?7), quantum dots,>**** and other carbon-
based materials.””*** When utilized individually or in
combination, these surface modifications result in enhanced
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sensitivity and/or more efficient immobilization of the
recognition agent,*>*" the latter of which is often additionally
aided by electrochemical activation.”” Although these surface
modification methods can improve sensor performance, they
require additional processing, which elevate production costs
and limit manufacturing scalability.

Here, screen-printed graphene electrodes are postprocessed
with thermal annealing to achieve high electroactive surface
area for sensitive biosensing via electrochemical impedance
spectroscopy. Thermal annealing also introduces oxygen
moieties on the graphene electrode surface, which enables
robust binding to antibody recognition agents. To efficiently
identify antibodies with high affinity for target analytes,
biolayer interferometry (BLI) is employed. In particular, BLI
enables optimal antibodies to be identified for concurrent
affinity to the Delta, Omicron, and Wild Type SARS-CoV-2
variants while maintaining low affinity to competing pathogens
such as Influenza HINI. The resulting electrochemical
immunosensors achieve superlative metrics including rapid
detection and low limits of detection, including for clinical
saliva samples following CDC protocols. The generality of the
BLI screening method implies that this methodology can be
widely applied to diverse biodetection applications.

B RESULTS AND DISCUSSION

Screen printing is a high-throughput method of manufacturing
predesigned patterns where both ink formulation and substrate
choice are crucial to a high-quality print.***” Dipstick
electrodes with a previously optimized geometry”” were
screen-printed onto a flexible polyimide substrate (Kapton)
with ink formulated from graphene/ethyl cellulose (EC)
powder.42 In particular, the graphene/EC powder was
dispersed in terpineol by centrifugal mixing to obtain a
uniformly blended slurry (see the Experimental Section for
more details).*> The screen-printed patterns are controlled by
several process control parameters such as automatic versus
manual printing, mesh size, snap-off distance, printing speed,
ink concentration, and ink viscosity.””*>*”** Variation of all
these parameters individually or in combination results in
patterns with the same nominal geometry but considerably
different surface morphologies. Examples of these surface
morphology differences are presented in the optical micro-
graphs in Figure S1. As a result, the electrical and
electrochemical performance of the printed electrode is highly
affected.

Since cyclic voltammetry (CV) is a widely used electro-
chemical technique that rapidly provides information about the
performance of electrodes during redox reactions and electron
transfer kinetics,”> CV (Figure 1A) was used to characterize
and compare the electrochemical behavior of the screen-
printed electrodes developed here with previously reported
aerosol-jet-printed electrodes.”” The characteristic anodic and
cathodic CV peaks can be used to extract quantitative
information about the electrochemical reversibility of the
system, the electron transfer kinetics at the interface between
the electrode and electrolyte, and the electroactive surface area
(ESA) available for electrochemical reactions.*® The value of
the two-point-probe resistance (measured between the
electrode contact pad and sensing head, Figure S2) varies
considerably across prints fabricated with different methods
(AJP and SP), ink concentrations (120 and 200 mg/mL), and
screen mesh sizes. Hence, two-point probe resistance was used

as a simple but effective quality control measure preceding
more rigorous tests of electrochemical performance.

The observed correlation of the two-point-probe resistance
with CV peak-to-peak separation (AE,,) and ESA (Figure 1B
and Figure 1C, respectively) provide a quantitative means for
benchmarking different electrodes. Increasing two-point-probe
resistance values correlate with an increase in peak-to-peak
separation, indicating that low two-point-probe resistance
values imply low barrier to electron transfer.® The optimized
SP-graphene electrodes possess a AE, of 140 + 6 mV
(Figure 1B, purple star), which is significantly lower than AJP-
graphene electrodes*” (Figure 1B, purple diamond). Impor-
tantly, an electrode with low peak-to-peak separation is desired
for electrochemical applications since it indicates a low barrier
to electron transfer. Conversely, the ESA calculated from
respective CVs at various scan rates (S, 15, 25, 50, 100, and
150 mV/s) rapidly decreased with increasing two-point-probe
resistance (Figure 1C). The ESA is also linearly correlated to
the print surface roughness (Figure 1D), with the highest
effective ESA occurring for the smoothest printed electrodes,
indicating a highly electroactive surface. Based on these
relationships among ESA, AE,,, two-point-probe resistance,
and surface roughness, electrode performance can be tuned by
precisely controlling the print morphology and quickly
screened with two-point-probe resistance measurements.

Notably, the aforementioned screening measurements also
correlate with sensor responsiveness. This correlation is shown
in Figure 1E, where the biotin—avidin complex was used as a
model binding system to initially evaluate the electrochemical
biosensing performance of the SP electrode compared to
previously reported AJP electrodes.”> Both electrodes were
functionalized by drop casting 10 uL of avidin solution (100
ug/mL) followed by exposure to the same concentrations of
biotin (in the range of 0—0.3 mM). The SP and AJP electrodes
were evaluated under the same electrochemical impedance
spectroscopy (EIS) conditions. The charge transfer resistance
extracted from EIS data is highly sensitive to changes in the
interface between the electrode surface and the electrolyte.””
Consequently, the change in EIS-extracted charge transfer
resistance (AR.) is reported in Figure 1E, presenting
significantly larger AR.(Q) for SP compared to AJP
electrodes. Because both electrodes were exposed to the
same concentrations of biotin, the AR signal can be assumed
to be limited primarily by the amount of avidin initially
attached to the surface of the electrode.”® In particular, the
smoother surface of the SP compared to the AJP electrodes
allows for a more densely packed avidin layer on the SP
electrodes. Moreover, the rougher surface of the AJP electrodes
leads to an inhomogeneous distribution of electrochemical
properties (e.g., electrochemical current density, interfacial
capacitance, and solution resistance) across the surface of the
electrode, which induces further deviations from an ideal
electrochemical response.*’

Following the initial biotin—avidin assay, we proceeded to
functionalize fresh electrodes with the SARS-CoV-2 Spike
mouse monoclonal antibody (MM117). Using the Bradford
assay (see the Supporting Information for details),”® the
concentration of antibodies immobilized on the surface of the
electrodes was estimated. The SP electrodes showed
significantly more antibody attachment than the AJP electro-
des, with 35.59 + 1.82% and 25.94 + 2.74% immobilization
efficiency, respectively (Figure 1F).
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Figure 2. Screen-printed (SP) graphene electrode surface characterization. (A) Schematic of the dipstick electrode and the electrochemical setup.
(B) Atomic force microscopy (AFM) image of the electrode surface at the edge of the pattern. (C) Height profile extracted from the AFM image.
(D) Print thickness distribution across multiple electrodes measured with AFM (blue) and confocal microscopy (orange). (E) Roughness profile
extracted from the AFM image averaged over 100 lines. (F) Scanning electron microscopy (SEM) image of the electrode surface.
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Figure 3. Electrochemical characterization of the SP electrodes. (A) Cyclic voltammograms at S, 15, 25, 50, 100, and 150 mV/s scan rates. (B)
Randles—Sevcik plot showing a linear variation of the peak anodic (iPa) and (ipc) currents with the square root of the scan rate. All electrochemical
measurements were performed in a 5 mM Fe(CN)¢*~/Fe(CN)4*~ redox probe with 0.1 M KCl in 1x PBS. (C) Nyquist plot obtained through
electrochemical impedance spectroscopy of bare SP graphene electrodes (n = 12). Inset: as-printed electrode 2-point resistance measured at 25 mm
distance.

Considering all of the results presented in Figure 1, the
electrode most suitable for SARS-CoV-2 biosensing was
defined as presenting a low CV peak-to-peak separation, high
ESA, and smooth surface, which should promote high
electrochemical reaction kinetics and maximize the output
signal generated by changes in the concentration of the target
analyte. Following screening of the SP conditions, it was
determined that the optimal SP electrodes were produced with
SP mesh size, pressure, squeegee snap-off distance, and print
speed set to 325 mesh, 20 psi, 1 mm, and 127 mm/s,
respectively. Using an automated screen printer, 30 electrodes
were produced in each print at a rate equivalent to ~600
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electrodes/h when taking into account time for changing
substrates and periodically cleaning the SP mesh. Following
printing, the electrodes were left to dry (at room temperature)
and then thermally annealed at 350 °C for 30 min to remove
residual trapped solvent and maximize electrical conductivity.
The latter process is governed by the thermal decomposition
of the ethyl cellulose binder, which leaves an sp*rich
carbonaceous residue that facilitates charge transport between
graphene flakes in the printed percolating network, ultimately
leading to a high electrical conductivity of 5 X 10* S/m and
low sheet resistance of 43 Q/sq."> Annealing also results in
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electrodes enriched in oxygenated groups that facilitate
functionalization (Figure S3).

The morphology of the SP electrodes was characterized with
several microscopic techniques at the region termed the
sensing pad working area (Figure 2A). Atomic force
microscopy (AFM) (Figure 2B) and profilometry were used
to quantify the print thickness and roughness. The height
profile marked with the blue dotted line in Figure 2B is
provided in Figure 2C, displaying a print thickness of ~350 nm
and a surface roughness of ~2 nm. Figure 2D collectively
shows thickness measurements performed on 130 randomly
chosen electrodes. Blue data points were extracted from AFM,
while orange data points were extracted from profilometry.
These two complementary measurements corroborated the
initial AFM thickness estimate with an average print thickness
of 365 nm. Detailed analysis of the AFM spectral profiles
performed with Gwyddion similarly corroborated the initial
AFM roughness estimate with an average roughness of 1.7 nm
(measured across S ym). A representative roughness profile is
provided in Figure 2E. Additionally, scanning electron
microscopy (SEM) was performed to gain further insight
into the surface morphology of the SP graphene patterns
(Figure 2F), revealing a flat, well-packed, and aligned graphene
flake structure with the graphene nanosheet basal planes lying
flat at the electrode surface, which is ideal for efficient electron
transfer throughout the SP electrode.’">

The electrochemical performance of the SP graphene
electrodes was evaluated by CV. Preceding electrochemical
measurements, the working area (Figure 2A) was defined by
applying a thin layer of fast-drying polymeric lacquer on the
shank of the electrode (Figure S4). Subsequent CV measure-
ments (Figure 3A) showed characteristic redox peaks at all
applied scan rates (5, 15, 25, 50, 100, and 150 mV/s) between
149.80 and 379.65 mV. The anodic (i,,) and cathodic peak
(ipc) currents scaled linearly with the square root of the

25173

respective scan rate (Figure 3B), indicating a diffusion-
controlled system.’>** Increasing the scan rate resulted in
higher peak-to-peak separation (AEPeak) from 109.92 to 229.84
mV. This change suggests a limitation in electron transfer
kinetics’>*° and points toward a quasi-reversible electro-
chemical system controlled by charge transfer and mass
transport.”>>>>” The estimated heterogeneous charge transfer
rate constant (k%) was 9.43 X 107* + 3.03 X 107> cm/s, lying
within a range between short-time-achieved equilibrium
(above 107" cm/s) and a sluggish system (below 107> cm/
s). The k° value further suggests a system where the current
flow is controlled by both charge transfer and mass transport.>”
Therefore, the ESA of the SP graphene electrodes was
extracted from the acquired CV curves using the Randles—
Seviik equation for quasi-reversible systems (see the
Supporting Information for details). The ESA of the SP
graphene electrodes was 11.23 + 0.28 mm?, corresponding to
158.93 + 3.91% of the electrode geometric surface area (7.07
mm?®). The defects present in the graphene basal and edge
sites, which are apparent in Raman spectroscopy measure-
ments (Figure S3), provide a surface rich in electroactive sites
for redox reactions.

Further electrochemical characterization of the SP electrodes
was performed using EIS. During EIS, a DC potential is
applied relative to the reference electrode along with an
additional small sinusoidal AC component of fixed ampli-
tude,”>** allowing the frequency dependence of the impedance
to be obtained.”> Normally, EIS data are plotted on a complex
plane where the negative of the imaginary impedance is plotted
versus the real impedance. The charge transfer resistance (R)
is equivalent to the diameter of the semicircle observed in the
EIS complex plane diagram.”* Examples of the EIS responses
for randomly chosen SP electrodes (n = 12) are provided in
Figure 3C. Each case consists of a hardly noticeable
semicircular region and a diagonal line indicating a facile
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electron transfer that is consistent with a mass transfer
predominant system.”® Importantly, the virtually identical
signal shape from each sensor confirms the high electro-
chemical reproducibility of the platform.

Figure 4 outlines the four functionalization steps followed by
two sensing steps utilized in our electrochemical biosensing
procedure. While full details are provided in the Experimental
Section, a brief description of the four functionalization steps is
provided here: (1) Graphene electrodes are fabricated by
screen printing and thermally processed, resulting in oxygen-
containing moieties on the surface. (2) The graphene surface is
activated with an EDC:NHS mixture. (3) Antibody coupling is
achieved by introducing PBS-based antibodies onto the wet,
preactivated surface. (4) Nonspecific binding is blocked with
Superblock. Importantly, the antibody—spike couple with the
highest binding affinity was identified prior to the third
functionalization step with BLI (full BLI details provided in the
Supporting Information). Specifically, the interaction between
the antibody and the spike protein can be described by the K
constant, where the antibody MM117 was determined to have
high affinity toward SARS-CoV-2 Wild Type (S1), Delta (S1),
and Omicron (S1) while simultaneously showing low affinity
toward Influenza HIN1 HA (Table 1).

Table 1. Kp Values Obtained via Biolayer Interferometry
(BLI) for Interaction between the MM117 Antibody and
the Spike Protein for Various SARS-CoV-2 Variants in
Addition to Influenza HIN1

target
Wild Type Delta Omicron Influenza
antibody (S1) (S1) (s1) (HIN1)
MM117 128 X 1077 148 x 1077 396 x 107 145 x 107

Following functionalization, the SP electrodes were tested
for sensing SARS-CoV-2 Spike S1 protein in an artificial saliva
solution. The sensing process has two steps: baseline
measurement and detection (Figure 4, Step S and Step 6,
respectively). For the baseline measurement, the functionalized
electrodes were incubated with 5 uL of artificial saliva for 15
min and rinsed gently with 1x PBS. At this stage, the platform
is fully prepared and ready to use for biosensing. Subsequently,
the electrode was incubated for 15 min with SARS-CoV-2
Spike S1 protein, rinsed with 1x PBS, and followed by EIS
readout (SS s). Each electrode was subjected to the
aforementioned functionalization and sensing steps. As addi-
tional components were immobilized or bonded to the
electrode surface in each step, an insulating effect was
produced as shown in Figure SA, where the electrode surface
activation, antibody immobilization, surface blocking, and
initial incubation in saliva increased the R, compared to the
bare SP electrode.”>° Later, changes to the electrode surface
were quantitatively monitored through EIS R readout to
determine biosensor performance.

Since the initial incubation in the artificial saliva sample
increased the electrode R, (Figure SA), evaluating the
biosensor stability in this medium was crucial to eliminate its
contribution and thus avoid false positive results. For this test,
a baseline calibration was performed to investigate any changes
promoted by the subsequent incubation of artificial saliva
solution at the surface of the electrode. In particular, the SP
electrodes were initially incubated with artificial saliva solution

for 15 min followed by EIS measurement (Figure SA). The
same SP electrodes were then incubated for another 15 min
with artificial saliva solution, after which the EIS was again
recorded (Figure SA). Minimal R, signal change (3.52 +
1.84%, n = 20; Figure SS) is observed in the second 15 min
incubation, which confirmed that the initial 15 min incubation
is sufficient to establish the baseline.

The SARS-CoV-2 sensing performance was assessed by
incubating the biosensors with SARS-CoV-2 Spike S1
Omicron (Spike S1 Omicron) in the range of 10 fg/mL to
10 pg/mL (130.75 aM to 130.75 nM) in artificial saliva.
Representative EIS responses to various Spike S1 Omicron
concentrations are presented in Figure 5B. The contribution of
the semicircular region increases with increased Spike S1
Omicron concentration, directly reflecting changes in R,
which corresponds to the Spike S1 Omicron bonding to the
surface-immobilized antibodies. To determine the selectivity of
the biosensors, Influenza A HIN1 hemagglutinin (HIN1 HA)
was tested as a potential interferent. The biosensors presented
minimal cross-reactivity with the Influenza A HIN1 HA
protein with an average AR, of only 7.21% across 10 orders of
magnitude (10 fg/mL to 10 yg/mL) concentration range
(Figure SC). The change in the signal recorded with EIS
(AR,,) plotted versus the concentration of different Spike S1
variants was used to construct a biosensor calibration curve
(Figure SD) and evaluate the overall biosensor performance.
The biosensor operates in a linear range from 10 fg/mL to 10
ug/mL (R*,4 = 99.07%, Prodel < 0.001, pracoese = 0.193), with
a sensitivity of 10.38 + 0.63 AR, (%)/log(fg/mL) and an
exceptionally low limit of detection (LOD) equal to 524.67 +
31.76 ag/mL for Spike S1 Omicron (Figure SE).

The biosensor was further tested against SARS-CoV-2 Spike
S1 Wild Type (Spike S1-WT) and Delta variants (Spike S1
Delta) to show its versatility. In both cases, the biosensors
exhibited linear sensing range and competitive sensitivity.
Specifically, for Spike S1-WT, linear sensitivity occurs in the
range from 1 pg/mL to 1 pg/mL (Rzadj = 98.93%, Pmodel <
0.001, Pract o e = 0.343), with a sensitivity of 10.51 + 0.74 AR,
(%)/log(fg/mL) and LOD of 48626 + 34.28 fg/mL.
Meanwhile, for Spike S1-Delta, linear sensitivity occurs in
the range from 1 pg/mL to 10 ug/mL (R*,g = 97.68%, Prmogel <
0.001, praorsie = 0.194), with a sensitivity of 13.63 + 1.08 AR,
(%)/log(fg/mL) and LOD of 170.91 + 13.50 fg/mL. These
results are highly competitive compared to the literature
precedent, especially when considering that these biosensors
do not require complicated electrochemical activation, surface
modification, or mediators commonly used to aid sensing
performance (Table S1). Most notably, the LOD for SARS-
CoV-2 Spike S1 Omicron (524.67 + 31.76 ag/mL) is
unprecedented in the field and showcases how the optimized
SP electrodes and BLI-guided antibody choice can lead to
exceptionally high biosensing performance.

To further illustrate the advantages of our approach, it is
worthwhile to benchmark other SP electrochemical sensing
devices that have been reported in the literature. For example,
Torres et al. reported an enzymatic biosensor (ACE2-
functionalized) that detected SARS-CoV-2 Spike protein
with a broad sensing range in saliva samples in only 4 min.>®
Despite the impressive response time, this device only achieved
a LOD of 1.39 pg/mL, which is orders of magnitude higher
than our SP biosensor. Sample preconcentration using
magnetic beads is also a strategy reported in the literature in
combination with commercial”” or in-house fabricated® SP
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Figure S. Biosensing characterization. (A) Nyquist plot recorded via EIS at each step of the functionalization protocol. (B) Nyquist plots recorded
via EIS that demonstrate the sensor response to various SARS-CoV-2 Spike S1 Omicron concentrations. (C) Nyquist plots recorded via EIS
demonstrate the lack of sensor response to various concentrations of Influenza HIN1. (D) Calibration plot showing the percentage change of the
signal readout (charge transfer resistance) for the baseline (10% artificial saliva in 1x PBS) and in the presence of SARS-CoV-2 Spike S1 protein for
three variants: Omicron, Delta, and Wild Type at concentrations between 10 fg/mL and 10 pg/mL in addition to various concentrations of
Influenza HINLI. (E) Bar plot showing the limit of detection for Omicron, Delta, and Wild Type variants of SARS-CoV-2. (F) Positive SARS-CoV-
2 clinical sample biosensing: relative charge transfer resistance percentage for SARS-CoV-2 negative pooled saliva (10% v/v in 1x PBS) and SARS-
CoV-2 positive samples at 10° copies/mL. Error bars represent the standard deviation calculated from 6 independently functionalized electrodes (n

= 6). ***A significant (p < 0.0001) increase in AR, (%) according to the Student ¢ test.

electrodes. Even with the use of preconcentration, the devices
reported by Malla et al’’ and Fabiani et al.®’ required
incubation for 30 min and resulted in significantly higher
LODs (0.2 ng/mL and 19 ng/mL, respectively) than our SP
biosensor. Modifying electrodes with nanostructures is another
common approach to increase the electrochemical sensing
performance of SP electrodes. In particular, Mehmandoust et
al. developed an enzymatic label-free biosensor for the
electrochemical detection of the SARS-CoV-2 Spike protein
consisting of a commercial SP electrode modified with silicon
oxide nanoparticles in a zirconium(IV) carboxylated metal—
organic framework to increase the electron transfer on the
electrode surface.’’ Despite the involved nanostructure
functionalization scheme, this device only achieved a LOD of
100 fg/mL and a linear sensing range from 100 fg/mL to 10
ng/mL with a response time of 30 min. Another case reported
by Fortunati et al®” used SP carbon nanotube electrodes
decorated with gold nanoparticles, which only resulted in a
narrow linear sensing range (0.5—S pg/mL) and high LOD
(12 ng/mL). Finally, Hussein et al. used carbon nanotubes and
WO, to modify a SP electrode to achieve a short response time
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of § min for SARS-CoV-2 virus particles, but the LOD was S
orders of magnitude higher than our SP biosensors.””

As the ultimate test of our SP biosensors, we evaluated them
against SARS-CoV-2 clinical samples obtained from deidenti-
fied positive patients. The concentration of SARS-CoV-2 in the
clinical samples was quantified using qRT-PCR and adjusted to
10® copies/mL using the negative pooled saliva samples (10%
v/v in 1x PBS). In this case, the SP graphene electrodes were
prepared and functionalized in the same manner as previously
described. Then, a blank sample, consisting of a negative
SARS-CoV-2 pooled saliva sample (10% v/v in sterile 1x PBS
buffer), was used for baseline measurement and evaluation of
AR, (%) for a SARS-CoV-2-free sample, yielding an EIS signal
change (AR,) of 20.95 + 4.56% (Figure SSA,B). The higher
baseline signal variation compared to the artificial saliva
samples (3.52 + 1.84%) can be attributed to the more complex
composition of the pooled patient saliva. Nevertheless, as
shown in Figure SF, incubation for 30 min with positive saliva
samples containing 10° copies/mL of active SARS-CoV-2
Omicron led to a AR, of 65.34 + 8.65%, which is significantly
(p < 0.0001) larger than the change induced by the negative
saliva sample. Therefore, our SP biosensors were able to
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definitively differentiate SARS-CoV-2 Omicron negative from
positive (10° copies/mL) saliva samples, which complies with
CDC requirements for diagnostic or confirmation purposes.”*
Notably, the SP graphene biosensor performs considerably
better than commonly available lateral flow assay (LFA)
antigen-based rapid tests. In addition to unpleasant nasal swab
sampling, most LFA devices require 10° to 10° copies/mL to
differentiate positive from negative samples consis-
tently, S865—68

B CONCLUSIONS

Carefully tailored graphene ink formulation coupled with
multifactor-controlled screen printing has been used for the
high-throughput fabrication of reliable graphene electro-
chemical sensing electrodes with exceptional batch-to-batch
reproducibility. Tuning the fabrication process conditions
yielded prints with desirable surface morphology that directly
influenced the electrical and electrochemical performance of
the final biosensor. Thermal annealing following screen
printing introduced additional oxygenated groups favorable
for carbodiimide immobilization of antibodies. The final
biosensor exhibited superior responsiveness and selectivity to
multiple SARS-CoV-2 Spike S1 protein variants including an
exceptionally low LOD (524.67 ag/mL) in artificial saliva
operating in a broad linear range of 10 fg/mL to 10 ug/mL for
SARS-CoV-2 Spike S1 Omicron. This biosensor can also
successfully detect SARS-CoV-2 Wild Type and Delta variants
with competitive LODs of 486.26 and 17091 fg/mL,
respectively. Notably, minimal response to the potential
interferent Influenza A HIN1 HA confirms the high selectivity
that is required for definitive detection of SARS-CoV-2
compared to other common pathogens. Importantly, the SP
graphene biosensor was shown to be effective on clinical
samples at a level that complies with CDC requirements for
diagnostic purposes.””*” The optimized SP graphene electro-
des can be directly combined with screen-printed Ag/AgCl
reference and counter electrodes, thus enabling high-
throughput fabrication of an all-in-one sensing platform that
can be customized for not only pathogen detection but also
other targets of interest in health, agricultural, and environ-
mental applications.

B EXPERIMENTAL SECTION

Materials. Graphite flakes, ethyl cellulose (4 X 107 Pa/s),
terpineol, N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide
(EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethane-
sulfonic acid (MES buffer), potassium hexacyanoferrate(II) trihy-
drate, and potassium ferricyanide were purchased from Millipor-
eSigma (St. Louis, MO). Potassium chloride was purchased from
Fisher Scientific (Hampton, NH). Superblock blocking buffer and
200-proof ethanol were purchased from Thermo Fisher (Waltham,
MA). Artificial saliva was purchased from Pickering Laboratories
(Mountain View, CA). Phosphate buffer saline was purchased from
Alfa Aesar (Tewksbury, MA). SARS-CoV-2 Spike mouse monoclonal
antibody, SARS-CoV-2 B.1.1.529 Omicron variant Spike S1 protein,
SARS-CoV-2 B.1.617.2 Delta variant Spike S1 protein, SARS-CoV-2
Wild-Type Spike S1 protein, and Influenza A HIN1 hemagglutinin
protein were purchased from Sino Biological (Sino Biological US Inc.,
Wayne, PA).

Graphene Exfoliation. Graphene powder was prepared accord-
ing to a previously reported procedure.” Briefly, graphite flakes, ethyl
cellulose (EC), and ~20 L of ethanol were mixed in a weight ratio of
30:1:20 and processed for 24 h in a Silverson 200 L high-shear in-line
mixer at maximum power. The slurry was centrifuged, flocculated,
washed, and dried to obtain a powder of exfoliated graphene

nanosheets stabilized with EC. This procedure yields a standard batch
of 40—50 g of graphene/EC powder containing ~40 wt % graphene
for redispersion in organic solvents.

Graphene Ink Formulation. The graphene/EC powder was
dispersed in terpineol via centrifugal mixing (ARE-310, Thinky USA)
using ceramic ball bearings in a four-step process that was repeated
twice: (1) 3 min, 800 rpm; (2) 3 min, 12000 rpm; (3) 3 min, 1600
rpm; (4) 3 min, 2000 rpm. Ink concentrations of 100—200 mg/mL
were compatible with screen printing, and an ideal concentration of
140 mg/mL was chosen to optimize print resolution and minimize
screen cleaning. About 3 mL of ink was prepared at a time.

Screen Printing. The electrodes were printed using an automated
screen printer (886PC DSIV, Hary Manufacturing Inc.) using mesh
size, squeegee pressure, squeegee snap-off distance, and print speed
set to 325 mesh, 20 psi, 1 mm, and 127 mm/s, respectively. About 30
electrodes were produced in one print, and an estimated 600
electrodes could be produced per hour, considering the substrate
change time and periodic mesh cleaning time. As-printed patterns
were dried in air and then thermally cured at 350 °C for 30 min.

Atomic Force Microscopy. To obtain topographic character-
ization of the printed graphene films, atomic force microscopy (AFM)
was performed using an Asylum Cypher AFM (Oxford Instruments,
Abingdon, UK). Individual graphene nanosheets and graphene prints
were characterized with the Cypher AFM in tapping mode using Si
cantilevers with a resonance frequency of ~320 kHz. Scanning
parameters were fixed at 1024 pixels/line and a 0.8 Hz scan rate. AFM
scans were graphically processed with the use of Gwyddion software
equipped with tools such as scar removal, denoising, and background
flattening. The height profile and surface statistical analysis tools of
Gwyddion were also used to evaluate the roughness and thickness of
the printed graphene electrodes.

Profilometry. Profilometry (Veeco, Dektak 150) was used to
evaluate the thickness and roughness of the printed graphene
structures.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images of the SP graphene electrodes were obtained using an
FEI Quanta 250 FE-SEM (Thermo Fisher Scientific, Portland, OR).
Samples were coated with a 2 nm layer of iridium using a turbo pump
sputter coater (Quorum Technologies, East Sussex, UK) to reduce
charging effects. Images were acquired using an accelerating voltage of
10 kV, a spot size 3.0, and a working distance of 10 nm.

Raman Spectroscopy. Raman spectra were obtained using a
Horiba XploRa PLUS microscope (Horiba, Kyoto, Japan) with a 532
nm laser and 1800 mm™" grating. Each spectrum was obtained with
10% laser power and averaged over S acquisitions, each with a
duration of 10 s.

Confocal Microscopy. An Olympus 3D laser confocal micro-
scope was also used to evaluate print thickness and surface roughness.
Images of 50 pm X SO pum in size were taken in 3D mapping mode
and later postprocessed with Image] software to extract the thickness
and roughness values.

X-ray Photoelectron Spectroscopy. Graphene films were
characterized after thermal curing using X-ray photoelectron spec-
troscopy (XPS) performed on a Thermo Scientific ESCALAB 250Xi
(Thermo Fisher Scientific, Waltham, MA) equipped with an Al Ka
radiation source. Spectra for the C 1s peak (279.2—298.2 eV with a
step size of 0.1 eV) was obtained in at least three spots per sample
with a spot size of 500 gm. Each XPS spectrum was fit in the Thermo
Avantage software using the Knowledge Base graphene data as a
guiding reference. Several fit variations were tested before concluding
that the C 1s spectrum was the best fit, with only two peaks
representing the asymmetric C—C sp* and C=0 signals.

Electrochemical Measurements. SP electrodes were electro-
chemically characterized through cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) using both a
PalmSens4 potentiostat (PalmSens, Utrecht, Netherlands) and a
BioLogic workstation (BioLogic, Sevssinet-Pariset, France). All
electrochemical measurements were performed in 5§ mM Fe-
(CN)*"/Fe(CN)¢* (ferri-/ferrocyanide) redox probe with 0.1 M
KCl in Ix PBS using a three-electrode setup with an Ag/AgCl
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reference electrode and a Pt-wire counter electrode. CV measure-
ments were performed in a sweep range from —0.4 to 0.6 V with scan
rates of 5, 10, 25, 50, 100, and 150 mV/s. EIS measurements were
performed using a frequency range from 0.1 Hz to 10 kHz with an AC
potential amplitude of 10 mV and a DC bias of 0.25 V. Complex
plane diagrams were fitted to determine the charge transfer resistance
(Ry), the series resistance (R,), the double-layer capacitance (Cy),
and the Warburg impedance (Z,) by fitting the data set to the
Randles—Ershler circuit model using the PSTrace v.5.8 (PalmSens)
and the EC-Lab v.11.36 (BioLogic) software.

SP Electrode Functionalization. The isolated working area of
the SP graphene electrode was functionalized in a multistep process:
(1) The graphene electrode is screen printed and annealed as
delineated above. (2) The graphene surface was activated with S L of
a 4:1 EDC:NHS mixture (prepared in 0.1 M MES buffer pH 6.0) and
incubated for 60 min under vertical agitation at room temperature.
(3) Antibody coupling was achieved by introducing 5 uL of the SO
ug/mL PBS-based antibody solution onto the wet, preactivated
surface for 120 min under horizontal agitation at room temperature
and in a humid environment (to prevent evaporation). (4)
Nonspecific binding was blocked using 4 uL of Superblock:PBS
(1:1 mixture) for 1S min followed by rinsing with 1xPBS as in the
previous steps.

SARS-CoV-2 Spike S1 Sensing. Standard solutions containing
SARS-CoV-2 Spike S1 Omicron, Wild Type, and Delta variants were
prepared in artificial saliva with 1x PBS (1:1) in concentrations
ranging from 10 fg/mL to 10 ug/mL (130.75 aM to 130.75 nM). SP
graphene electrodes were incubated with S yL of a 1x PBS solution
containing different concentrations of SARS-CoV-2 Spike S1 for 15
min to allow the interaction between the SARS-CoV-2 Spike S1
protein and the antibody immobilized on the surface of the electrode.
The electrodes were washed with 100 uL of 1x PBS between each
measurement to remove the residual ferro-/ferricyanide. The baseline
of the SP biosensors was acquired by evaluating the change in R
promoted by two subsequential incubations in an artificial saliva
solution without any Spike S1 protein. SARS-CoV-2 Spike S1
calibration plots were obtained by measuring the change in the charge
transfer resistance (R.) for each concentration tested in relation to
the baseline. Considering the possible presence of interferent
molecules in a saliva sample, selectivity was evaluated against
Influenza A HIN1 HA. The SP biosensors were incubated with
concentrations of HIN1, ranging from 10 fg/mL to 10 ug/mL, in
artificial saliva solution under the same conditions as the SARS-CoV-2
sensing experiments, and the change in R, during EIS measurements
was evaluated.

Clinical Samples. The studies involving human participants were
reviewed and approved by the Clemson University Institutional
Review Board (IRB) (approval numbers: IRB2021-0703 and
IRB2021-0445). The participants provided their written informed
consent to participate in this study. Saliva samples were collected
following established protocols” from patients at Clemson University
and community COVID-19 testing centers (Clemson, SC),”" who
were undergoing diagnostic testing during January 2022. Samples
were stripped of personal identifiers, and one aliquot was used to
quantify the viral load of SARS-CoV-2 at the Clemson University
Research and Education in Disease Diagnosis and Intervention
(REDDI) Lab (CLIA# 42D2193465). The TigerSaliva multiplex RT-
qPCR saliva diagnosis test was used to quantify the concentration of
the SARS-CoV-2 virus in the clinical samples using previously
established methods.”>~"* Briefly, the saliva samples were heat-treated
at 95 °C for 30 min, and 2 uL was transferred automatically to a 384-
well plate by an open-source sample handler (Opentrons OT-2). The
plates were loaded into a thermocycler (Bio-Rad CFX 384) for
amplification. During this test, the N1 sequence of SARS-CoV-2 was
measured (primers: Integrated DNA Technologies (IDT) 1006830
nCoV_NI1 forward primer, reverse primer IDT 10006831, probe IDT
10006832; human control gene: Hs_RPP30; RNA P forward primer:
IDT 10006836, reverse primer 10006837, probe IDT 10007062,
RNase P (ATTO 647) probe). Considering that the N-gene is a
single-copy gene, the number of N-gene is equivalent to the number
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of virus copies, and the results are reported as copies of the virus per
sample volume. The performance of the SP graphene biosensors was
also evaluated against SARS-CoV-2 clinical samples obtained from
deidentified positive patients. SARS-CoV-2 negative pooled saliva
samples (10% v/v in sterile 1x PBS buffer) were used as blank samples
for baseline measurement. A sample aliquot of 15 yL was drop-casted
on the working area of the SP graphene biosensor and incubated for
30 min before EIS measurements. The percentage AR, obtained after
two consecutive incubations with SARS-CoV-2 negative pooled saliva
samples was used as the biosensor baseline. Similarly, the SP graphene
biosensor was tested with SARS-CoV-2 positive saliva samples
containing 10° copies/mL. The percentage AR, promoted by the
positive SARS-CoV-2 clinical samples was reported in relation to the
negative pooled saliva sample (blank).

Statistical Analysis. A completely randomized design was used in
this study with at least three replicates, and the results were reported
as mean = standard deviation. Data analysis was performed using JMP
Pro statistical software (version 16, SAS, Cary, NC). Differences
between variables were tested using the student ¢ test at a level of
significance of $% (& = 0.05). Regression analysis with a confidence
level of 95% was performed to determine the linear sensing range and
the functional correspondence among quantitative variables. Limits of
detection (LOD) for the biosensors were calculated using the 36
method.”
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