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ABSTRACT: Following the emergence of the worldwide severe respiratory syndrome §11-MUA i\<’ Antibody ‘ BSA
coronavirus 2 (SARS-CoV-2) pandemic, the need for innovative strategies and
methodologies to facilitate cost-effective and early stage diagnosis has become evident.

To prevent the outbreak of such contagious diseases, an efficient approach is systematic . ¢ ¢y 0y SRS 3:; \
testing of the population. Here, we introduce a planar organic electrochemical transistor =Gzt sg -
(OECT)-based immunosensor for the detection of SARS-CoV-2. The gold gate electrode Vs (V)
of the poly(3,4-ethylenedioxy-thiophene):polystyrene sulfonate (PEDOT:PSS)-based .

OECTs was functionalized with SARS-CoV-2 antibodies. The detection mechanism is 1 Prmeml

based on the specific interaction of the antibodies with the spike protein of the virus,
allowing its direct detection and not requiring the prior formation of antibodies in the

Electrolyte <C
patient’s body. As a proof of concept, the ability of the immunosensor to detect the E.@ﬁoﬁ;ﬁ.ﬁ = \
SARS-CoV-2 spike protein is assessed. The sensor exhibits a remarkably low limit of cue ® ° v
detection (LOD) of 1077 M, with an incubation time of 30 min. Furthermore, the
sensors demonstrate selectivity when exposed to similar proteins and stability, retaining their LOD after 20 days of storage. Lastly,
the functionalization protocol may easily be adapted for other pathogens/biomarkers, enabling not only a point-of-care device for

SARS-CoV-2 detection but also a versatile platform for biosensing applications.
KEYWORDS: OECT, PEDOT:PSS, biosensor, immunosensor, SARS-CoV-2

H INTRODUCTION but also for transferable to various diseases including potential

The World Health Organization (WHO) classified the future viruses. Electronic biosensors have emerged as devices
outbreak of the severe respiratory syndrome coronavirus 2 capable of addressing these demands. Typically, a biosensor
(SARS-CoV-2) as a global pandemic in early 2020.' The consists of a bioreceptor that interacts with the analyte
rapidly transmitted SARS-CoV-2 has severely affected society (antigen) to be analyzed and a transducer that converts such

and global health. Quick, reliable, transferable, and easy-to- bLOIOg,IC?lthK,letnt m(thaCI;e; sllllrablehone. hO r}%a e ele.ct.r o
handle point-of-care (POC) testing strategies with a low limit chemical transistors §) have shown highly promising

of detection (LOD) are crucial to halting the spread of such results a859they combine transducing and signal amplification
viruses. Currently, the gold standard method to detect abilities.”” OECT' are three-terminal devices comprised of an
M )

. . . . o organic mixed conductor film (channel) in contact with two
contaminated patients is reverse transcription-quantitative

. . electrodes, namely, source and drain. The channel of the
polymeras.e cham. reaction .(RT qPCR).' RT qPCR detects OECT in turn interfaces with an electrolyte, in which the third
the genetic material of the virus by amplifying specific target o . .

. . . electrode, the gate, is immersed. During operation, the gate
sequences using polymerase chain reaction (PCR) technology.

. . . e o voltage drives ions from the electrolyte in and out of the
This method provides high sensitivity, meaning it can detect . . :
. . Lo channel, causing electrochemical reactions that (de)dope the
even small amounts of viral genetic material in a sample.

However, it does require trained personnel, specialized channel and thereby modulate its electronic conductivity.m’11
. ! ) . ’ In other words, the OECTSs have the ability to convert ionic
equipment, and high-quality samples to ensure accurate results, fluxes into electronic signals. Unlike traditional field effect
and it is time-consuming, which makes it incompatible with ’
POC device applications.”™* An alternative to the RT-qPCR
suitable as a POC device is the viral antigen test (rapid test). It
provides a rapid result (~30 min), however lacks sensitivity,
which generates a high number of false-negative results.”®
Therefore, there is a pressing need for innovative approaches
and methodologies to enable low-cost and early stage
diagnosis, ideally, not only for the detection of SARS-CoV-2
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transistors, OECT's possess a distinct advantage in terms of
transconductance and hence signal amplification due to the
accumulation of ions throughout the entire volume of the
channel. Furthermore, OECTs offer biocompatibility, operate
in aqueous environments at low potentials (typically < 111 V),
and exhibit high stability, in addition to being a self-
amplification device.'”'” Recent applications of OECTs as
biosensors include the detection of enzymes,'*™'® proteins,'”'®
bacteria,'”?° viruses,”"** and genetic materials.”>

In the context of using the OECTs as transducers for SARS-
CoV-2 detection, the available literature is still limited, but
some notable studies have emerged. For example, a study
conducted by Guo et al’' introduced an OECT-based
biosensor, where nanobodies where immobilized onto the
gold gate electrode in order to detect the SARS-CoV-2 spike
protein. The authors investigated two distinct channel
materials, namely, p(g0T2-g6T2) and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS). In another study, Liu et al.”* reported the
development of a PEDOT:PSS-based OECT biosensor that
specifically targeted the detection of SARS-CoV-2 spike
antibodies and employed the SARS-CoV-2 spike protein as a
bioreceptor, which was immobilized on the gold gate surface.
These studies employed different channel materials, device
architectures, and bioreceptor-antigen interactions to fabricate
a first generation of highly sensitive and selective sensors for
SARS-CoV-2 detection. However, alternative strategies and
further optimization will enhance the performance of the
OECT-based sensors to meet the demand for low LOD,
improved stability, and simplified fabrication. Such strategies
include modifications to the OECT, optimized device
architectures, and advancements in the functionalization
procedure.

In this study, we introduce a novel approach toward a
PEDOT:PSS-based OECT immunosensor for the detection of
SARS-CoV-2. The Au gate electrode is functionalized by
immobilizing the SARS-CoV-2 spike antibody (Ab) through
covalent bonding. This approach allows the direct detection of
SARS-CoV-2 without the prior formation of antibodies in the
patient’s body. In this specific study, however, we first focus on
the detection of the respective SARS-CoV-2 spike protein for
safety precautions. To serve as an intermediate binding layer
between the Ab and Au gate electrodes, a self-assembled
monolayer (SAM) of 11-mercaptoundecanoic acid (11MUA),
an alkanethiol, is utilized. Remarkably, our device exhibits an
exceptional capability to detect the SARS-CoV-2 spike protein
with an extremely low LOD of 107Y M. Furthermore, the
immunosensors exhibit specificity, as demonstrated by their
minimal response to bovine serum albumin (BSA) and Middle
East respiratory syndrome coronavirus (MERS-CoV) spike
protein. Moreover, the devices exhibit very good stability
during storage, as the sensors retain their functionality and
properties, even after being stored for several weeks. Overall,
this PEDOT:PSS-based OECT immunosensor is a highly
sensitive, specific, and stable device for the detection of the
SARS-CoV-2 spike protein, offering promising prospects for
applications in diagnostics such as POC.

B EXPERIMENTAL SECTION

Materials. 11-Mercaptoundecanoic acid (11MUA), N-(3-
(dimethylamino)propyl)-N’-ethyl-carbodiimide (EDC), N-hydroxy-
succinimide (NHS), bovine serum albumin (BSA), phosphate-
buffered saline (PBS) (pH 7.2), artificial saliva, human serum type
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AB, ethylene glycol, 4-dodecylbenzenesufonic acid (DBSA), (3-
glycidyloxypropyl)trimethoxysilane (GOPS), potassium hexacyano-
ferrate (II) trihydrate, and potassium hexacyanoferrate (III) were all
purchased from Sigma-Aldrich Co. SARS-CoV-2 spike protein (S1, Fc
tag C-Terminus; molecular weight—140 kDa, ab272105) and SARS-
CoV-2 IgG (S1 Spike antibody; molecular weight—150 kDa,
ab273073) were purchased from ABCAM, Germany. MERS-CoV
Spike/Spike protein (S1 Subunit, aa 1-725, His-Tag, 40069-VO8H)
was purchased from Sino Biological. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
(Clevios PH1000) aqueous solution was purchased from Heraeus
Ltd.

PEDOT:PSS OECT Formulation. The PEDOT:PSS formulation
for the fabrication of the OECT consists of 38 mL of PEDOT:PSS, 2
mL of ethylene glycol (to increase the conductivity), 0.4 mL of GOPS
(acting as a cross-linker agent), and S0 uL of DBSA (to facilitate film
formation).

Device Fabrication. The devices were fabricated using a similar
protocol reported by Koutsouras et al.”® First, the drain, source, and
gate electrodes made of Cr/Au (10/100 nm) were patterned on
optical microscope glass slides (26 X 76 mm) using photolithography.
Subsequently, to precisely define the channel and gate regions, the
devices were encapsulated with double parylene C layers. The first
layer served as an isolating layer, while the second served as a
sacrificial one. Following substrate encapsulation, the regions of the
gate electrodes and the transistors’ channels were patterned by
photolithography. Finally, reactive ion etching (RIE) with O, plasma
was employed to remove parylene C under these regions and to
expose the Au electrodes and the device channel.

The PEDOT:PSS OECT formulation was spin-coated onto the
devices at 3000 rpm for 60 s and hard baked at 140 °C for an hour.
Subsequently, the OECTs were soaked in distilled water overnight to
remove excess low-molecular-weight molecules from the channel. The
fabricated OECTs had a channel length of 1 mm, a channel width of
0.3 mm (W X L), an average PEDOT:PSS thickness of 55 + S nm,
and a 4 mm diameter gate electrode.

Gate Functionalization. After formation of the PEDOT:PSS
channel, the Au gate electrodes were cleaned with a 1:1 (v/v) solvent
mixture (acetone/isopropyl alcohol) in a sonication bath. The cleaned
Au electrodes were immersed in an 11MUA (10 mM) ethanol
solution overnight to allow the formation of a self-assembled
monolayer (SAM) with functional carboxylic groups. The latter
were activated afterward in a mixed solution of EDC (20 mM) and
NHS (10 mM) in MES for 30 min. During these last steps, only the
gold gate electrode was immersed in the solvent/solutions, preventing
any contamination of the PEDOT:PSS channel. Afterward, the gate
electrodes were covered by a 150 uL SARS-CoV-2 antibodies solution
(10 M in PBS solution) for 30 min. The antibodies were then
attached to the SAM through the formation of covalent bonds
between their amine groups and the activated carboxylic groups. The
applied antibody concentration is within the reported literature range
(107"'—1077 M).2*"*® We selected a concentration to ensure enough
antibodies for full coverage on our gate electrode considering the
solution volume. The chosen incubation time was based on the
presented QCM-D results. In order to prevent any remaining
nonspecific binding sites on the Au electrode, the devices were
submerged in a BSA solution (10 mg mL™") for a duration of 30 min.

OECT Characterization and Sensor Operation. The function-
alized gate electrodes underwent a 30 min incubation period with a
150 uL solution of SARS-CoV-2 spike protein, BSA, or MERS-CoV
spike protein, each at the respective concentration, diluted in PBS.
Additionally, the SARS-CoV-2 spike protein was also diluted in
artificial saliva and human serum for further assessment. After each
step of functionalization, the gate electrodes were rinsed thoroughly in
water and gently dried with nitrogen to remove possible residues. A
poly(dimethylsiloxane) (PDMS) well was used to hold the PBS
electrolyte over the gate and channel. The electrical measurements
were performed using a Keithley 4200A-SCS. All fresh devices were
subjected to a precycling of a series of 10 output measurements within
a V, range of —0.5t0 0.5V (0.1 V steps) and Vy, ranging from 0.0S to
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Figure 1. (a) Left: sketch of a typical planar organic electrochemical transistor (OECT). Right: photograph of a representative planar OECT used
in this work. (b) Family of output curves. (c) Transfer curve and transconductance for Vg, = —0.4 V. (d) Stability of the device during SO
consecutive transfer curve cycles at Vy = —0.4 V. (e) Electrochemical impedance spectroscopy (EIS) of the bare Au gate electrode and the
PEDOT:PSS channel. All results were obtained for devices with channel dimension of 1 X 0.3 mm (W X L), with an average PEDOT:PSS
thickness of 55 + 5 nm and a Au gate electrode of 4 mm of diameter. All measurements were performed using PBS solution as the electrolyte.

—0.6 V and a series of 10 transfer cycles with Vy, stepping from —0.2
to —0.6 V (—0.2 V steps) and Vi, ranging from —0.2 to 0.6 V. For the
sensor tests, for each change of the protein concentration, the steady-
state transistor characteristics were obtained cycling the devices for 5
families of output and transfer curves.

Sensor Characterization. The transfer curve (I versus Vgs) in PBS
using the functionalized Au gate electrode prior to the protein
detection was used as the baseline signal (I,). The same Au gate
electrode was afterward incubated with a solution containing the
protein target for 30 min. This procedure was chosen as samples from
patients can be processed in a very similar procedure. To obtain the
analytical curve, we prepared multiple concentrations of the analyte
and started the measurements from the most diluted one. The
normalized response (in %) of the sensor was calculated according to
eq 1:

Al L -1
= (%) =100 x 40
10 IO

(1)

The LOD was calculated using eq 2 defined by the International
Union of Pure and Applied Chemistry:*">°
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[%] +3xo|-B
0 Jblank

)

where (AI/I;) blank is the average drain current variation of a blank
sample (reference). Here, we used the average variation from the BSA
specificity test (2.5%, see Figure 3e) to avoid false positive results. o is
the relative standard deviation (0.5%), and A and B are the intercept
and slope of the analytical curve, respectively, and can be found in
Figure S10.

Electrochemical Characterization. The electrochemical impe-
dance spectroscopy (EIS) was performed in a three-electrode
configuration using a potentiostat (PlamSens4). The source and
drain electrodes were shorted and served as the working electrode. A
Ag/AgCl pellet was utilized as the reference electrode, while a Pt
electrode acted as the counter electrode. EIS measurements were
performed in open circuit conditions (OCP) (10 kHz to 0.5 Hz, Eac
10 mV). For the measurements of Au functionalization steps, the PBS
solution was added of 5 mM [Fe(CN)6]>~/4~.

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D was used to monitor the frequency (Af) changes
after the antibodies’ attachment on the Au surface. The experiments

LOD =10
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were performed by using a Q-Sense Explorer single module system
from Biolin Scientific (Gothenburg, Sweden). First the Au crystal was
cleaned with a 1:1 (v/v) solvent mixture (acetone/isopropyl alcohol)
in a sonication bath. The cleaned crystal was immersed in the 11MUA
(10 mM) ethanol solution overnight to allow the formation of a self-
assembled monolayer (SAM) with functional carboxylic groups.
Then, the crystal was inserted into the QCM-D and the monolayer
was activated in a mixed solution of EDC (20 mM) and NHS (10
mM) in MES for 30 min in flux (25 yL min™"). The crystal with the
activated monolayer was stabilized in a PBS solution. Subsequently, a
flow of antibody solution (107 M in PBS solution) was introduced at
a rate of 25 uL min~' for 10 min. Then, the flow was stopped for 20
min to allow all present antibodies to bind to the surface. This
procedure was repeated three times. Finally, a PBS solution was
flowed for 20 min to remove any nonbinding material from the
crystal’s surface. Lastly, to block remaining nonspecific binding sites of
the Au electrode, a BSA solution (10 mg mL™") was flowed (25 uL
min~!) for 30 min. All QCM-D measurements were performed at
room temperature. In the experiments, the resonance frequency and
energy dissipation were measured at different harmonics (n = 1, 3, 5,
7,9, 11, and 13). Data were analyzed using QTools software, and the
mass of bind antibodies was estimated using the viscoelastic model.*

X-ray Photoelectron Spectroscopy (XPS). XPS measurements
were carried out with a Kratos Axis Ultra DLD photoelectron
spectrometer in a UHV chamber with a base pressure of 107'° mbar,
using a hemispherical analyzer and a monochromated Al K(a) source
at 15 kV voltage bias and 10 mA emission current. The source line
width is approximately 1.0 eV fwhm, as calibrated by the Ag 3d;/, line.
Spectra were collected using hybrid mode with an analysis area of 700
pum X 300 pum (ie, X-ray spot size). Spectra were measured at a
takeoff angle of 0° regarding the sample surface normal. Survey
spectra were measured with a pass energy of 80 eV and elemental
spectra were measured with a pass energy of 20 eV.

B RESULTS AND DISCUSSION

OECTs offer the advantage that various device architectures
can be realized including suspended gate electrodes above the
channel as well as an integrated planar configuration.'®*"**
Here, we used OECTs (Figure la), with patterned planar gate
electrodes next to the source and drain contacts. The devices
are based on PEDOT:PSS and were fabricated on glass
substrates using a standard microfabrication procedure.”* The
detailed process is presented in the Experimental Section. All
devices herein consist of channel dimensions of 1 X 0.3 mm
(width, W X length, L), with an average thickness of 55 + 5
nm, and a gate electrode with a diameter of 4 mm.
PEDOT:PSS-based OECTSs operate in a depletion mode.
When a positive gate bias is applied, cations are injected from
the electrolyte into the channel and dedoped onto the
PEDOT:PSS, leading to a decrease in the drain current. The
respective output and transfer characteristics of a planar OECT
operated in PBS solution are shown in Figure 1b,c. A positive
gate bias leads to a decrease in the drain current. The ability of
an OECT to amplify a signal at the gate electrode can be
evaluated using transconductance, which is calculated from the
first derivative of the transfer curves (Figure 1b-blue line). Our
devices reach a maximum peak transconductance of 4.36 mS
for a Vg = =04 V and V,; = 02 V, which is expected
considering the geometry and active layer used.”

For biosensing applications, device stability is crucial since
any kind of degradation can potentially cause baseline drain
current drifts, which would impair accurate analyte measure-
ments. Figure 1d depicts the cycling stability of a planar
OECT. First, the device underwent a precondition cycling as
described in the Experimental Section, and then a series of
transfer curves was consecutively measured for 50 cycles at a
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fixed V4, = —0.4 V. The device demonstrated exceptional
stability during continuous measurements, displaying only a
slight drain current drift of 1.98% at V,, = 0 V. This stability
makes them reliable transducers for biosensing applications.

Using electrochemical impedance spectroscopy (EIS), we
determined the capacitance of the Au gate electrode and the
PEDOT:PSS channel (see Figure le) to be 0.918 + 0.003 and
0.47 + 0.05 pF, respectively. Using the geometry of the
channel, the volumetric capacitance of the PEDOT:PSS was
calculated to be 30 + 3 F cm™, which is in agreement with the
literature.”*

According to the Bernards and Malliaras model (eq 3), the
drain current depends on the overall capacitance of the device.

G 1
Iy= _(Vp—Veff + _V:i)V:i
|4 2 (3)
WD
G=—=
L (4)
s,
Vo ==
o (3)
Ve=V CO
eff — Vg o
G (6)
_ GG
Gt+6 (7)

where G is the conductance of the channel, W is the width, D
is the thickness, L is the length, q is electronic charge, y is the
hole mobility, p, is the initial hole density in the organic
semiconductor before the application of a gate voltage, V, is
the pinch off voltage, C, is the overall capacitance of the
OECT, v is the volume of the channel,V ¢ is the effective gate
voltage, C, is the PEDOT:PSS capacitance, and C, is the Au
capacitance. In our case, the overall capacitance of the device is
composed by the double layer capacitance of the Au gate
electrode in series with the volumetric capacitance of the
PEDOT:PSS film.”® Typically, the gate electrode is designed in
such a way that the gate capacitance is significantly higher than
the channel capacitance. This way the modulation of the drain
current solely depends on the channel’s capacitance; since
then, the C, equals approximately C, (eq 7). However, in our
study, we aim to detect the analyte at the gate electrode’s
surface. Therefore, we have strategically designed OECT's with
gate and channel capacitances in the same order of magnitudes
to increase the device’s sensitivity to changes in the gate
capacitance.29

The strategy adopted here to functionalize the Au gate
electrode was to attach the bioreceptor SARS-CoV-2 spike Ab
immunoglobulin G (IgG) to the Au surface. IgG antibodies,
which are approximately 150 kDa in molecular mass and have
dimensions of about 14 nm X 10 nm X 4 nm, are biopolymers
composed of amino acids, similar to other proteins. They
consist of two fragment antigen binding (Fab) regions and a
fragment crystallizable region (Fc). For ideal immobilization,
the antibody should be oriented in an “end-on” configuration,
where the Fc region binds with the substrate while the Fab
region remains free to bind with the alntigen.36 For the
antibody immobilization, first, the gold surface was function-
alized with a self-assembled monolayer (SAM) of 11-
mercaptoundecanoic acid (11MUA). The thiol headgroup
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Figure 2. (a) Sketch of the functionalized Au gate electrode. (b) Nyquist plot in PBS solution containing S mM [Fe(CN)6]>~/* using: bare Au
(black square), Au/11MUA (red circle), Au/11MUA/EDC-NHS (blue triangle), Au/11MUA/EDC-NHS/Ab (green down-pointing triangle), and
Au/11MUA/EDC-NHS/Ab/BSA (purple diamond). (c) High-resolution X-ray photoelectron spectroscopy (XPS) spectra of sulfur 2p (S 2p) on
bare Au (black line) and Au/11MUA (red line). (d) High-resolution XPS spectra of nitrogen 1s (N 1s) Au/11MUA, Au/11MUA/EDC-NHS, Au/
11MUA/EDC-NHS/ADb, and Au/11MUA/EDC-NHS/Ab/BSA. (e) Real-time QCM-D frequency and dissipation shift during the attachment of

the antibodies for the first overtone (n = 3).

was chosen for the formation of stable covalent bonds to the
Au gate electrodes.”” The functional carboxylic groups of the
SAM were then activated in order to form a covalent bond
with the amine groups of the antibodies. According to Bhadra
and co-workers, n-alkanethiol molecules with longer alkane
chains (n = 11) form SAMs with denser packing, which favors
end-on orientation of the antibodies, resulting in a greater
efficiency of the antigen binding.*® Finally, we used BSA to
prevent nonspecific binding by blocking potentially uncovered
Au surface with adsorbed albumin.

Figure 2a presents a sketch of the functionalized Au gate
electrode, showing the antibody—protein couple. Figure 2b
presents the Nyquist plot of the (functionalized) Au gate
electrode acquired in a PBS solution with a redox probe. The
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change in the impedance is caused by the modification of the
surface: The formation of the SAM using 11MUA hinders the
charge transfer between the Au and the electrolyte since both
redox probe and 11IMUA SAM are negatively charged.” In
that way, the SAM works as an insulating layer, which results in
a significant increase of the impedance. Activation of the SAM
using the couple N-(3-(dimethylamino)propyl)-N'-ethyl-car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) yields an
ester that decreases the amount of charges at the SAM,
lowering the impedance, which justifies the observed result."’
The immobilization of the antibody and blocking agent BSA
increases the impedance by inducing an electronic insulation of
the electrode that, in turn, prevents charge transfer.
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Figure 3. (a) Transfer curves of the sensor assayed with different concentrations of SARS-CoV-2 spike protein diluted in PBS solution. (b)
Electrochemical impedance spectroscopy for a device before and after capturing the antigen. (c) Schematic diagram of potential drops at the
interface gate/electrolyte and electrolyte/channel, in the OECT before and after capturing the antigen. (d) Analytical curve of the OECT-based
immunosensor assayed with different concentrations of SARS-CoV-2 spike protein (black dots) and with BSA (red dots) demonstrating specificity
of the sensor. The black line is the linear behavior of the analytical curve, and the red line is a guide for the eye. The green box indicates the
saturation of the sensor. (e) Comparison between the analytical curve of the OECT-based immunosensor assayed with different concentrations of
SARS-Cov-2 spike protein (black dots) and MERS-CoV spike protein (blue dots). The red region indicates the response for devices assayed with
BSA. (f) Long-term stability: analytical curve of the OECT-based immunosensor (after 20 days) assayed with different concentrations of SARS-
CoV-2 spike protein (black dots). The red region indicates the response for devices assayed with BSA. (g) Comparison of drain current variation
for SARS-CoV-2 spike protein diluted in PBS (light blue), artificial saliva (dark blue), and human serum (pink). The transfer curves of the
immunosensors assayed with artificial saliva and human serum can be found in Figures S11 and S12, respectively.
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Furthermore, X-ray photoelectron spectroscopy (XPS)
indicates the completion of each step of the Au gate electrode
functionalization: Figure 2c shows the high-resolution spectra
for bare Au (black line) and Au/11MUA (red line). As
expected, the XPS spectra reveal the presence of S 2p following
the functionalization of the Au electrode with the 11IMUA
SAM. Figure 2d depicts the high-resolution spectra for the
respective functionalization Au/11MUA, Au/11MUA/EDC-
NHS, Au/11MUA/EDC-NHS/Ab, and Au/11MUA/EDC-
NHS/Ab/BSA. Here, we tracked the presence of N 1s on the
samples surface since EDC-NHS, antibodies, and BSA all
contain nitrogen species. After the activation of the 11MUA
SAM, a peak emerges, confirming successful functionalization
with EDC-NHS. Upon attachment of the antibodies, there is
only a small change in the peak (see Figure S1 for a better
comparison), rendering the results inconclusive. Finally, upon
employing the blocking agent bovine serum albumin (BSA), a
significant change in the intensity and position of the peak is
observed, confirming the completion of the final step.

To further investigate and confirm the antibodies” attach-
ment, we conducted real-time quartz crystal microbalance with
dissipation monitoring (QCM-D) measurements. In the
experiment, the gold sensor with the activated monolayer
was first stabilized in a PBS solution. Subsequently, a flow of
antibody solution (107 M in PBS solution) was introduced at
a rate of 25 uL min~" for 10 min (Figure 2e—red region),
followed by a 20 min incubation time with stopped flow
(Figure 2e—white region) to ensure sufficient time for
covalent bonds to form. This cycle was repeated three times
to reach an amount of antibodies that is sufficient for reliable
detection. Finally, a PBS solution was flowed for 20 min
(Figure 2e—blue region) to remove any nonbinding material
from the crystal’s surface. The graph in Figure 2e shows a total
decrease in the resonance frequency by —5.8 Hz after the three
incubation steps and a slight increase in the dissipation energy
equal to 0.65 ppm for the first overtone, n = 3. Figure S2a,b
shows all recorded harmonics for resonance frequency and
dissipation energy. The decreasing resonance frequency
indicates the deposition of material on the surface of the
quartz crystal, in our case, the attachment of the antibodies.
Remarkably, no notable frequency shift was detected during
the last flushing step with PBS, indicating a strong attachment
of the antibodies to the surface, which can be attributed to the
formation of covalent bonds between the antibodies and the
SAM, ensuring a stable and reliable connection. Furthermore,
the variation in dissipation, AD, offers insights into the
mechanical properties of the adsorbed layer, such as its
softness or viscoelasticity. In our case, AD is very small, which
we attribute to the fact that the quartz surface was not fully
covered by proteins. As the overtones were spreading slightly
(Figure S2a) and the protein adsorption usually results in soft
films, we applied a viscoelastic model (Figure S2c) to quantify
the mass Jer area of the antibodies attached on the crystal
surface. " According to this model, the total mass was
determined to be 2.7 X 107® g (Figure S2d), corresponding to
approximately 1.08 X 10" antibodies attached to the surface.
We can theoretically estimate the number of antibodies
expected to cover the entire surface using the average size of
the antibodies: For 100% coverage of the crystal, we would
expect the number of antibodies to be between 1.4 X 10" and
5 X 10" depending on their orientation (“lying-on” versus
end-on). Hence, we estimate a coverage between 22 and 77%.
Although our functionalization strategy favors end-on
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orientation, we still expect a mixture of possible antibody
orientations.

Additional details on the functionalization of the Au gate
electrode surface can be found in the Supporting Information.
Figure S4 presents the cyclic voltammetry in PBS solution with
the redox probe for the bare Au and the Au surface covered
with SAM. As expected, after the SAM formation, the redox
peaks disappear in agreement with impedance spectroscopy
data (Figure 2b). Figure S3 presents the QCM-D measure-
ment for SAM activation with the EDC-NHS and the
attachment of the blocking agent BSA. Both results show a
decrease in the resonance frequency of the quartz crystal,
indicating the successful attachment of the respective materials
on the surface. Moreover, Figure S5 displays the water contact
angle measurements conducted after each functionalization
step, confirming the modification of the electrode surface. This
set of complementary characterizations substantiates the
success of the adopted protocol to functionalize the Au gate
electrode surface.

Figure 3a presents the response of an OECT-based sensor
(transfer characteristics) in dependence of different SARS-
CoV-2 spike protein concentrations. For comparison, the
response of several additional sensors can be found in Figure
S6. Figure 3a displays a shift of the transfer curve toward
higher gate voltages as the concentration increases. According
to the Bernards—Malliaras model (eq 3), this shift is attributed
to a decrease in the overall capacitance of the device. Indeed,
the fitting of the impedance modulus for a functionalized Au
gate electrode, before and after being assayed with a 107" M
solution of the Sars-CoV-2 spike protein, shows a decrease in
the electrode capacitance. The presented results in Figure 3b
demonstrate that the initial capacitance was measured to be
0.54 + 0.02 uF and decreased to 0.35 + 0.02 uF after the assay.
The sensing mechanism is visualized in the scheme in Figure
3c. A lower gate capacitance implies a reduction of Vg due to
the higher voltage dropping at the interface gate/electrolyte.
Consequently, to accumulate the same number of ions within
the channel and achieve an equivalent level of dedoping in the
PEDOT:PSS, a higher gate voltage is required.

Figure 3d presents the analytical curve of the immuno-
sensors and depicts the variation of the drain current in
relation to the baseline ( Corot =0 M) for different spike protein
(black dots) and BSA (red dots) concentrations. Based on the
stability test (Figure 1d), Vi = 0 V (smallest drain current
drift) was chosen to ensure a very high reliability of the sensor
results. The drain current variation increases linearly with the
spike protein concentration until a concentration of 107 M.
After this point, the sensor reaches a saturation state (green
box in Figure 3d). This saturation indicates that there are no
more free antibody sites to which the spike proteins bind to. At
this point, it is important to keep in mind that when it comes
to COVID-19 sensors, a very critical factor is the LOD. The
LOD determines the lowest concentration of the virus that can
be reliably detected by the respective sensor. While a broad
linear dynamic range is advantageous in various sensing
applications, it is not as essential to detect viruses, such as
SARS-CoV-2. The primary requirement is that the sensor can
accurately determine whether a sample is positive or negative
for the viruses even at low concentrations. The LOD for the
SARS-CoV-2 sensor has been calculated using eq 2
(Bxperimental Section) and was determined to be as low as
10~"7 M. This LOD value places the sensor among the best in
its category, specifically among organic transistor-based sensors
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for detecting SARS-CoV-2."**"* The impressive LOD
indicates the sensor’s high sensitivity and ability to detect
extremely low concentrations, enhancing its reliability and
effectiveness in identifying positive or negative samples. The
incubation time adopted here was 30 min, which is similar to
the conventional “quick antigen test”.

As a control experiment, we tested the device using various
concentrations of BSA diluted in a PBS solution (Figure 3d
with red dots). Since BSA features high adhesive strength, but
no specific interactions with the antibodies, this experiment
aims to confirm the specificity of the sensor (no significant
transfer curve shift is expected). The transfer curves of the
immunosensors assayed with BSA can be found in Figure S7.
The obtained results confirm that even when the sensor is
assayed with a highly concentrated BSA solution (10™"' M), no
notable response is observed. We conducted an additional
specificity test using the spike protein from MERS-CoV, which
belongs to the same family, order, and genus as SARS-CoV-
2. The transfer curves of the immunosensors assayed with
MERS-CoV can be found in Figure S8. The analytical curve in
Figure 3e shows that the sensors present a minimum drain
current variation, reaching a maximum of (4 + 2)% at the
highest concentration (10~® M). The results indicate that the
sensor is specific in its detection, even in the presence of
closely related and adhesive analytes at a high concentration.

In order to assess the stability of the sensors for potential
implementation as a POC device, the functionalized sensors
were stored at 4 °C in a refrigerator for a duration of 20 days.
To investigate any potential changes in the electrical properties
of the sensor, transfer curves were obtained both before and
after the storage period (Figure S9). Remarkably, no significant
changes were observed in the transfer characteristics, indicating
the absence of any notable change in the electrical properties
of either the PEDOT:PSS film or the functionalized Au gate
electrode. Subsequently, the stored devices were tested with
different concentrations of a SARS-CoV-2 spike protein
solution. The transfer curve obtained after testing with a
solution at the LOD concentration is represented by the red
line in Figure S9. The device exhibited a clear shift to higher
gate voltages, similar to the case for the fresh devices. In Figure
3f, the analytical curve further demonstrates that the LOD of
the devices remained the same during 20 days of storage. The
only noticeable change is the point of saturation, which shifted
from a concentration of 107 to 107! M. However, as
previously discussed, the most crucial parameter for SARS-
CoV-2 sensors is the LOD, which remained unchanged. In
brief, even after the storage period, the sensors maintained
their ability to detect and respond to the target analyte with a
consistent and comparable performance to the fresh devices.
Lastly, to showcase the effectiveness of the proposed sensor in
practical scenarios, the devices were incubated using SARS-
CoV-2 protein diluted in artificial saliva and human serum,
which are biofluids capable of mimicking the complexity of
real-world samples. Figure 3g shows that in both cases the
sensor’s LOD remains consistent with that obtained when the
protein was detected in PBS, alongside a similar drain current
variation. These findings demonstrate the robustness, stability,
and sensitivity of the sensor, affirming the potential for
implementations as POC devices.

B CONCLUSIONS

We introduced a label-free electrochemical immunosensor for
the rapid and highly sensitive detection of the SARS-CoV-2
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spike protein. The platform utilizes PEDOT:PSS-based
OECTs as a transducer. The planar Au gate electrode of the
OECTs is functionalized with SARS-CoV-2 antibodies,
enabling the specific capture of the SARS-CoV-2 spike protein
through antibody—antigen interactions. When the antigen is
captured, it leads to a decrease in the gate capacitance,
resulting in a corresponding decrease in the effective gate
voltage. This change is reflected in a shift in the transfer curve
to higher gate voltages. The limit of detection (LOD) reaches
an impressive concentration of 1077 M in aqueous PBS,
artificial saliva, and human serum solutions. Additionally, the
device exhibits high specificity when tested with BSA and
MERS-CoV, showing only a small response (less than 4%) at
high concentrations. Furthermore, the OECTs demonstrate
excellent stability during storage for 20 days, ensuring
reliability and practicality for applications as a point-of-care
(POC) device. Finally, the platform allows easy adaptation,
and the same general approach can be applied to detect and
analyze various other pathogens or biomarkers enabling a
broad range of applications.
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