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The outbreak of COVID-19 and its continued spread have seriously threatened public health. Antibody testing is
essential for infection diagnosis, seroepidemiological analysis, and vaccine evaluation. However, convenient, fast,
and accurate antibody detection remains a challenge in this protracted battle. Here, we report an ultrafast, low-
cost, label-free, and portable SARS-CoV-2 immunoglobulin G (IgG) detection platform based on organic electro-
chemical transistors (OECTs), which can be remotely controlled by a mobile phone. To enable faster detection,
voltage pulses are applied on the gate electrode of the OECT to accelerate binding between the antibody and
antigen. By optimizing ion concentrations and pH values of test solutions, we realize specific detection of SARS-
CoV-2 IgG in several minutes with a detectable region from 10 fM to 100 nM, which encompasses the range of
serum SARS-CoV-2 IgG levels in humans. These portable sensors show promise for use in diagnosis and progno-

sis of COVID-19.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) has been spreading
globally since January 2020 (1). Although massive efforts have been
undertaken in the past 1 year, the spread of the virus remains severe in
many countries. The COVID-19 has not only posed a great threat to
global public health but also caused enormous economic and social
burdens on affected countries. Notably, rapid and accurate diagnosis
of novel coronavirus infection plays an important role in choice of
appropriate treatment methods, saving human lives, and preventing
virus transmission. At present, novel coronavirus diagnosis is mainly
divided into RNA detection and antigen antibody detection (2).
Antibody testing plays an important role in the following aspects (3).
First, it can be used to screen asymptomatic and RNA false-negative
infections (4, 5). Second, it is useful in clinical health assessment (6).
Antibodies play a key role in neutralizing the virus. People with low
antibody levels have a risk of secondary infection, and severely ill patients
with low levels of antibodies may be at risk of death. Third, testing
resultant antibodies is important for vaccine development and
evaluation (7). Fourth, it is also important for seroepidemiological
study for analyzing the infection rate and population immunity rate
in different areas (8, 9).

At present, COVID-19 antibodies are detected mainly by
enzyme-linked immunosorbent assay (ELISA) (10) and colloidal
gold lateral flow immunoassays (LFIAs) (11). ELISA is highly accu-
rate, but the technical procedure is complicated, making it diffi-
cult to achieve both portable and high-throughput detection. LFIA
is easy to operate and portable, but with relatively low sensitivity and
prone to misdiagnosis. Therefore, for the detection of COVID-19
antibody, we need to develop a highly sensitive and rapid detection
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method that can be easily operated for point-of-care testing and
screening of large populations. In addition to serum-based assays,
SARS-CoV-2 immunoglobulin G (IgG) can be detected in saliva,

with the advantages of a noninvasive process and the possibility of

self-collection of samples. Because antibody concentration in human
saliva is several orders of magnitude lower than in serum, high analytical
sensitivity is needed (12-14).

Organic electrochemical transistors (OECTSs) have been recognized
as high-performance transducers and amplifiers that can convert
biological signals into electrical signals. OECT-based biosensors
have the advantages of high sensitivity, low cost, easy fabrication,
and mechanical flexibility and are suitable for high-throughput and
multiplexing detections of biomarkers (15-17). A typical OECT has a
simple device structure that consists of three electrodes (gate, source,
and drain), an organic semiconductor channel between source and
drain, and an electrolyte medium connecting the gate and the channel.
The device has a low working voltage, good biocompatibility, and
excellent stability in the electrolyte (18). In recent years, OECTSs have
been successfully used in the detection of various biomolecules, in-
cluding nucleic acids, proteins, and metabolite (19-22). Here, we
report OECT-based biosensors for the detection of SARS-CoV-2 IgG,
which is controlled by a portable meter and a mobile phone through
Bluetooth. SARS-CoV-2 spike protein is immobilized on the gate
electrode through covalent binding, and SARS-CoV-2 IgG is bound
with spike protein through antibody-antigen reaction during incu-
bation, leading to a response of the device performance. Our device
can detect SARS-CoV-2 IgG with an ultralow detection limit of 1 fM
in aqueous solutions and 10 fM in serum and saliva. The detection
range in serum is from 10 fM to 100 nM with a good linear relation-
ship, perfectly matching the serum-specific IgG levels in patients
with COVID-19. The ultralow detection limit in saliva can also satisfy
the needs of exquisite analytical sensitivity (12, 13). To accelerate the
testing process, we developed a novel technique by applying voltage
pulses on the gate during incubation, which can decrease the incu-
bation time of about 50%. Because of the rapid reaction of antigens
and antibodies and the label-free approach, the whole test time can
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be completed within 5 min. Excellent selectivity of the devices for
SARS-CoV-2 IgG detection is verified in our results.

RESULTS

Design of the device and portable measurement system
OECT:s are fabricated on a plastic PET substrate by photolithography
(fig. S1) in which Au source, drain, and gate electrodes are de-
posited by magnetron sputtering and an organic channel made of
poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS)
is prepared by spin coating (23). The patterned PEDOT:PSS channel
(fig. S1L) is between the source and drain electrodes, and an insulating
layer (SU8 photoresist) is in the left area for electrode encapsulation.
The device is connected to a portable meter (Fig. 1) that is controlled
by a mobile phone through Bluetooth. The device performance is
measured by dripping a small volume (5 pl) of aqueous solution
[e.g., phosphate-buffered saline (PBS) solution] on the surface.
Under optimum fabrication conditions, the device shows very stable
performance in PBS solution and a fast response of channel current
to a change of gate voltage (fig. S2).

The Au gate can be conveniently modified with biomolecules on
the surface and used for sensing SARS-CoV-2 IgG (Fig. 1). The
clean Au electrode is first modified with a chemical self-assembled
monolayer (SAM) of mercaptoacetic acid (MAA) through gold-thiol
binding (24). After the chemical activation of the carboxylic groups,
the antigen (SARS-CoV-2 spike protein) is conjugated to the chem-
SAM layer through the covalent bond between carboxyl and amino
group. Bovine serum albumin (BSA) is added afterward to fill the
vacancy left and minimize nonspecific bindings. Subsequently,
5 ul of solution of target SARS-CoV-2 IgG is incubated on the
gate electrode for a certain period of time (<30 min). The receptor
binding domain (RBD) of spike protein can specifically bind with
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SARS-CoV-2 IgG. The device is rinsed by deionized (DI) water after
each step. Last, the device is measured by the meter after dripping 5 pl
of electrolyte on the device surface. SARS-CoV-2 IgG solutions with
different concentrations are tested with the OECT sensors to obtain the
relationship between the device response and the IgG concentration.
Atomic force microscopy (AFM) was used to confirm effective
antigen and antibody immobilization on the gate electrode (fig. S3).
The stepwise modification images were presented with different im-
age color bars for better observation (fig. S3, A and B). The Gaussian
fits to the height histograms (fig. S3C) can visualize the gradual in-
crease in height. Before the immobilization of spike protein, the gold
gate electrode exhibits a smooth surface, and the root mean square
(RMS) roughness is 0.32 nm. The height of the Au grains on the gate
electrode is 1.87 + 0.66 nm. After the immobilization of spike protein,
massive particles can be observed on the surface of the gold electrode.
The average size of the spike protein is 10 to 20 nm, and the feature
height of particles after BSA blocking is 4.59 + 1.75 nm. The RMS
roughness is increased to 0.798 nm. Furthermore, with the binding
of SARS-CoV-2 IgG to spike protein, a notable increase in particle
size can be observed. The particle radius is 20 to 30 nm, and the RMS
roughness is further increased to 0.885 nm. The height of protein
particles is increased to 8.17 + 1.77 nm, verifying the binding of anti-
body with antigen. The height of antigen and antibody complex is
around 6.3 nm, which is similar with those previously reported (25, 26).
The successful immobilization of protein on the gate surface is also
confirmed by Fourier transform infrared (FTIR) spectroscopy (fig. $4).
Two prominent vibrational bands of the protein backbone can be ob-
served after the immobilization of antigen and antibody (27, 28).

SARS-CoV-2 IgG detection
The detection process of IgG includes the following three steps: (i)
to incubate a IgG solution on the gate modified with spike protein
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Fig. 1. Scheme of the portable sensing system and the gate modification processes of the IgG sensor. The device is connected to a portable meter that is controlled
by a mobile phone through Bluetooth. The biological modification on a gate electrode is carried out with several steps.
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for a certain period of time, (ii) to remove IgG solution and physically
absorbed biomolecules on the gate by rinsing DI water, and (iii) to
characterize the device performance in a separate electrolyte (see
movie S1). The electrolyte properties such as the ion concentration and
pH values can be optimized to get the biggest device response. Transfer
curves (Ipg versus V) of OECTs are tested before and after the immo-
bilization of SARS-CoV-2 IgG (Fig. 2A). At the beginning, the electro-
lyte used for testing is 10 mM PBS solution with a pH value of 7.2,
which is regarded as the commonly used test environment. With the
increase of SARS-CoV-2 IgG concentration, the transfer curves grad-
ually shift toward more negative gate voltages. The inset is the enlarged
graph of the transfer curves. Seventy-two-millivolt gate voltage shift
AV is observed with 100 nM SARS-CoV-2 IgG incubated on the
gate electrode for 10 min. The detection limit is 10 pM, corresponding
to a gate voltage shift AV of 12 mV (Fig. 2B). The voltage shift can
meet the requirement of signal-to-noise (S/N) ratio higher than 3 for
the detection limit (29). All tests were repeated at least three times.
Proteins are made up of zwitterionic amino acid compounds,
which can be positively or negatively charged depending on the
isoelectric point (pI) and pH value of the electrolyte (30). The
SARS-CoV-2 IgG is positively charged in PBS solution (pH 7.2) be-
cause its pl is calculated to be 8.2 by online bioinformatics resource
Expasy. The surface potential of the gate electrode can be influenced
by charged molecules and change the effective gate voltage of the
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transistor. The positive charge of protein induces an electric dipole
and a potential barrier across the electric double layer (EDL) on the
gate/electrolyte interface (Fig. 2C).

The channel current Ipg of an OECT is given by the following
equations (31, 32)

e v
Ios = 7 Vo= Vi + Y2 ) Vs (when| Vs | <1 Vy - Vi)

L
VP = gpo t/ C,‘
ngf = VG + Voffet

(1)

where W is the channel width, L is the channel length, p is the
hole mobility, C; is the effective capacitance per unit area of the
transistor, V}, is the pinch-off voltage, Vgeff is the effective gate voltage,
q is electronic charge, po is the initial hole density in the organic
semiconductor before the application of a gate voltage, ¢ is the thick-
ness of the organic semiconductor film, and Vg is the offset voltage
related to the potential drop at the two EDL interfaces (33). C; is
equal to the total capacitance of the two interfacial capacitors con-
nected in series, which is given by (33)
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Fig. 2. Detection of SARS-CoV-2 IgG using OECTs operated in PBS solution. (A) The transfer characteristics of OECTs after incubation of SARS-CoV-2 IgG solutions with
different concentrations in sequence. (B) Relative change of the gate voltage AV as a function of IgG concentration. (C) Schematic diagram for protein dipole and potential
drops in the two double layers. The arrow in the dipole shows the electric field generated by the positive charge of protein on the gate surface. (D) Relative change of the
gate voltage AV as a function of incubation time. (All tests were conducted in electrolyte: 10 mM PBS, pH 7.2.)
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where Cq and C; are the capacitances of the interfaces between
the electrolyte and PEDOT:PSS and between the electrolyte and Au
gate, respectively. S is the area of active layer.

After the immobilization of SARS-CoV-2 IgG on the gate surface,
an electric dipole is formed on the gate surface. The induced potential
change on the Au gate electrode can be expressed by (34)

”QIth
€0, 18G

Ap = (3)

where #n is the coverage of protein molecules on the surface of
gate electrode, which is related to the concentration SARS-CoV-2
IgG; Qugg is the net charge for one IgG molecule, which is related to
the pH value of the test environment; g is the dielectric permittivity
of the free space; €, is the relative dielectric constant of IgG layer;
and tygG is the effective interaction thickness related to the Debye
length in the electrolyte, which will be discussed later. Thus, the
positively charged protein on the gate surface can change the surface
potential of the Au gate, leading to a shift of the transfer curve to a
lower gate voltage.

Immobilization of SARS-CoV-2 IgG on the gate electrode
shows little effect on the capacitance of the gate electrode C; (fig.
S5). The typical dielectric constant €, of a protein is about 3 (35),
and the total height of antigen and antibody (d) is around 6.3 nm
(fig. S3). According to C = g,£¢/d, the capacitance of protein layer is
around 0.42 uF/cm? if the electrode is fully covered with the pro-
tein. However, the actual value of the gate capacitance is much
higher than that of a pure protein layer, indicating that the gate
capacitance is mainly determined by the EDL and SAM layer on the
Au gate surface.

Rapid detection is very important in the diagnosis of COVID-19
for continuous large numbers of infections (36). Notably, the devic-
es are label-free and can be measured very quickly with a portable
meter; thus, the test time is mainly limited by the incubation time of
IgG on the sensor. Hence, we tried to find the optimum incubation
time in the following experiment. SARS-CoV-2 IgG solution with a
concentration of 100 nM was dripped on the gate area for a certain
period of time for incubation, and then, the transfer curve of the
device was measured in 10 mM PBS. This process on the same de-
vice was repeated for several times, and the device performance as
a function of accumulated incubation time was obtained (fig. S6).
Therefore, we can obtain the correlation between the gate voltage
shift AV of the device and the incubation periods (Fig. 2D). The
offset of the transfer characteristic gradually increases, and a significant
response can be found even after 2-min incubation. The relationship
can be fitted with an exponential function AVg = A[1 — exp(-t/1)],
where ©= 4.6 min is a time constant and A =75 mV is the saturation
value of AVG. Notably, the response of the device can reach 89% of the
maximum shift after 10-min incubation and saturate after 20 min.

To confirm the specificity of the sensor in detecting SARS-CoV-2
IgG, IgG purified from normal human serum was tested with the
same condition (fig. S7). The transfer curve of the device shows
negligible shift after incubation in the human serum IgG for 10 min,
while an obvious shift induced by SARS-CoV-2 IgG can be found at
the same measurement condition (fig. S7A). The incubation of the
sensor in pure BSA solution did not lead to any response in its
transfer curve, indicating an excellent stability of the device in the
aqueous solutions. In addition, the device was tested in the normal
human serum IgG solution with different incubation periods,
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and no obvious signal was observed in the whole region, indicating
excellent selectivity of the device (Fig. 2D). Furthermore, different
concentrations of SARS-CoV-2 IgG mixed with 100 nM human
serum IgG were tested by the device (fig. S7B). The device response
to the SARS-CoV-2 IgG was not influenced by the serum IgG, indi-
cating that the device could selectively detect the target antibody
without any interference from other antibodies from serum.

Sensitivity enhancement by increasing Debye length

In an electrolyte, a positively charged protein is surrounded by
anions due to electrostatic interaction, and its surface charge can be
screened within the Debye length of the EDL (37). Therefore, a pro-
tein with a distance to the gate longer than the Debye length should
have little influence on the gate potential. Consequently, the Debye
length, which is related to the ion concentration of an electrolyte,
will markedly influence the performance of our IgG sensor. The
Debye length in an electrolyte solution is given by (38)

Ap = ekT
2Naq’I

where € is the absolute permittivity of the electrolyte, k is the
Boltzmann’s constant, T is the temperature, N is the Avogadro’s
number, and I is the ionic strength of the solution.

To test the effect of Debye length on the device performance, the
PBS electrolyte was diluted at different concentrations (10 mM,
1 mM, 100 uM, 10 uM, and 1 uM) and used in the detections of
SARS-CoV-2 IgG. The shifts of the transfer curves measured in
10 uM PBS (Fig. 3A) are more pronounced in comparison with the
responses obtained in 10 mM PBS solution. Notably, the maximum
gate voltage offset AV corresponding to 100 nM IgG is increased
from 72 to 127 mV. Figure 3B shows the shifts of the transfer curves
induced by IgG measured in PBS solutions with different concen-
trations. With the decrease of PBS concentration, the sensitivity
of the IgG sensors gradually increases, and the detection limit is
decreased from 10 pM to 100 fM.

To better understand the Debye length effect on the device per-
formance, we calculated the Debye length at different PBS concen-
trations (Fig. 3C). Here, the total height of antigen-antibody complex
is 6.3 = 1.77 nm. When the ion concentration of PBS is higher than
1 mM, the Debye length is less than the distance between IgG and
the gate, and thus, the positive charges on the protein will be
screened by anions and cannot form a dipole with the gate. When
the concentration of PBS solution is 10 uM or less, the Debye length
is increased to more than 22 nm, which is much bigger than the size
of the proteins. Therefore, the whole positively charged protein can
form a dipole with the gate at this condition, and consequently, the
most pronounced effect can be obtained. We can find the lowest
detection limit (100 fM) of the IgG sensor when the PBS concentra-
tions are 10 and 1 uM. The relationships between gate voltage shifts
and IgG concentrations obtained in 10 and 1 uM PBS solutions are
very similar (Fig. 3B), indicating that further increase of the Debye
length will not improve the device performance anymore. For the
same concentration of IgG while different PBS concentrations used
in device characterization (Fig. 3D), we can find that the device re-
sponses are also dependent on the PBS concentration. With the de-
crease of PBS concentration, the shift of the transfer curve increases
and saturates at the concentrations around 10 pM.

(4)
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Fig. 3. Detection of SARS-CoV-2 IgG in diluted PBS solutions. (A) The transfer characteristics of OECTs after incubation of SARS-CoV-2 IgG with different concentrations
in sequence (electrolyte: 10 uM PBS, pH 7.2). (B) Relative change of the gate voltage AV as a function of IgG concentration (electrolyte: PBS with different concentration
from 10 mM to 1 uM, pH 7.2). (C) The comparation of Debye lengths of PBS solutions and protein height. (D) The variation of gate voltage AV and Debye length with the

change of PBS concentration. The concentration of SARS-CoV-2 IgG solution detected by the device is set to be 1 nM.

Sensitivity enhancement by increasing net charge of IgG
Another possible approach to improving the sensitivity of the IgG
sensor is to increase the surface charge of IgG in solutions. It has
been reported that the surface charge of proteins is influenced by
the pH value of the solution (39). Actually, the surface charge is
related to the difference between the plI of the proteins and the pH
value of the solution. When pl is identical to the pH value of the
solution, no surface charge can be found on the proteins. Considering
that SARS-CoV-2 IgG has a pI of 8.2, the protein is more positively
charged when it is tested in solutions with lower pH values.

To enhance the surface charge of IgG, the devices were tested
in acidic environment with different pH values (from 7.2 to 4.0).
When pH value is 5.0, the device response (AVg) to 100 nM
SARS-CoV-2IgG tested in 10 uM electrolyte is increased to 163 mV
(Fig. 4A). The device responses to IgG at different pH values are
shown in Fig. 4B. Notably, when the pH value of the electrolyte is
5.0, the detection limit is as low as 1 fM. However, the device re-
sponses to IgG are decreased when the pH value is further de-
creased to 4.0. This effect may be related to the weak dissociation of
antigen-antibody complex in acidic environment (40). In this case,
the binding of antigens and antibodies is weakened. Thus, it is
reasonable to study the effect of pH between 7.2 and 5.0 on the
device performance.

According to site-binding theory, the potential drop A¢ at the
interface between protein and the electrolyte is given by (41, 42)

Liu et al., Sci. Adv. 2021; 7 : eabg8387 15 September 2021

_3kr, B

Agp q aB+ 1(pI—pH) (5)

where pl is the pH value at the point of zero charge of the protein
(pI) and pH is the pH value of the electrolyte. o represents the
antibody coverage on the electrode surface, mainly related to the
concentration of the protein. f can be expressed by the acidic equi-
librium constants of the related amino acids reactions (41). Thus, A@
is the maximum potential drop that can be obtained between the
protein and the gate electrode.

As shown in the scheme (Fig. 4C), positively charged antibodies
can form an electric dipole on the gate electrode surface. The more
net charge the protein carries, the stronger the electric field is created
(E2 > Ey; Ey and E; are the electrostatic fields formed in gate electro-
lyte interface with pH 7.2 and 5, respectively). Thus, the potential
change A increases with the decrease of pH value. The relationship
between gate voltage shift and pH value was shown (Fig. 4D). The
pH sensitivity is 16 to 26 mV/pH for different IgG concentrations,
which are much smaller than the ideal value at room temperature
(59 mV/pH) (42). This can be attributed to an incomplete protein
coverage on the electrode surface. We can find that the pH sensitivity
gradually decreases with the decrease of IgG concentration, which
further confirms that less coverage of protein can decrease the pH
sensitivity. In addition, we have tried to further optimize the con-
centration of spike protein solution on the gate modification and
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Fig. 4. Detection of SARS-CoV-2 IgG by measuring OECTs in electrolytes with different pH values. (A) The transfer characteristics of OECTs after incubation of
SARS-CoV-2 IgG with different concentrations in sequence (electrolyte: 10 uM PBS, pH 5.0). (B) Relative change of the gate voltage AV as a function of IgG concentration
measured in electrolytes with different pH values. (C) The scheme of net charge variation of a protein in electrolytes with different pH values (pH 7.2 and 5.0). (D) Relative
changes of the gate voltage AV for different IgG concentrations (1, 0.1, and 0.01 nM) as a function of pH values of the electrolytes on the OECT. (E) The transfer characteris-
tics of OECTs after incubation of SARS-CoV-2 IgG (in saliva) with different concentrations in sequence. (F) The comparation of device responds at different IgG concentrations

in detecting SARS-CoV-2 IgG in PBS, serum, and saliva (electrolyte: 10 uM PBS, pH 5.0).

found that the device response saturates when the concentration is
higher than 0.5 uM. Hence, the gate modification by using 1 pM spike
protein solution is the optimum condition (fig. S8).

SARS-CoV-2 IgG detection in serum and saliva samples
Because the actual detection environment is much more complicated
than a PBS solution, we diluted the SARS-CoV-2 IgG in serum and
saliva and incubated on gate electrodes for 10 min. After IgG (in
diluted saliva) incubation, the transfer curves shift to negative voltage
positions (Fig. 4E), which is consistent with the result in PBS solu-
tion, while the resultant variations are relatively lower. Figure 4F
shows device responses in different detection environments. For
10 fM IgG concentration, the devices show average responds of 19
and 18 mV in serum and saliva samples, respectively, which can meet
the requirement of S/N ratio higher than 3. Thus, the detection lim-
its of the devices in measuring IgG in saliva and serum samples are
10 fM. SARS-CoV-2 IgG detections in saliva and serum both show
good linear relationship in their concentration range (fig. S9). The
detection range in serum is from 10 M to 100 nM, perfectly match-
ing the serum-specific IgG levels in patients with COVID-19 (43).
The high sensitivity of the device can also meet the requirement of
detecting antibody levels in saliva, which are normally two to four
orders of magnitude lower than those in serum (12, 13).

Enhanced testing speed by voltage pulses
As shown in Fig. 5A, to further reduce the IgG incubation time,
voltage pulses (frequency, 10* Hz; voltage, —0.5 V; pulse width,
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10 ps; rise/fall time, 5 ns) were applied between the gate and another
electrode during incubation. The positively charged IgG molecules
can be driven by the electric field to the gate in the solution, and an
enhanced antigen and antibody binding efficiency is expected to be
achieved (44, 45). The effect of voltage pulses on the binding effi-
ciency of antigens and antibodies was tested under optimized con-
ditions (electrolyte, 10 uM PBS; pH 5; SARA-COV-2 IgG, 100 nM).
The device responses (A V) versus incubation time (f) can be fitted
with an exponential function AV = A [1 — exp(-t/1)] (Fig. 5B). With
voltage pulses during incubation, the time constant t is 2.5 min,
while the control device without voltage pulse shows the time con-
stant of 4.6 min. Notably, the response of the device can reach 55%
after 2-min incubation. For the detection of different concentrations
of IgG, the effects of incubation time (with pulse) are shown in
Fig. 5C. The transfer characteristics measured at different conditions
are presented in fig. S10. Hence, 2-min incubation under voltage
pulse can lead to a detection limit of 1 fM in PBS. To ensure that the
voltage pulse effect can be applied in practical applications, we added
the voltage pulses in the serum and saliva samples. The device re-
sponses as a function of incubation time of serum and saliva sam-
ples under voltage pulses are shown in fig. S11. The time constant t
was decrease from 5.4 to 3.2 min in serum sample and from 5.3 to
3.5 min in saliva samples, which further indicates that the voltage
pulse can accelerate the IgG detection of our devices. In addition,
the nonspecific binding from pure serum and saliva is found to be
negligible (fig. S11). The relatively longer time constants for the
tests in saliva and serum than that in PBS can be attributed to the
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Fig. 5. Detection of SARS-CoV-2 IgG after applying voltage pulses on gate electrode during IgG incubation. (A) The scheme of IgG migration under voltage pulses
between two electrodes during incubation process. (B) Relative change of the gate voltage AV of OECTs as a function of incubation time (electrolyte: 10 uM PBS, pH 5.0).
The control tests were conducted by detecting human serum IgG with the same conditions. (C) Relative change of the gate voltage AV as a function of IgG concentration
in PBS solution with different incubation time. (D) Device responses to IgG in PBS, serum, and saliva samples with 5-min incubation under voltage pulses.

complexity and high viscosity of the saliva and serum samples. The
device responses at different IgG concentrations of the three type
samples were tested with an incubation time of 5 min, and a detec-
tion limit of 10 fM IgG can be achieved in saliva and serum samples
(Fig. 5D).

DISCUSSION

In conclusion, we have developed portable, label-free, and low-cost
biosensors based on OECTs for rapid and highly sensitive detections
of SARS-CoV-2 IgG. The gate electrodes of the OECTs are modified
with SARS-CoV-2 spike proteins that can selectively capture the IgG
through the specific antibody-antigen reaction. The positively charged
IgG molecules in aqueous solutions form electrical dipoles on gate
surfaces and modulate the channel currents of the OECTs. By opti-
mizing the measurement conditions, including electrolyte ion con-
centration and pH value, high device sensitivity has been achieved.
The detection limits of the devices can reach 1 fM in aqueous solu-
tions and 10 fM in saliva and serum samples, which are much better
than many existing electrochemical methods (see table S1) (46-51).
Notably, the detectable region can cover the concentrations of the
specific antibody in the serum and saliva of patients with COVID-19,
promising a high potential for practical applications. Faster detec-
tion of IgG has been realized by applying voltage pulses on the gates
of OECTSs during incubation, and stable signal can be obtained
within 5 min. The testing process has been remotely operated with
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a mobile phone by controlling a portable meter via Bluetooth,
which can meet the requirement of fast and point-of-care detec-
tions of COVID-19 antibody. It is expected that the biosensor can
also be used in the fast detections of many other diseases that may
generate antibodies.

MATERIALS AND METHODS

Materials

Dimethyl sulfoxide (DMSO), glycerin, N-(3-(dimethylamino)propyl)-
N'-ethyl-carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), MAA, BSA, human serum IgG, hydrochloric acid (HCI),
ethanolamine (MEA), human serum, and PBS (pH 7.2) solution were
all purchased from Sigma-Aldrich Co. SARS-CoV-2 spike protein
(S1, His Tag; molecular weight, ~79 kDa) and SARS-CoV-2 IgG (S1
RBD antibody; molecular weight, ~150 kDa) were purchased from
GenScript (Nanjing) Co. Ltd. SU-8 photoresists and AZ5214 photo-
resists were purchased from MicroChemicals GmbH. PEDOT:PSS
(Clevios PH-500) aqueous solution was purchased from Heraeus
Ltd. GOPS [(3-glycidyloxypropyl)trimethoxysilane] was purchased
from International Laboratory, USA.

Design and fabrication of wireless portable meter

The meter can be divided into three main components (fig. S10),
which include microcontroller, OECT-based sensor, and a Bluetooth
transmission system. The meter can operate and read data from a
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mobile phone via Bluetooth. Details about the design of the portable
meter can be found in the Supplementary Materials.

Device fabrication

The OECT device was fabricated by multilayer photolithography
technology. After the first photoetching layer, Au electrode (Cr,
10 nm; Au, 40 nm) was deposited by magnetron sputtering and the
liftoff process. The channel length (L) and width (W) of the devices
were 30 and 120 pum, respectively. Through a second layer of photo-
resist, the SU-8 photoresist was patterned and solidified on the Au
electrode, acting as an insulating layer to protect the Au electrodes
from the aqueous electrolyte. Last, a channel window was opened
by the third layer of photoresist. For preparation of the PEDOT:PSS
channel layer, Clevios PH-500 was mixed with DMSO and glycerin
(both with a volume ratio of 5%) for improving the conductivity
and stability of organic channel. In addition, the cross-linker GOPS
was added to the above solution to prohibit PEDOT:PSS dissolution.
PEDOT:PSS was then spin-coated on the patterned photoresist and
annealed at 110°C for 20 min. Another liftoff process was conducted
for removing the redundant PEDOT:PSS film.

Gate biofunctionalization

To get a clean gate electrode surface, Au electrodes (D = 0.6 mm)
were treated with piranha solution (H,0,/H,SOy, v/v = 3/7) for 5 min,
followed with regular clean process. The cleaned gold electrode was
immersed in the MAA (50 mM) solution in dark overnight to give
carboxylic groups, which were activated afterward in a mixed solu-
tion of EDC (20 mg/ml) and NHS (10 mg/ml) aqueous solution for
1 hour at 25°C. After immersing the gate electrode in SARS-CoV-2
spike protein solution (1 uM in 10 mM PBS solution, 2 ul) for
2 hours at 25°C, the antigen capturing SAM was formed by conju-
gation between the amine groups of the antigen and the activated
carboxylic groups on the gate surface. Afterward, the gates were
treated with MEA (1 M, in 10 mM PBS solution) for 1 hour to elim-
inate the unreacted carboxylic groups. BSA solution (0.1 mg/ml) was
further added for 1 hour to block the remaining nonspecific bind-
ing sites of the Au electrode. Last, 5 pl of SARS-CoV-2 IgG with a
certain concentration (diluted by PBS/serum/saliva) was added to
bind with SARS-CoV-2 spike protein for several minutes at 25°C.
During the IgG incubation, voltage pulses were applied to accelerate
the antigen antibody binding. After each step of the functionaliza-
tion, the gate electrodes were rinsed thoroughly in water to remove
possible residues.

Serum and saliva sample preparation

Serum sample was purchased from Sigma-Aldrich, which was from
human male AB plasma, U.S. origin, sterile-filtered. Saliva sample
was taking from a healthy female volunteer by putting a sterilized
cotton ball underside of her tongue for 5 min. The saliva was
squeezed from the cotton inside a syringe and injected into a sterile
glass bottle. Then, the saliva sample was diluted for five times by 10 mM
PBS to decrease the viscosity for further use. For IgG detection in
serum and saliva, 1 uM IgG in 10 mM PBS was serially diluted with
the serum and saliva samples, respectively.

Device characterization

The transfer characteristics of the devices were measured by a por-
table meter that is controlled by a mobile phone through Bluetooth.
After each step of the immobilization, the gate electrodes were
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rinsed thoroughly in water and tested in electrolyte. Transfer char-
acteristics were taken with Vg =0to 1 V and Vpg = 0.05 V, and the
relative change of the gate voltage AV was calculated after the
antigen-antibody reaction. Electrolytes with different concentrations
were obtained by diluting the standard PBS solution with DI water,
and HCl was added to adjust the pH value. The voltage pulses (fre-
quency, 10* Hz; voltage, —0.5 V; pulse width, 10 us; rise/fall time, 5 ns)
was generated by a 20-MHz function/arbitrary waveform generator
(Agilent, 33220A). The AFM was taken by Scanning Probe Micro-
scope (Bruker NanoScope 8). The FTIR spectroscopy was taken by
the Bruker Vertex-70 FTIR. Electrochemical impedance spectroscopy
measurements were carried out with a three-electrode system using
a Zahner Zennium pro electrochemical workstation, with platinum
gauze counter electrode and Ag/AgCl reference electrode. The
electrolyte is 10 mM PBS (pH 7.2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg8387

View/request a protocol for this paper from Bio-protocol.
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