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Point-of-care (POC) SARS-CoV-2 antigen
detection using functionalized aerosol jet-printed
organic electrochemical transistors (OECTs)†

Jiaxin Fan, a Sheldon Parr,a Seongdae Kang b and Manisha Gupta *a

The continuous spread of coronavirus disease 2019 (COVID-19) has highlighted the need for simple and

reliable diagnostic technologies for point-of-care (POC) virus detection applications. Here, we report a

COVID-19 diagnostic platform based on aerosol jet-printed antibody-functionalized organic electro-

chemical transistors (OECTs) for rapidly identifying severe acute respiratory syndrome coronavirus-2

(SARS-CoV-2) antigens. Selective sensing of SARS-CoV-2 spike S1 protein is achieved in phosphate-

buffered saline (PBS) with a detectable range of 1 fg mL−1 to 1 µg mL−1. We used the sensors to detect the

antigens in unprocessed patient nasopharyngeal swab samples in universal transport medium (UTM) and

achieved an overall accuracy of 70%. In addition, these patient sample tests clearly demonstrate that our

OECT threshold voltage shift is correlated with the sample SARS-CoV-2 viral load. Hence, we have

demonstrated an accurate POC biosensor for detecting SARS-CoV-2 antigens, which holds great promise

towards developing on-site and at-home rapid SARS-CoV-2 infection screening and COVID-19

prognosis.

Introduction

The emergence of viral infectious diseases with epidemic and
pandemic potential, such as severe acute respiratory syndrome
(SARS), Ebola, Zika, Middle East respiratory syndrome (MERS),
and the ongoing COVID-19, is continually challenging the
world’s strategies for combating pandemics. Efforts have been
made to reduce COVID-19 transmission through public health
interventions, including physical distancing, face mask ordi-
nances, isolation cases, and vaccinations.1,2 Exploring rapid,
accurate, and sensitive diagnostic methods is crucial for moni-
toring the spread of COVID-19.

Currently, the real-time reverse transcription polymerase
chain reaction (RT-PCR) test of nasopharyngeal swab samples
is the gold standard for COVID-19 diagnosis.3–6 RT-PCR-based
tests are highly sensitive but cannot keep up with the acceler-
ated mutation and spread pace of COVID-19, as this approach
requires skilled personnel, centralized laboratory facilities,
and long testing times of ∼3 hours with sample preparation.
Hence, developing sensitive and accurate point-of-care (POC)

diagnostic tools that directly target viral antigens with no
sample preparation is necessary for rapid mass population
screening.

There has been increasing research interest in rapid
COVID-19 diagnostic tools, such as graphene7–9 and carbon
nanotube10,11 field-effect transistor (FET) biosensors, organic
field-effect transistor (OFET) biosensing devices,12 cell-based
biosensors,13 silicon thin-film transistor aptasensors,14 fluo-
rescence immunochromatographic assays,15 and electro-
chemical biosensors using various nanomaterial-based
electrodes.16–20 Among these approaches, nanomaterial FET-
based biosensors modified with antibodies demonstrate high
sensitivity for both samples in buffer solutions and clinical
samples. However, mass production of these devices remains
challenging due to fabrication limitations.

Organic electrochemical transistors (OECTs) have been
recognized as promising biosensing transducers due to their
unique properties that allow efficient signal transduction with
intrinsic amplification. OECTs are three-terminal devices with
an ion-permeable conducting polymer channel between the
source and the drain and an electrolyte connecting the
channel and the gate. The drain current is modulated by the
gate voltage, which controls the electrochemical doping/
dedoping of the electroactive channel. OECTs show great stabi-
lity in aqueous media with low operation voltages, and they
have been demonstrated to sense various analytes such as
ions,21–23 molecules,24–26 and biomolecules.27–32 Studies have
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shown that antibody–antigen binding events could be detected
by functionalized OECTs.28,32–35 To use OECTs for COVID-19
diagnosis, either the gate or the channel needs to be modified
with antibodies targeting SARS-CoV-2. Guo et al. have reported
a nanobody-functionalized OECT for rapid single-molecule
detection of SARS-CoV-2 and MERS antigens.36 Liu et al. have
developed an ultrafast and sensitive POC COVID-19 IgG detec-
tion platform based on flexible OECTs.37 These studies have
demonstrated the feasibility of using OECTs for COVID-19-
related detection. In addition, OECTs can be manufactured by
conventional microfabrication and low-temperature processing
techniques, such as inkjet printing,34,38,39 screen printing,40,41

3D printing,21,42,43 and aerosol jet printing.25,44,45 Printing
techniques offer the benefits of easy design iterations, reduced
manufacturing costs, and mass production using continuous
large-scale roll-to-roll processing. Therefore, the OECT is an
excellent candidate for low-cost disposable biosensors and
POC diagnostic tools.

Here, we present an aerosol jet-printed OECT-based bio-
sensor for detecting SARS-CoV-2 antigens, controlled by a cus-
tomized data collection unit. The OECTs are printed on
Kapton substrates using gold nanoparticle (Au NP) ink for con-
tacts, poly(3,4-ethylenedioxythiophene)–polystyrene sulfonate
(PEDOT:PSS) as the channel, and polydimethylsiloxane
(PDMS) as the insulator. Anti-SARS-CoV-2 spike S1 antibodies
are immobilized onto the Au gate electrode through covalent
bonding, and the SARS-CoV-2 antigens bind to the functiona-
lized gate due to the antibody–antigen interaction, inducing
shifts in the device threshold voltage. The antibody-functiona-
lized OECT sensors show selectivity for SARS-CoV-2 spike S1
protein with a detection range of 1 fg mL−1 to 1 µg mL−1. Our
device can also detect SARS-CoV-2 virus-like particles (VLPs) of
106 times dilution, corresponding to 103 copies per mL. We
validated the OECT-based POC COVID-19 diagnostic platform
with unprocessed real COVID-19 patients’ nasopharyngeal
samples suspended in universal transport medium (UTM). We
demonstrated a fast detection of <10 min, with 70% accuracy,
and a correlation between the device response and sample
viral load. This simple and cost-effective platform opens new
opportunities for developing rapid SARS-CoV-2 detection strat-
egies and a wide range of diagnoses.

Experimental methods
Materials

10× Phosphate-buffered saline (PBS) stock solution, bovine
serum albumin (BSA), dimethyl sulfoxide (DMSO), Tris base,
Dulbecco’s Modified Eagle’s Medium (DMEM), an
Invitrogen™ Zip Alexa Fluor™ 647 rapid antibody labelling
kit, and Molecular Probes™ Alexa Fluor™ 488 hydrazide were
purchased from Fisher Scientific. 10× PBS was diluted with
ultrapure water to obtain 1× PBS solution (pH = 7.4). 1 M Tris-
HCl solution was prepared by dissolving the Tris base in ultra-
pure water with pH adjusted to 7.5 using HCl. 3,3′-
Dithiodipropionic acid di(N-hydroxy succinimide ester) (DSP)

was purchased from Sigma-Aldrich. Recombinant SARS-CoV-2
spike S1 antibody (1 mg mL−1) and SARS-CoV-2 spike
subunit 1 (S1) protein (His tag) were purchased from anti-
bodies-online Inc. The SARS-CoV-2 spike S1 antibody was
diluted to 250 µg mL−1 with 1× PBS. The SARS-CoV-2 spike
S1 protein was first dissolved in ultrapure water and diluted
to different concentrations (1 fg mL−1 to 1 µg mL−1) in 1×
PBS containing 0.1% BSA as suggested by the manufacturer’s
datasheet. Human coronavirus HKU1 (HCoV-HKU1) spike S1
protein (S1 subunit, His tag) and Middle East respiratory syn-
drome coronavirus (MERS-CoV) spike S1 protein (S1 subunit,
aa 1-725, His tag) were purchased from SinoBiological and
diluted to different concentrations in 1× PBS containing
0.1% BSA. SARS-CoV-2 VLPs in DMEM were purchased from
Virongy. The concentrated VLP solution contained approxi-
mately 109 copies of VLPs per microliter and was diluted
with 1× PBS.

OECT fabrication

OECTs were fabricated using an Optomec Aerosol Jet 5X
printer equipped with an ultrasonic atomizer (UA) and a pneu-
matic atomizer (PA). Au NP ink (UT Dots, Inc.) was deposited
onto 127 µm thick Kapton HN films to form the source, drain,
and gate electrodes. The Au ink was printed using a 150 µm
nozzle and the UA with a sheath flow rate (S_MFC) of 30 stan-
dard cubic centimeters per minute (sccm), net ink carrier flow
rate (C_MFC) of 27 sccm, and printing speed of 8 mm s−1.
While printing, the UA bath and the platen were maintained at
25 °C and 80 °C, respectively. After printing, the samples were
annealed at 280 °C for 1 hour. The printed Au films have an
average thickness and resistivity of 584 nm and 8.32 × 10−6 Ω
cm, respectively. The channel was printed using PEDOT:PSS
(94% Heraeus Clevios™ PH-1000, 5% ethylene glycol, 0.1%
dodecylbenzenesulfonic acid solution, and 1 wt% (3-glycidylox-
ypropyl) trimethoxysilane). The PEDOT:PSS mixture was
printed using the UA through a 150 µm nozzle with S_MFC =
35 sccm and C_MFC = 25 sccm at a speed of 5 mm s−1. The
bubbler was filled with DI water to add moisture to the carrier
flow. The UA bath was kept at 30 °C and the platen was kept at
room temperature (∼21 °C) during printing. Two-layer printing
was adopted for the PEDOT:PSS to ensure film continuity, and
the samples were annealed at 130 °C for 20 minutes post-print-
ing. A 1.05 µm thick layer of UV-curable PDMS (Shin-Etsu
Chemical Co., Ltd) was printed to passivate the metal traces.
The PDMS layer was deposited using a 300 µm nozzle and the
PA (S_MFC = 60 sccm, C_MFC = 30 sccm) at 3 mm s−1 while
constantly stirring the ink at 30 °C. The PDMS ink was cured
with UV on-the-fly while printing and then annealed at 130 °C
for 30 minutes. The contact traces for the OECT to the circuit
connector were printed using Au NP ink, and the Kapton sub-
strate was attached to a glass slide for easy handling. PDMS
reservoirs were made using a 3D-printed plastic mold and a
SYLGARD™ 184 silicone elastomer kit (10 : 1 mix), cured over-
night at 80 °C, and attached to OECTs using a thin layer of
PDMS and by baking at 80 °C for 2 hours.
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Gate functionalization

OECTs were cleaned with acetone, 2-propanol, ethanol, and
deionized (DI) water and dried. 10 mM DSP in DMSO was pre-
pared and added onto the gate and left for 30 minutes at room
temperature and washed off with DMSO and DI water and
dried. SARS-CoV-2 spike S1 antibody solution was immediately
added to the DSP-modified gate region and left for 2 hours
under ambient conditions. The devices were rinsed thoroughly
with 1× PBS and DI water to remove non-specific adsorption
and reaction by-products. 1 M Tris-HCl buffer was used to
quench the unreacted DSP. The functionalized devices were
washed with DI water and 1× PBS and stored in 1× PBS at 4 °C.
Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy, fluorescence imaging and cyclic vol-
tammetry (CV) were used to characterize the functionalized
printed Au surface to confirm the antibody attachment.

Electrical characterization

OECT electrical characteristics were measured using a Keithley
2612B sourcemeter controlled via LabVIEW. The output and
transfer characteristics were obtained using 1× PBS as the elec-
trolyte. Antigen detection was performed by measuring the
transfer curve of the functionalized OECT at a fixed drain bias
voltage (VD) of −0.4 V and sweeping gate voltage (VG) from −0.4
to 1.1 V with a step size of 0.05 V before and after incubating
in antigen solutions. Threshold voltages were extracted by the
linear extrapolation method and calculated from the transfer
curve by finding the maximum slope of the curve and adding
VD/2 to the extrapolated x-intercept (ID = 0).46 The threshold
voltage shift (ΔVT) was calculated based on eqn (1):

ΔVT ¼ ΔVT;before � ΔVT;after ð1Þ
where ΔVT,before is the threshold voltage extracted for a functio-
nalized device measured with the background electrolyte (1×
PBS or UTM). ΔVT,after is the threshold voltage calculated for
the same device after incubation in the analyte solution.

Patient sample testing

COVID-19 patient sample testing was conducted in Alberta
Provincial Laboratory for Public Health (ProvLab)47 at the
University of Alberta in Edmonton using our OECT-based bio-
sensors and a customized circuit as a payment service. Patient
samples used by ProvLab were nasopharyngeal swabs sus-
pended in UTM and verified by RT-PCR with a cycle threshold
(Ct) cutoff of 38.00 cycles for COVID-19 positive results.

Results and discussion

OECTs were fabricated on polyimide substrates using an
Optomec aerosol jet 5X system with Au (for biofunctionaliza-
tion) contacts, a PEDOT:PSS channel, and a PDMS insulator
(Fig. S1†). The printed OECTs show good stability as shown in
the output characteristics in Fig. S2.† Based on the structure of
the coronavirus, the spike protein locates on the surface of the

SARS-CoV-2 and facilitates viral entry into host cell receptors.
Therefore, this has been the main target for infection detec-
tion and therapy.3 Here, we selected the anti-SARS-CoV-2 spike
antibody as the biorecognition element for biosensor design.
Hence, gate electrode functionalization of the OECT with
SARS-CoV-2 antibodies can detect SARS-CoV-2 antigens
(Fig. 1(a)). The Au gate functionalization is shown in Fig. 1(b).
This process utilizes N-hydroxysuccinimide (NHS) esters react-
ing with primary amine groups on the antibodies to form
stable amide bonds.48 The effectiveness of Au surface
functionalization was verified by printed Au thin films using
ATR-FTIR spectroscopy, fluorescence imaging, and cyclic vol-
tammetry. ATR-FTIR spectra (Fig. S3†) show two distinctive
peaks at ∼1658 cm−1 and ∼1548 cm−1 corresponding to the
amide I and II bonds, respectively,33,37,49,50 which are only
observed in the samples with antibodies attached.
Fluorescence imaging also verified the coverage of the DSP
linkers and covalent coupling of antibodies to the Au
surface shown in Fig. S4.† Cyclic voltammetry shows
additional evidence of the surface change after antibody
functionalization and antigen binding (Fig. S5†). These results
confirm the antibody immobilization on the printed Au
surface through DSP.

The transfer curves are collected before and after antibody
functionalization and show a clear shift towards lower VG. The
antibody immobilization changes the gate surface potential,
leading to the OECT transfer characteristic shift.27,33,37 The
transfer characteristics of the gate-functionalized OECTs were
acquired after incubating in solutions with varying SARS-CoV-2
spike S1 protein concentrations for 3 minutes. Geometric
optimization of the functionalized OECT was performed by
varying both the gate sizes (1, 4, and 9 mm2) and channel
width-to-length ratios (2, 5, and 10). Both channel and gate
dimensions were found to affect the sensing performance, as
observed in Fig. S6 and S7†, and the extracted VT shifts and
sensitivities are listed in Table S1.† The devices with a gate
size of 1 mm2 with different W/L could not detect the target
antigen due to the less functionalized antibodies on a smaller
gate area. Also, on devices with a 4 mm2 gate area, we were
able to detect S1 protein with W/L = 10. The potential change
induced by the antigen binding can only be detected with a
device with higher transconductance. On increasing the gate
area to 9 mm2, VT shifted consistently with increasing S1
protein concentrations for all the different W/L values, and the
extracted detection sensitivity correlates with the device trans-
conductance. Thus, for SARS-CoV-2 detection, an OECT with a
larger gate area and a higher W/L is desired to obtain higher
sensitivity. OECTs with a gate area of 9 mm2 and a W/L of 10
were used to achieve sufficient antibody immobilization and
the desired device performance.

Fig. 2(b) shows the typical transfer characteristics of an
optimized gate-functionalized OECT after incubation in
varying concentrations of SARS-CoV-2 S1 protein solutions. As
more spike proteins bind to the gate, the transfer curve shifts
to higher VG due to the increase in the device VT. This shift is
likely attributed to the change in the net electrostatic charge
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upon the formation of antigen–antibody complexes on the
gate surface, which induces a gate surface potential change
and alters the transistor behavior. In the study by Liu et al.,
the OECT transfer curve shifts to lower voltages as the
SARS-CoV-2 antibody concentration increases,37 which agrees
with our observation. Our biosensors show excellent selectivity
for SARS-CoV-2, and the transfer curves for HCoV-HKU1 and
MERS-CoV spike S1 proteins demonstrate negligible changes
(Fig. 2(c) and (d)). The biosensor responses are qualified by
extracting the threshold voltage shift (ΔVT) for the three ana-
lytes and are shown in Fig. 2(e). A logarithmic correlation
between ΔVT and SARS-CoV-2 spike S1 protein concentration is
observed with an average slope of −11.5 ± 2.4 mV per decade
(mV per dec) extracted from five biosensors (n = 5). However,
for HCoV-HKU1 and MERS-CoV spike S1 proteins, the average
slopes are only −1.2 ± 0.4 mV dec−1 (two biosensors n = 2) and
−1.7 ± 1.0 mV dec−1 (two biosensors n = 2), respectively. Thus,
the gate-functionalized OECTs are sensitive and selective to
SARS-CoV-2 spike protein. Limit of detection (LOD) is usually
extracted based on the three-sigma (3σ) method, which can be
obtained from the standard deviation of ΔVT measured with
the background electrolyte. Considering the standard devi-
ation we observed for SARS-CoV-2 spike protein measurements
(Fig. 2(e)), the lowest concentration our biosensor could detect
was 1 fg mL−1.

The biosensors were then verified with SARS-CoV-2 VLP
antigens. VLPs were suspended in DMEM, which contains

various reagents that may cause competing reactions.
Therefore, we first measured transfer curves for an unfunctio-
nalized OECT with varying DMEM dilutions in PBS (106×
dilution to undiluted (1×)) (Fig. 3(a)). Nearly no shift is
observed with 1× PBS and DMEM diluted 106× to 103×, but a
larger shift to lower VG is observed for DMEM diluted 100× to
1×. We tested a gate-functionalized OECT with a DMEM
dilution range of 106× to 103×, and the transfer characteristics
remained nearly identical (Fig. 3(b)). Thus, a dilution range of
106× to 103× was used for VLP testing. The transfer curve shifts
to higher VG as the VLP concentration increases, shown in
Fig. 3(c), which is consistent with the shift observed for
SARS-CoV-2 spike protein. ΔVT exhibits a logarithmic depen-
dence on the VLP dilution with an average slope of −45.7 ±
13.0 mV dec−1 for five biosensors (n = 5) (Fig. 3(d)).
SARS-CoV-2 VLP binding generates larger ΔVT than the spike
S1 protein due to its higher binding affinity and larger size.

Having confirmed the specificity and sensitivity of our gate-
functionalized OECTs to the target antigens, we turned our
attention to nasopharyngeal samples. We developed a signal
processing and data acquisition circuit for the OECT-based
biosensors at point-of-care. Fig. 4(a) shows a photograph of
our POC COVID-19 diagnostic platform. A PDMS reservoir was
attached to the OECT-based biosensor to contain the testing
solution (Fig. 4(b)). Fig. 4(c) is the schematic of our POC bio-
sensing platform with its main circuit components. The
detailed description and circuit schematic (Fig. S8†) are pro-

Fig. 1 Schematic of (a) the OECT-based SARS-CoV-2 biosensor and (b) Au surface antibody functionalization.
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vided in the ESI.† The circuit was validated against the
Keithley sourcemeter (Fig. S9†) and found to perform well
(Fig. S10†).

Since the clinical nasopharyngeal samples are collected and
stored in UTM, we first measured OECTs in blank UTM to
check for interferences. Fig. S11† shows the average normal-

Fig. 2 Transfer characteristics of an OECT measured (a) before and after gate functionalization. Transfer characteristics measured after incubating
in (b) SARS-CoV-2, (c) HCoV-HKU1, and (d) MERS-CoV spike S1 protein solutions. (e) Semi-logarithmic plot of average threshold voltage shift (ΔVT)
versus analyte concentration. Error bars represent standard deviation.
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ized ID in blank UTM with different waiting intervals (<1, 3,
and 5 minutes) between three consecutive measurements. The
ID deviation reduced significantly for 3- and 5-minute waiting
times, indicating that undiluted UTM can be directly used.
Thus, the circuit was programmed with prompts to run blank
UTM for the baseline and incubate with the sample for
5 minutes, for a total test duration of less than 10 minutes.
Ten disposable biosensors and the circuit were delivered to
ProvLab for patient sample testing, and the procedure is illus-
trated in Fig. 4(d). Without prior knowledge of our POC diag-
nostic tool, the medical technologist conducted the testing
independently by following the standard operation procedure
created by us.

Five positive and five negative undiluted patient samples in
UTM were tested, and the results are listed in Table S2.†
Fig. 5(a) shows the patient sample results acquired by our bio-
sensors using ΔVT,cutoff = −10 mV. The ΔVT,cutoff was chosen
using the 3σ method (σ = 3.65 mV) by extracting VT of each
device before functionalization in PBS (Table S3†). C1 and E3

were defective as observed from their transfer curves in
Fig. S12(i) and ( j)† and were excluded from the analysis. For
C1, the functionalization failed, as there was no shift in the
transfer curves before and after functionalization. For device
E3, the ID magnitude had decreased more than 3-fold after
functionalization, which may have been caused by accidental
damage during handling. Seven out of ten patient samples
were accurately detected using the selected ΔVT,cutoff. Also,
functionalization of the devices D2 and D3 did not work very
well as only a small shift in the transfer curve was observed
from Fig. S12(e)–( j),† and D3 showed a false positive result.
Thus, we obtained an overall testing accuracy of 70% and an
accuracy of 87.5%, excluding the two defective biosensors. In
PCR tests, Ct correlates with the sample viral load, and a lower
Ct indicates higher viral load. From the ΔVT versus Ct plot for
the five COVID-19 positive samples (Fig. 5(b)), we observe an
increasing ΔVT trend for higher viral load. Thus, our bio-
sensors can detect SARS-CoV-2 infection along with the viral
load. As previously reported, the SARS-CoV-2 viral load is

Fig. 3 Transfer curves of (a) an unfunctionalized OECT measured with varying dilutions (106× to 1×) of blank DMEM in PBS, (b) a gate-functionalized
OECT measured in 106× to 103× dilution of blank DMEM, and (c) a gate-functionalized OECT measured after exposure to VLPs (106× to 103×
dilution). (d) Semi-log plot of average ΔVT versus VLP dilution with a slope of −45.7 ± 13.0 mV dec−1 (n = 5). Error bars represent the standard
deviation.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 5476–5485 | 5481

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

4/
20

24
 9

:2
8:

17
 P

M
. 

View Article Online

https://doi.org/10.1039/d2nr06485e


associated with the infectivity and severity of the illness and is
useful for evaluating the disease progression.51–54 Antiviral
drugs, such as molnupiravir, paxlovid, and remdesivir, have
been used to reduce the risk of severe complications of
COVID-19.55 Our SARS-CoV-2 biosensors may be used to aid in

identifying the infection stages and suitable treatments for
patients. In the recent studies concerning long-COVID conse-
quences, it was suggested that POC and lab-on-a-chip bio-
sensor systems that are portable and easy to use have the
advantages of reducing diagnostic costs, improving remote

Fig. 4 Photograph of (a) our POC COVID-19 diagnostic tool and (b) OECT-based SARS-CoV-2 biosensor. (c) Schematic of our POC COVID-19 diag-
nostic platform showing the main circuit components. (d) Schematic of the sample measurement using our COVID-19 diagnostic platform.

Paper Nanoscale

5482 | Nanoscale, 2023, 15, 5476–5485 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

4/
20

24
 9

:2
8:

17
 P

M
. 

View Article Online

https://doi.org/10.1039/d2nr06485e


healthcare accessibility, and promoting personalized and intel-
ligent COVID-19 management.56,57 The POC biosensor system
we developed has promising potential for boosting the devel-
opment of precision medicine for disease management.
However, more extensive clinical testing is required to confirm
the biosensor performance and the association with sample
viral load.

This technology is eco-friendly as the circuit is reusable,
and less waste is generated per test. Additionally, the readout
unit can be used with other OECT sensors to measure
different analytes such as respiratory viruses and other corona-
viruses. There is also a possibility to expand a single OECT bio-
sensor to an array of devices to achieve multiplexed analyte
detection.

Conclusions

In summary, we have developed a rapid POC COVID-19 diag-
nostic platform using aerosol jet-printed OECTs with a

SARS-CoV-2 antibody-functionalized gate. These biosensors
show very clear selectivity towards SARS-CoV-2 spike S1 protein
with a detectable range of 1 fg mL−1 to 1 µg mL−1 in PBS. In
addition, tests with SARS-CoV-2 VLPs show a much larger sen-
sitivity of −45.7 ± 13.0 mV dec−1 compared to the spike S1
protein due to their binding affinity and size. This clearly indi-
cates that our biosensors have sufficient sensitivity for detect-
ing spike protein binding. Since we have used a virus neutraliz-
ing antibody to functionalize the devices, which has been
tested against multiple SARS-CoV-2 variants, including
lineages B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.429
(epsilon), and B.1.525 (eta), our biosensors should be effective
for detecting other variants.58 However, further testing is
required to confirm the effectiveness of our biosensor in
responding to different variants. Our POC COVID-19 diagnos-
tic platform was used to test 10 unprocessed undiluted patient
nasopharyngeal samples in UTM, demonstrating an overall
accuracy of 70% and correlation with the sample viral load.
Each sample testing takes <10 minutes. Rapid biosensing
devices with high sensitivity and accuracy are important for
controlling the spread of SARS-CoV-2 and are in high demand
during the pandemic. The rapid POC diagnostic system we
developed is portable, reliable, accurate and user-friendly. As
we have used aerosol jet printing, this technology can be easily
scaled for commercialization for a real-world on-site or at-
home detection system. Such a system is a transferrable
technology platform for developing sensors for detecting other
biomolecules in the future. We believe that this technology
can boost the development and distribution progress of afford-
able POC diagnostic tools.
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Fig. 5 (a) ΔVT of patient samples collected using our biosensors and
circuit. A COVID-19 positive cut-off threshold voltage change, ΔVT,cutoff,
of −10 mV was used. (b) Biosensor ΔVT versus PCR Ct for the 5
COVID-19 positive samples; ΔVT increases with the sample viral load.
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