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ABSTRACT: Rapid and accurate identification of a pathogen is crucial for
disease control and prevention of the epidemic of emerging infectious like
SARS-CoV-2. However, no foolproof gold standard assay exists to date. Nucleic
acid-based molecular diagnostic tests have been established for identifying
COVID-19. However, viral RNAs are highly unstable in handling with poor
laboratory procedures, leading to a false negative that accelerates the spread of
the disease. Detection of the spike protein (S1) of the SARS-CoV-2 virus
through a proper receptor, commonly used in antigen-based rapid testing kits,
also suffers from false-negative predictions due to decreasing viral titers in
clinical specimens. Organic field-effect transistor (OFET)-based sensors can be
highly sensitive upon properly integrating receptors in the conducting channel.
This work demonstrates how angiotensin-converting enzyme 2 (ACE2)
molecules can be used as receptor molecules of the SARS-CoV-2 virus in the
OFET platform. Integration of ACE2 molecules into pentacene grain
boundaries has been studied through the statistical analysis of rough surfaces in terms of lateral correlation length and interface
width. The uniform coating of ACE2 molecules has been confirmed through growth studies to achieve better ingress of the receptors
into the conducting channel at the semiconductor/dielectric interface of OFETs. We have observed less than a minute detection
time with 94% sensitivity, which is the highest reported value. The sensor works with a saliva sample, requiring no sample
preparation or virus transfer medium. A prototype module developed for remote monitoring confirms the suitability for point-of-care
(POC) application at large-scale testing in more crowded areas like airports, railway stations, shopping malls, etc.
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The massive impact of coronavirus (COVID-19) infection
on human health has continued through new mutants

since its outbreak in 2019.1,2 Although the mortality rate has
subsided in the recent mutants, the disease predominantly
affects the respiratory system, leading to many pulmonary
dysfunction-related diseases.3,4 Quick detection of the
COVID-19 virus (SARS-CoV-2) has become crucial for the
termination of the SARS-CoV-2 infection chain. Several
potential and practical detection techniques have been
developed, such as reverse transcription-polymerase chain
reaction (RT-PCR),5,6 clustered regularly interspaced short
palindromic repeats (CRISPR),7 loop-mediated isothermal
amplification (LAMP),8,9 computed tomography (CT),10 and
Fourier-transform infrared spectroscopy (FTIR).11 However,
in most cases, these detection methods require a more
sophisticated primer and probe design, multistep reactions,
many reagents, trained technicians to run the machines, bulky
instruments involving time-consuming procedures, etc.12 The
typical sensitivity of these techniques is also limited to about
81%.13 Nevertheless, these techniques are not adequate to

detect at a large scale, which is of utmost necessity to stop the
spread. Therefore, developing a rapid, cheap, easy-to-use, high-
accuracy, and point-of-care (POC) testing method is urgently
needed. Several antigen-based test kits are being used.14−16

Among the many antigen-based COVID-19 diagnosis
methods, the field-effect transistor (FET)-based biosensors
have many advantages, such as high sensitivity, ultrafast
response, high selectivity, and the requirement of a small
volume of analytes for the test.17−20 FET also offers
biodegradability, potential flexibility, and biocompatibility
and involves low-cost fabrication.21,22 These devices are, in
most cases, fabricated on 1D or 2D structures as conducting
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channels, like graphene and nanowires, which have intrinsic
design complexity, leading to the impediment of scaling up for
commercial uses. In addition, the functionalization by the
receptor molecules of the conducting channel requires suitable
chemistry to function efficiently. This work reports the
integration of receptor molecules through the diffusion-
induced ingress into the conducting pathway of the organic
field-effect transistors (OFETs) to fabricate the SARS-CoV-2
virus directly from a saliva sample at an ultrafast rate with high
selectivity.

SARS-CoV-2, a single standard RNA virus protein envelope,
has a diameter of around 65−125 nm with about 30,000
nucleotides in length and four structural proteins constituting
the spike surface glycoprotein (S), small envelope glycoprotein
(E), matrix protein (M), and nucleocapsid protein (N).23 The
spike glycoprotein (S) cover is a transmembrane protein with a
molecular weight of 150 kDa. The transmembrane spike
protein (S protein) in a metastable prefusion conformation
contains two functional subunits, S1 and S2. The S1 subunit
binds to the host cell receptor angiotensin-converting enzyme
2 (ACE2), and the S2 subunit functions to mediate viral fusion
into the host cell.24 Transmembrane protease/serine subfamily
member 2 (TMPRSS2), expressed by type II pneumocytes
located on epithelial cells, cleaved the S-protein of SARS-CoV
(the boundary of S1/S2 acts as a cleavage site) and promoted
the virus entry. Both TMPRSS2 and ACE2 are the main
determinants of SARS-CoV-2 virus entry.25,26 The S1 subunit
contains the N-terminal and receptor-binding domains (RBD)
located on S1. The RBD of S1 undergoes hinge-like
conformational movement in the opened or closed state,
where the open status allows for receptor engagement and
refolding of the S2 subunit for membrane fusion.27 ACE2 plays
an essential role in virus entry inside the cell, making the
molecule a potential candidate for detecting SARS-CoV-2.28,29

The schematic structure of ACE2-RBD is shown in
Supplementary Figure S1.30 We developed an OFET-based
SARS-CoV-2 biosensor by using ACE2 as a receptor molecule.
We studied the infusion of ACE2 molecules at the semi-
conducting/dielectric interface using diffusion through the
grain boundaries of dendrite structures to let ACE2 get easy
access to the conducting pathway and modulate the device

current upon interactions with the spike protein of SARS-CoV-
2. The diffusion of ACE2 molecules has been controlled by
varying the thickness of the film. As ACE2 molecules
intermingle with the pentacene molecules through grain
boundaries, it naturally modifies the film’s crystallographic
orientation, leading to the reduction of the device current.
However, we have engineered the diffusion process by
controlling the thickness of the film to achieve a balance
between device and sensing performances. Saliva samples
collected from the patients were used for sensing the SARS-
CoV-2 virus. We have observed about less than a minute of
detection time with 94% sensitivity, which is the highest
reported value. Saliva is a promising candidate for the diagnosis
of SARS-CoV-2 virus alternative to nasopharyngeal and
oropharyngeal swabs. A high viral load reduces the risk of
healthcare workers getting infected during swab collection, and
painless sample collection makes the saliva an attractive
diagnostic tool for SARS-CoV-2. It has been experimentally
studied that the viral load in saliva varies to copies per mL, and
the presence of SARS-CoV-2 in saliva remains up to 24 days
after COVID-19 symptoms.31−33

■ RESULTS AND DISCUSSION
ACE2 molecules are spin-coated on the pentacene film at a
different rotational speed per minute (RPM) to vary the
thickness of the films. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on these films to confirm the
residual bonding and the presence of ACE2 molecules on the
pentacene film. A pentacene film with a thickness of 20 nm was
grown on silicon substrates for XPS measurements. Core-level
binding energies of the C 1s peak were determined at 284.5 eV
as the charge reference. Figure 1a shows the wide scan of the
XPS spectra of pentacene and ACE2 coated on pentacene. The
results demonstrated the presence of C and O in both films.
However, the presence of the N peak is the signature of ACE2
molecules. Figure 1b shows the high-resolution XPS spectra of
carbon of the pentacene film. The peak is deconvoluted into
two compounds, one at 284.5 eV for carbon binding to (sp2C−
C) and the other at 285.2 eV attributed to sp3C. The high-
resolution core spectra of C 1s, O 1s, and N 1s on ACE2-

Figure 1. High-resolution XPS spectra of ACE2-coated pentacene and pentacene films on a Si substrate. (a) Wide range of the XPS spectra of
pentacene and ACE2-coated pentacene films, (b) high-resolution XPS spectra of C 1s of pentacene, and (c−e) high-resolution XPS spectra of C 1s,
O 1s, and N 1s of ACE2-coated pentacene films.
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coated pentacene films are presented in Figure 1c−e,
respectively.

The high-resolution C 1s spectra of ACE2 were fitted with
five peaks as follows: (sp2C) at 283.2 eV, carbon binding to
carbon at 284.5 eV, (sp3C) at 285.2 eV (C−O), carbon
making a double bond with nitrogen (C�N) at 286.1 eV,34

which is assigned to the amide or amine bond of ACE2, and
carbon making one double bond with nitrogen and one single
bond with carbon (C�C�O) at 286.7 eV,35 which is
attributed to the amide or hemiacetal of ACE2.36 The high-
resolution spectra of O 1s of ACE2 were fitted with three
different peaks at 529.8, 531.05, and 532.76 eV. Two peaks at
529.8 and 532.76 eV were ascribed to mainly O�C�O and
C−O−H. The O�C peak comes from the amide group of
ACE2 located at 531.05 eV,37 and a satellite peak at 534.1 eV
corresponds to the water molecule H−O−H.38 The peak at
398.1 eV represents the N 1s core level, as shown in Figure 1e,
the peak is deconvoluted with two Gaussian line shapes, and
the fitted peaks are located at 398.1 and 400 eV ascribed to the
C�N39 imine bond and C−N40 amine bond, respectively. All
the molecular bonds were confirmed with the chemical
structure of ACE2.41

The uniform growth of ACE2 films can confirm better
intermingling with pentacene films to achieve enhanced
sensing performances on OFET-based devices. To get insight

into the growth of ACE2 films, we used the statistical analysis
of rough surface morphologies. Figure 2a shows a typical
height fluctuation profile, h(x), of mounded surfaces, with x as
the lateral distance on the surfaces. The lateral correlation
length (ξ) in mounded surfaces represents the average size of
the mounds, as marked by an arrow in Figure 2a. W represents
the interface width, indicating RMS roughness. When a film is
grown on such mounded surfaces, ξ and W will vary depending
on the growth modes. In the case of uniform growth, when the
film closely follows the underlying surface morphology, the
values of ξ remain constant, as shown in Figure 2b. A typical
tapping mode AFM image of the pentacene film is shown in
Figure 2c. High-resolution images in the inset reveal the
formation of molecule terraces of the dendrite structures,
indicating a better crystallographic molecular arrangement.
The representative AFM images, with a high resolution in the
inset, of ACE2 films are shown in Figure 2d−g. As we spin-
coat 0.12 mg/mL ACE2 solution at different rotational speeds
(2000 to 6500 RPM) on pentacene films, the molecules start
filling up kinks and grain boundaries through diffusion. The
AFM images clearly depict that ACE2 films follow the
morphologies of underlying pentacene films at higher RPM
(>5000 RPM) when the thickness of the film is less. As we
reduce the RPM, the thickness of the films increases.

Figure 2. (a) Schematic illustration of the surface morphology of a film represented by a line profile, where W and ξ indicate the roughness and
correlation length, respectively. (b) Schematic image showing the uniform growth of the second film. (c) Surface morphology of the pentacene film
(5 μm × 5 μm scan area). The inset image represents the high-resolution surface morphology (1 μm × 1 μm scan area). (d−g) Surface
morphologies of ACE2-coated pentacene films with different thicknesses grown at various speeds, such as 6500, 5000, 3500, and 2000 RPM. (h)
Log−log plot for the height−height correlation function G1/2(r) vs r for the pentacene film. ACE2 films were grown on the pentacene film with
different thicknesses. (i) Variation of roughness and (j) lateral correlation length (down) and mobility (blue) with the thickness of ACE2 grown on
pentacene surfaces.
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Therefore, the molecules start to fill up the valleys of dendrite
structures and form ACE2 mounds.

Figure 2d,e represents the ACE2 film morphology for 6500
and 5000 RPM, indicating the growth of the ultrathin layer
following the underlying pentacene film. The molecular steps
of pentacene films are not visible except the dendrite
structures, as shown in Figure 2c. To study the growth of
the ACE2 films, we have calculated the height−height
correlation function G(r), which is defined as:42

= [ ]G r h r h( ) ( ) (0) 2 (1)

where h(r) is the height of the surface at any position r for the
film grown at a specific RPM. This can also be written as

G r r r W r( ) for 2 for2 2 (2)

with ξ as the lateral correlation length, W as the interface
width, and α as roughness scaling exponents, whose value is 0
< α < 1 for self-affine fractal surfaces. The correlation length ξ
is defined as the measurement of length beyond which the
surface height is not laterally correlated. The variation of
interface W and ξ with RPM is shown in Figure 2i,j,
respectively. The typical calculated G1/2(r) values for various
ACE2 film thicknesses are shown in Figure 2h. W, ξ, and α can
be calculated from Figure 2h. ξ is the position of r (marked by
a downward arrow in Figure 2h) at the first local minima of
G1/2(r), and W is the value of G1/2(r) at the half-value of ξ, as
W = G1/2(ξ/2). We have observed the constant value of

roughness exponent α as 0.67 ± 0.11, which has been
calculated from the fitting of the linear portion of the log−log
plot of G1/2(r) vs r. Similar α values for all the film thicknesses
indicate that ACE2 films follow the surface morphologies of
the underlying dendritic structure of pentacene films. Such an
observation is evident in the AFM images for the ultrathin film
grown at 5000 and 6500 RPM. With increasing thickness of
the ACE2 film grown at lower RPM, the visibility of the
pentacene dendrite structure reduces (Figure 2e−g), and the
roughness gradually increases from 2.7 to 8.0 nm, as
represented in Figure 2i. We have fabricated OFETs using
various thicknesses of ACE2-coated pentacene films. The
variation of ξ with the RPM of the ACE2 films is shown in
Figure 2j. There is no significant variation of correlation length
up to 3500 RPM, indicating the uniform growth of ACE2 films
on pentacene dendrite structures. However, films grown at
2000 RPM showed a smaller correlation length, indicating
filling up of the valleys between grains. The field-effect
mobilities (μ) were extracted from the transfer characteristic
curves, as shown in Figure S2, of the respective OFET devices.
The variation of μ with RPM is shown in Figure 2j (blue).
ACE2-coated devices showed a significant reduction in carrier
mobility due to changes in the crystallinity of the pentacene
film upon diffusion of ACE2 molecules into the grain
boundaries. Although the carrier mobility of the OFETs
developed with higher ACE2 film thickness shows no
significant variation in carrier mobility, as the thickness

Figure 3. Device structure and performance of OFETs. (a) Schematic design of ACE2 and pentacene-based bilayer OFETs for COVID-19 sensors.
(b) Cross-sectional and 2D projection of ACE2-coated pentacene on the interface showing the charge conducting pathway by arrows. The star
areas indicate the direct access of ACE2 molecules at the interface. (c, d) XRR and rocking curve of pentacene and ACE2-coated pentacene films.
(e) Transfer characteristic curve of pentacene and ACE2-based devices. (f) Variation of mobility with the function of time under different
environmental conditions.
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increases, the devices are supposed to offer poor sensitivity in
sensing SARS-CoV-2 due to accessibility to the charge
conducting path situated at the semiconductor/dielectric
interface. We have selected the ACE2 film grown at 5000
RPM for final sensor fabrication because the film’s thickness is
low enough to increase sensitivity yet develop a better OFET
device.

Figure 3a shows the schematic design of the OFET for
SARS-CoV-2 detection. The device has been fabricated on a
glass substrate with Al as the gate electrode. We have used a
bilayer dielectric system to reduce the operating voltage as well
as the leakage current. A part of the Al film has been converted
into Al2O3 with a thickness of 15 nm using the anodization
technique. A barium titanate (BTO) sol layer with a thickness
of 60 nm has been spin-coated on the Al2O3 layer as the
second dielectric layer. A 20 nm-thick thermally evaporated
pentacene film spin-coated with ACE2 molecules has been
used as a semiconducting channel. We used Au contacts as the
source and drain grown on the pentacene film. As we coat
ACE2 on the pentacene film, the molecules start diffusing into
the pentacene film through the boundaries of dendrite
structures, as shown in Figure 2c. Therefore, the diffused
ACE2 molecules easily access the charge transfer path at the
pentacene/dielectric interface. A typical cartoon representing
the cross-sectional and 2D projection of ACE2-coated
pentacene on the interface is shown in Figure 3b. We have
achieved a uniform ultrathin ACE2 film formation at high
RPM, as marked in green color, and this was confirmed from
AFM analysis. The diffused ACE2 molecules through the grain
boundaries are expected to modify the conducting channel, as
shown in the 2D interface projection presented in Figure 3b.
Blue arrows represent the conducting pathway through
pentacene grains to establish the device current. A pentacene
dendrite structure has two crystallographic phases (thin film
and bulk) with slightly different lattice constants. To confirm if
there are any crystallographic changes in the pentacene film by
the diffused ACE2 molecules, we have carried out an X-ray

reflectivity (XRR) measurement on these films. Figure 3c
shows the typical XRR results on pentacene and ACE2-coated
pentacene films. We have observed up to fourth-order Bragg’s
peaks, confirming an excellent vertical molecular arrangement
in both the samples. The inset of Figure 3c shows the enlarged
portion of second-order Bragg’s peak. No significant changes in
pentacene and ACE2-coated pentacene are observed. How-
ever, the rocking scan taken at the first-order Bragg’s peak
shows a slight shift in the peak position with a decrease in peak
intensity, confirming some modification to the molecular
arrangement upon diffusion of ACE2 molecules. We did not
resolve Bragg’s peaks for the thin-film and bulk phases on the
20 nm pentacene film. However, the minor changes reflected
in the rocking scan could be due to the modification of the
thin-film phase of pentacene dendrite structures. Figure 3e
shows the plot of transfer curves for the OFETs developed
with bare pentacene and ACE2-coated pentacene films. The
threshold voltage has shifted from −1.1 to −0.6 V for the
devices covered with ACE2 with a reduction in device current,
and the carrier mobility decreases from 0.78 (±0.05) to 0.06
(±0.03) cm2/(V s) (Supplementary Figure S3). The stability
of the devices is confirmed up to 50 days after fabrication.
Typically, the devices kept under a vacuum desiccator showed
better strength. Moreover, a significant enhancement in carrier
mobility has been observed in the first 15 days, and after that,
it gets saturated, as shown in Figure 3f. Such improvement in
the performance of the device could be due to the
rearrangement of pentacene molecules in the film.

A schematic design of the device during the sensing of
SARS-CoV-2 is shown in Figure 4a. Typically, the devices are
biased with VDS = − 2V and VGS = − 2V during sensing while
continuously monitoring the IDS. A drop of DI water with a
volume of 1 μL is placed on the ACE2-coated pentacene
channel between source and drain contacts. A typical profile of
variation of IDS with time is shown in Figure 4b. A small
volume (1 μL) of the saliva sample is further dropped on the
water droplet. The sharp increase in current when water is

Figure 4. Detection of SARS-CoV-2 spike protein in the OFET. (a) Schematic design of the OFET indicating the steps for the detection of SARS-
CoV-2. (b) Real-time variation of device current in the presence of DI water and saliva sample. (c) Variation of normalized current in the presence
of COVID-positive and COVID-negative saliva samples. (d) Decay time plotted as the function of the number of tests performed. Blue and red
dots represent the negative sample and positive sample, respectively. The calculated sensitivity of our device is around 94%. (e) Photograph
showing the portable prototype designed for POC testing. SenFlex.P, an Android app, is developed for remotely controlling the COVID-19 test,
which is connected with the prototype module via Bluetooth. The screenshot image of the SenFlex.P app during the testing is shown.
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dropped on the sensor is due to the additional proton
generation from the dissociation of water molecules on the
semiconducting channel’s surface.43 However, the current
saturates within a few seconds. The saliva sample is dropped
once the current saturates. The second peak in the device
current is observed when the saliva sample is added. However,
the decay of the device current significantly depends on the
presence of SARS-CoV-2 in the saliva sample. We have defined
a decay time (tD) as the time when the device reaches its
original current before adding the saliva sample into the water
drop. The observed decay times for the sample with SARS-
CoV-2 virus and without it belong to two groups. The decay
time is restricted to 20 s for the samples with SARS-CoV-2
virus, which are considered COVID-positive samples. How-
ever, the decay time is always more than 20 s for the samples
without any virus contents, which are regarded as COVID-
negative samples. Normalized responses for COVID-positive
and COVID-negative samples are shown in Figure 4c.

The S1 subunit of the spike (S) protein of SARS-CoV-2
contains a receptor-binding domain by recognizing and
binding to the host receptor ACE2. In contrast, the S2 subunit
mediates viral cell membrane fusion by forming a six-helical
bundle via the two-heptad repeat domain. Therefore, when the
S protein binds with ACE2 coated on the sensor surface, the
charge accumulation at the interface is reduced. Thus, the
device current decreases. The absorption of S protein is a faster
process, leading to a lower decay time for positive samples.
However, this decay is prolonged for the sample without
SARS-CoV-2 virus for the negative samples. As shown in
Figure 4c, the decay constant for a positive sample is much
faster than that for the negative sample. A shorter decay time
represents a higher viral load. The viral load will be zero when
the decay time reaches 20 s. The decay time for 24 positive
samples and 12 negative samples is shown in Figure 4d. The
normalized current changes for all positive and negative
samples are shown in Supplementary Figure S4. No positive
samples showed false negatives, indicating higher sensor
sensitivity. However, we observed two negative samples
showing a positive decay time, which could be due to sample
delivery or poor device functionality. We calculated about 94%
sensitivity in the samples we measured. We have also
compared our results with recently published research reports
and devices on the COVID-19 sensors, as represented in Table
S1. This confirms that our device shows an excellent sensitivity
(94%) and fast response time (∼20 s) compared to other
COVID-19 sensors and other reported FET-based devices. We
have developed a prototype module to demonstrate the
functionality of the sensors for point-of-care (POC)
applications. The sensor is connected to measuring electronics
wirelessly connected to an Android app (SenFlex.P) through a
Bluetooth connection to monitor the changes in device current
during the measurement. Figure 4e shows a prototype module
(SenFlex) designed to perform the sensing experiment
appropriate for POC remotely. The Android app can be
used for live monitoring of the sensor response and generation
of the report. Using this prototype module, we have collected
all the data presented in Figure 4c,d. Essential electronic
elements of the prototype are shown in Supplementary Figure
S5.

■ CONCLUSIONS
Fabrication of ultrafast SARS-CoV-2 sensors for POC
application is an urgent requirement during the COVID-19

pandemic, which is yet to be ended. In this work, we have
exploited the method of entering the virus into human cells
through ACE2 molecules inside our mouth and the respiratory
tract to fabricate highly efficient sensors with fast response.
The sensors have been fabricated under the OFET platform by
utilizing the grain boundaries of pentacene dendrite structures
on the semiconducting channel. ACE2 molecules are used as
the receptor of SARS-CoV-2 virus and have been allowed to
enter through the diffusion process. The statistical analysis of
the diffusion process has been studied from the variation of
morphologies. We achieved less than a minute detection time
in the saliva sample with about 94% sensitivity. Further, we
have also demonstrated the capability of these sensors for mass
testing with fewer human sources. Being sensitive to the saliva
sample requires accessible sample collection and, therefore, less
exposure of the healthcare staff to the virus.

■ EXPERIMENTAL SECTION
Materials. Angiotensin-converting enzyme 2 (ACE2) was

purchased from Sigma-Aldrich and used as an active material for
SARS-CoV-2 detection. ACE2 was dissolved in deionized (DI) water
with a concentration of 0.12 mg/mL and stirred at room temperature
in ambient conditions. Then, ACE2 solution was spin-coated on top
of the pentacene film with different RPM to obtain different thickness
films. The recipe for barium titanate (BTO) is described in detail in
our previous paper.22

Fabrication of the COVID-19 Sensor. The device was fabricated
on a glass substrate. First, the gate electrode Al was deposited in a
thermal evaporation chamber using a shadow mask under high
vacuum conditions (4 × 10−6 mbar). Then, some portion of the outer
surface of the Al film was converted to Al2O3 using the anodization
technique. Al2O3 was used to minimize the leakage current. The
second dielectric layer, BTO, was prepared using the sol−gel method
and spin-coated on Al2O3 at 3000 RPM for 1 min, followed by baking
at 80 °C for 80 min under ambient conditions. Pentacene films (20
nm) were deposited in our custom-designed organic molecular beam
deposition (OMBD) chamber at 240 °C sublimation temperature
under very high vacuum conditions (2 × 10−6 mbar). Then, the ACE2
molecule was spin-coated on the pentacene film and kept in a
desiccator for a few hours to evaporate the solvent. Finally, the
source−drain Au electrode was deposited through a shadow mask in a
thermal evaporation chamber with an active area length of 30 μm and
a width of 2 mm.
Materials and Device Characterization. The crystallinity and

phase confirmation of pentacene and ACE2 films were confirmed by
X-ray diffraction (XRD) (Rigaku, Japan). Atomic force microscopy
(AFM) (Asylum Research, Oxford Instruments) in tapping mode was
used to study the surface morphology of both pentacene and ACE2
films. The chemical composition analysis of the spin-coated ACE2
film on pentacene was performed by X-ray photoelectric spectroscopy
(XPS) using a PHI 5000 Versa Probe-II (ULVAC-PHI, Inc., Japan).
The thicknesses of each layer of the OFET were measured using a
three-dimensional optical surface profile meter (Bruker). All the
electrical characterization was carried out using a Keithley 2450 SMU
unit in a custom-design probe station, which works under ambient
and vacuum conditions. The field-effect mobility was calculated from
the saturation region of the transfer characteristic curve using eq 3.

= · · ·I
W

L
C V V

2
( )DS GS T

2
(3)

where IDS, C, μ, VGS, and VT are the drain−source current,
capacitance, mobility, gate-to-source voltage, and threshold voltage,
respectively.
Saliva Sample Preparation. Ten milliliters of saliva was

collected before or after 1 h of meal. A highly viscous saliva sample
was diluted in DI water in 1:4 ratios. One microliter of the diluted
saliva sample was used for testing.
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