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Organic electrochemical transistor (OECT) was applied in chemical and biological sensing. In this work, we
developed a simple and repeatable method to fabricate OECT array, which had been successfully used to
detect cancer cells. PEDPT:PSS conductive film between source and drain electrodes were patterned
through photolithography, which can achieve uniform devices with same electrical characterization.
When MCF-7 cancer cells are captured on the PEDOT:PSS surface via specifical antibody, the transfer
characteristic of OECT shifts to higher gate electrode voltage due to the electrostatic interaction
between cancer cells and device. The effective gate voltage shift can reach about 63 mV when the
concentration of cancer cells increased to 5000. The shift of effective gate voltage is related to the
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1. Introduction

Organic electrochemical transistors (OECTs) have received great
attention in the fields of chemical and biological sensing as
a novel emerging type of organic electronic devices in recent
years.' A typical OECT usually consists of electrodes, electro-
lyte, and a channel made of an organic semiconductor poly-
mer.** The conductivity of the channel material can be adjusted
by the voltage applied at the two interfaces, one is between the
gate electrode and electrolyte, and another is between the
electrolyte and conductive polymer, which is also the basis of
OECT to convert biochemical signals into electrical signals and
output amplified signals.®® With the advantages of simple
structure, low driving voltage (<1 V), high transconductance and
biocompatibility, OECTs are able to be operated in liquid
environments, which makes them highly promising for
biomedical sensing applications.”™* They had been used for
controlling biological molecules, barrier tissue arrangement,
biochemical detection,"”™* electrophysiological recording and
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stimulation.”*™” In recent years, OECT research in the direction
of cells has become increasingly in-depth.'*>

Circulating tumor cells (CTCs) are specialized cells that shed
from primary tumors and enter the circulatory system. They
have strong migration and proliferation abilities, and most
tumor metastases are closely related to CTCs.**** Therefore,
CTCs are considered potential tumor biomarkers in liquid
biopsy. CTCs can be detected in peripheral blood even in the
early stages of cancer, making their detection useful for cancer
diagnosis, treatment efficacy, and prognosis. Technologies used
for CTCs detection include fluorescence imaging,>*® induc-
tively coupled plasma mass spectrometry,””*® microfluidic
systems,*** flow cytometry,* and surface-enhanced Raman
scattering.®* However, these techniques mostly require expen-
sive instruments, high costs, and complex operational proce-
dures. Therefore, low-cost, rapid, and sensitive electrochemical
detection methods are receiving increasing attention. Several
electrochemical detection methods have been developed for
CTCs detection.*® For example, EIS has been used to quantita-
tively analyse CTCs by exhibiting frequency-dependent elec-
trical properties,***> where CTCs are labeled with specific
materials with catalytic activity, and the electrochemical signal
is amplified for detection.*® CTCs are detected by electrolysis of
the nanoparticle label, which used all the atoms in the nano-
particle to transduce electrochemical signals.?” Although these
methods are feasible, they still have limitations such as complex
device preparation methods, low sensitivity and detection
throughput.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Microfabrication technology is easily used to manufacture
microscale OECT. To fully exploit the potential of OECT sensors
and achieve high-throughput screening, OECT-based sensor
arrays have additional advantages. For example, a PEDOT:PSS-
based OECT array in PEG micropores is fabricated for cell
capture, providing a feasible method for high-throughput cell
analysis.*® An OECT array is prepared for multi-analyte bio-
sensing, achieving low-cost processing and high-performance
balance.** However, the fabrication of OECT array devices has
been limited by the patterning of semiconductor thin films.

Herein, a novel biosensor based on PEDOT:PSS OECT array
for tumor cells detection was developed. In this system, tumor
cells were captured by specifical antibody, which is chemically
conjugated on the conductive film surface. The PEDOT:PSS film
of each transistor was fabricated using photolithography
pattern method to ensure device consistency. The target
number of captured cells on conductive film was determined by
monitoring the effective gate voltage potential shift, and the
array of characteristics ensured the accuracy of cell detection
and high-throughput screening. This cancer cells sensing plat-
form is very simple and convenient, which is suitable for label-
free and rapid cells detection, especially in the area of point-of-
care testing.

2. Experimental
2.1 Materials

Poly(3,4-ethylene  dioxythiophene)-poly(styrene  sulfonate)
(PEDOT:PSS, Clevios, PH1000) was purchased from Heraeus
(Germany). Dimethylsulfoxide (DMSO), 3-mercaptopropyl tri-
methoxysilane (95%, MPTMS), phosphate-buffered saline (PBS)
solution (pH 7.4), N-y-maleimidobutyryloxy succinimide ester
(4-maleimidobutyric acid N-hydrosuccinimide, GMBS), para-
formaldehyde (PFA, 36% in water), Triton X-100, bovine serum
albumin (BSA), Hoechst 33342 and anti-vinculin-FITC antibody
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
AZ5214 and SU-8 3005 photoresists were purchased from
Microchemical GmbH. Acetone and absolute ethanol were
purchased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Streptavidin (SA), 0.25% trypsin-EDTA
(Gibco, 1x) and Alexa Fluor 568 phalloidin were purchased

(a) Glass substrate (b) Au/Cr electrode layer

by Magnetron sputtering
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from Invitrogen. Biotinylated anti-human EpCAM/TROP1 anti-
body was obtained from R&D systems. Poly(dimethylsiloxane)
(PDMS, RTV615) was purchased from Momentive, USA. Deion-
ized water (DI water) was generated from a MILLI-Q system
(Millipore, MA, USA).

2.2 Device fabrication

In this work, the glass photomasks used for photolithography
were fabricated through the Ultraviolet laser direct writing
instrument (uWPG 501, Heidelberg, Germany). A convenient,
repeatable, and non-destructive process performance method
was developed for preparing OECT arrays by multiple photoli-
thography, as shown in Fig. 1.

The fabrication process in Fig. 1a-c shows the first photoli-
thography to fabricate the gold source and drain electrodes.
Firstly, Au/Cr layer with a thickness of 100 nm/10 nm was
deposited on glass substrates by the magnetron sputtering, the
purpose of plating Cr is to make the gold can be better stained
on the substrate. AZ 5214 photoresist was spin-coated on the
Au/Cr surface with a speed of 3000 rpm for 30 s and then baked
on a hot plate at 105 °C for 2 min. The substrate was exposed
under photomask #1 (as shown in Fig. Slat) and developed
subsequently with MIF 300 K and Au chemical etching solution
to prepare the patterned Au electrodes. Then, the AZ 5214
photoresist on Au electrodes was removed by absolute ethyl
alcohol. The length and width of the conductive channel
between source and drain electrodes were 0.2 mm and 3 mm,
respectively. The width of Au electrode was 0.2 mm. The
detailed first photolithography process can be found in
Fig. S1b.t

The second photolithography shown in Fig. 1d was used to
prepare a SU8 insulation layer to shield the gold electrode from
electrolyte during the electric test. The successfully patterned
gold electrodes substrates were spin-coated with SU8-3005
photoresist at 3000 rpm for 30 s and then baked on a hot
plate at 95 °C for 3 min. After exposed under photomask #2 (as
shown in Fig. Sict) and post baked at 95 °C for 2 min, the
substrates were developed with SU8 developer. In this method,
the Au electrodes were protected by the SU8 layer, besides the
source and drain area.

(c) 1st lithography and
patterning Au/Cr electrodes

(d) 2nd lithography and
electrode protective layer

(e) 3rd lithography and
opening the inner sensing areas

(f) Spin-coating of PEDOT:PSS

(g) Patterning PEDOT:PSS
by acetone and ultrasound

(h) Reservoir made by PDMS

Fig.1 Schematic diagram of the fabrication of PEDOT:PSS based OECT array. (a—c) The first photolithography to fabricate gold electrodes. (d)
The second photolithography to fabricate SU8 insulation. (e—g) The third photolithography to pattern PEDOT:PSS film. (h) The reservoir made by

PDMS boned on the substrate.
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Fig. 1e-g are the fabrication progress of PEDOT:PSS patterns
through the third photolithography. Firstly, AZ 5214 photoresist
was spin-coated on the substrates with a speed of 3000 rpm for
30 s and baked on a hot plate at 105 °C for 2 min. Then the
substrates were exposed under photomask #3 (as shown in
Fig. S1dt) and developed. In order to prepare the conductive
film, DMSO (5%, v/v) and MPTMS (5%, v/v) were added into the
PEDOT:PSS solution to improve the conductivity, stability and
bio-affinity during the anneal process. The mixed
PEDOT:PSS solution was spin-coated on the patterned photo-
resist with a speed of 3000 rpm for 30 s and then annealed on
a hot plate at 100 °C for 2 h under a high-purity N, environment
in a glovebox. The condition of pure nitrogen prevents oxidative
denaturation of PEDOT:PSS during heating and prevents
degradation of electrical conductivity. Then, the devices were
soaked in acetone and ultrasonic for 30 s to remove the AZ 5214
photoresist. After removing AZ 5214 photoresist, the
PEDOT:PSS film on top of the photoresist is easily removed by
ultrasound because it floats in acetone, and the PEDOT:PSS film
that is in direct contact with the glass substrate is retained due
to adhesion. Utilized this photolithography pattern method,
repeatable and uniform PEDOT:PSS-based OECT can be fabri-
cated. Finally, a PDMS slip with a hole is bonded to the device as
a solution tank for OECT detection, as shown in Fig. 1h.

13,40

2.3 PEDOT:PSS surface modified with antibody

Specifical anti-EpCAM antibody was chemically conjugated on the
PEDOT:PSS surface to capture the EpCAM positive cancer cells, as
shown in Fig. S2.7 The conductive polymer was treated with oxygen
plasma to enrich the hydroxyl group on the surface. Next, the
OECTs were immersed in 4% MPTMS ethanol solution for 1 h in
order to graft silane. After washed with ethanol, the substrates were
immersed in GMBS (1 mg mL ™" in DMSO) solution for 45 min.
Then, after washed with DMSO and PBS, SA (10 ug mL™" in PBS)
solution was added on the OECT for 1 h at room temperature.
Finally, after washed by PBS, biotinylated anti-EpCAM antibody (10
pg mL " in PBS) solution was added on the OECT for 2 h at room
temperature. The devices were then washed with PBS and DI water,
and stored in a 4 °C refrigerator before used.

2.4 Cell cultivation and immunofluorescence staining

The breast cancer cells (MCF-7) were used in this work. The cells
were cultured in DMEM medium with 10% foetal bovine serum
(FBS), 1% penicillin-streptomycin in a cell incubator (37 °C, 5%
CO,, Thermo Forma Series II, Thermo Scientific). All culture
materials were purchased from Gibco (Carlsbad, CA, USA). After
treated with trypsin, cancer cells were diluted to different
concentration for detection. After detected by OECT, the cells
were fixed with 4% paraformaldehyde for 10 min to keep their
morphology. Then the cells were permeabilized with 0.1%
Triton X-100 for 10 min and blocked with 3% BSA for 30 min.
After blocked, the cells were incubated with anti-vinculin—-FITC
antibody (10 pg mL™" in PBS) and Alexa Fluor 568 labeled
phalloidin (10 pg mL™" in PBS) solution for 2 h at room
temperature to label the cell vinculin and F-actin, respectively.
After washed with PBS, the cells were stained by DAPI (100 ng
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mL ™" in DI water) for 10 min. After washed with DI water, the
cell morphology was characterized using a laser scanning
confocal fluorescence microscope (Leica SP8, Germany).

2.5 Device characterization

The transfer and output characterization of OECT devices were
detected using a semiconductor parameter analyzer (Keithley,
4200-SCS, USA). A Pt wire was dipped into PBS and used as the
electrode to apply the gate voltage on the OECT through the
electrolyte electric double layer (EDL). For transfer characteris-
tics, the channel current I,g between source and drain elec-
trodes was measured as a function of gate voltage Vs under
a constant drain voltage (Vps = 0.05 V). For output character-
istics, the channel current I,y was measured as a function of
drain voltage Vps under different Vi (0 V, 0.2 V, 0.4 V, 0.6 V,
0.8V, 1.0 V) resulted in different curves of Ips versus Vpg.

3. Results and discussion
3.1 The detection principle of devices

Fig. 2a shows the schematic diagram of a solution gated OECT
based on PEDOT:PSS, where Pt wire was used as the gate elec-
trode and PBS as the electrolyte. When the voltage between the
gate electrode and the source electrode is positive, positive ions
in the electrolyte were injected into the PEDOT:PSS conductive
film, which induced a decreased channel current.”* Since the
performance of the device is affected by the voltage applied on
the two electric double layers, including the interface on Pt
electrode and the interface on the conductive polymer, the
electric change of the voltage due to the cancer cells capture can
modulate the ionic doping, inducing a change of the channel
current,'*3%%

Fig. 2c shows a OECT array device prepared according to the
procedure. The OECT array were fabricated on a 4 cm X 4 cm
glass substrate. Under the optical microscope, the patterned gold
electrodes and PEDOT:PSS films have clear edges and a uniform
size, ensuring good consistency in the performance of each unit
in the array. All of the OECTs can be characterized on the elec-
trodes extended to the sides, so the excellent physical property of
the PEDOT:PSS pattern can be confirmed by the measurement of
the device performance. It is noteworthy that the PEDOT:PSS film
has only been treated with acetone, therefore the surface of the
film is clean and the conductivity is very high, which has been
successfully used in the fabrication of OECT devices.**

Using plasma to increase the surface hydroxyl of the water-
insoluble PEDOT:PSS layer allows us to attach anti-EpCAM to
the surface of the OECT channel via silane. Fig. 2b shows the
schematic diagram of grafting antibodies on PEDOT:PSS
surface for MCF-7 cancer cells capturing. AFM and XPS were
used to characterize the PEDOT:PSS film with and without the
process of modifying the EpCAM antibody. As shown in Fig. S3a
and b,T the roughness of the PEDOT:PSS film became smaller
by about 20 nm after the modification steps, which indicated
that the antibodies were successfully conjugated onto the film,
which made the film a flatter surface. From Fig. S3c,} the survey
scan XPS spectra of PEDOT:PSS film was attained. Elements

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(@) The schematic diagram of a cell sensor based on a solution gated OECT. (b) The schematic diagram of anti-EpCAM antibody

conjugation on PEDOT:PSS film for cancer cells capturing. (c) Optical micrograph of an OECT array device and an individual transistor. Scale bar

is 400 pm.

such as C, N, O, S, Si were significantly increased when the
PEDOT:PSS film was modified by antibody. As shown in
Fig. S3d,t five main peaks with different intensities can be
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Fig. 3 (a) The capture efficiency of MCF-7 cells on the PEDOT:PSS
surface treated by oxygen plasma for different time. (b) The capture
efficiency of MCF-7 cells on the PEDOT: PSS surface at different
incubation time.
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found form the C 1s deconvolution spectrum of the PEDOT:PSS,
which illustrated the different chemical states of the
PEDOT:PSS surface. The peaks observed at 283.8 eV, 284.8 eV,
286.3 eV, 286.02 eV and 288.6 eV were mainly belonged to C- Si
bond, C-C/C-H bonds, C-N bond, C-O/C-S bonds, and C=0
bond, respectively.**** Compared with the unmodified
PEDOT:PSS, the signals of these peaks were significantly
enhanced, indicating the success of specifical antibody
modification.

Obviously, the capture efficiency of cancer cells related to the
density of antibodies on the PEDOT:PSS surface and the incu-
bation time of cells. The antibody density is directly related to
the hydroxyl density of the surface caused by oxygen plasma
treatment. The influence of plasma treatment time and cell
incubation time on the cancer cells capture capacity were
investigated. Firstly, 90 min is selected for cancer cells incuba-
tion time to ensure that all cancer cells were sedimentation on
the PEDOT:PSS surface, to investigate the effect of oxygen
plasma time on cell capture. As shown in Fig. 3a and S4,T it can
be found that the efficiency of capturing MCF-7 cells was
influenced by the oxygen plasma treatment time. When the
PEDOT:PSS film was treated with oxygen plasma for 1.5 min, the
efficiency of cell capture was the highest, about 80%. There had
no obvious increase in the cell capture efficiency when the
oxygen plasma treatment time increased. The reason may be
due to the saturation of hydroxyl group when oxygen plasma
treatment time was larger than 1.5 min. Therefore, in the
following experiments, the PEDOT:PSS films of OECTs were all
treated for 1.5 min during the specifical antibody modification.
Since the cell sedimentation time may also affect the capture
efficiency, the effect of cell capture time was also investigated.
As shown in Fig. 3b and S5, maximum capture efficiency can be
achieved after 45 min incubation time for MFC-7.

RSC Adv, 2023, 13, 36416-36423 | 36419
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3.2 The electric performance of OECT array

It is obviously that it is easy and highly integrated if Au electrode
was selected as the gate voltage. However, the modulation
capability of channel current of Au gate electrode was weaker
than that of Pt gate electrode.*” As shown in Fig. S6,} the
transfer characteristic curve and output characteristic curve had
a small range of I,s modulated by the Au gate voltage, which will
affect the sensitivity of the device. Therefore, Pt electrode was
selected as the gate electrode in the following experiments. As
shown in Fig. 4a, the transfer characteristic curves of a single
OECT in PBS with an interval of 10 min. The results indicated
that the transfer curves were repeatable and the channel current
can be modulated from 105.4 pA to 5.6 pA when the gate voltage
increased from 0 V to 1.0 V.

The electrical performance repeatability of each OECT in the
array is important for the biosensor. As shown in Fig. 4b,
transfer characteristic curves of 10 random OECT sensors in the
OECT array were test. Ther results indicated that both the
stability of a single device and the performance compatibility of
different OECT units in the array manufactured using photoli-
thography have a repeatability performance. The output char-
acteristics was shown in Fig. 4c. Through the transfer and
output characteristics, the channel current modulation is
between 1-2 orders of magnitude with a gate voltage Vg of 1 V.
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We also investigated the corresponding speed of the OECT
devices to the applied gate voltage, as shown in Fig. 4d. The
channel current can be stabilized within 10 s, which shows that
there was not effect of photoresist on the electric performance
of PEDOT:PSS film during the fabrication.

3.3 Cancer cells detection using OECT

It had been demonstrated that cancer cells morphology can be
deformable corresponding to the environment.** In order to
investigate the feasibility of detecting cancer cells with OECT,
the change of transfer curve during the cell capture progress
was monitored. OECT was measured after the MCF-7 cell
suspension was added on the device, and it was measured every
10 min for a period of 2 h.

Fig. 5a shows the change of the transfer characteristic
curve in 1 h. After the suspension was added for 10 min, the
transfer curve showed a great shift to the positive gate voltage,
which was attributed to the fact that cancer cells settled to the
surface of PEDOT:PSS, and the change of the transfer curve
tended to be stable when the capture time was more than
40 min, with a relatively stable bias of about 25 mV. The shift
of transfer characteristic curve when the capture time was
enlarged to 2 h was depicted in Fig. 5b. Through the change, it
can be found that the transfer curve is shifted to negative
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(a) Transfer characteristics of an OECT measured in PBS at different times within 1 h. (b) Transfer characteristics of different OECTs

measured in PBS. (c) Output characteristics of an OECT. (d) The response of channel current of an OECT to the applied gate voltage.
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(a) Transmission characteristic change of an OECT when cell suspension is added within 1 h. (b) Transmission characteristic change of an

OECT when cell suspension is added in 1 h to 2 h. (c) The gate voltage shifts and offsets the transfer curve corresponding to (a) and (b). (d)
Schematic diagram of potential drops in the electric double layers (EDL), including the channel/electrolyte and electrolyte/gate interfaces, in the

OECT before and after the capture of cells on the PEDOT:PSS surface.

voltage direction. The effective gate voltage shift within two
hours is shown in Fig. 5c. The results indicated that the
effective gate voltage shift was increased in the first 40 min
and kept stable for 30 min and then shift to the negative
direction. This may be related to the change of cancer cells
morphology when the capture time was more than 1 h.
Therefore, one hour of cell capture time can bring the most
accurate signal changes.

The transformation mechanism of OECT transfer charac-
teristics is discussed. As shown in Fig. 5d, the gate voltage was
applied on the two EDL, including the electrolyte/gate and
electrolyte/PEDOT:PSS. The effective gate voltage (Ve) applied
on the channel is given by:***

1)

where C, and Cq are the capacitances of the electrolyte/gate and
electrolyte/channel interfaces. When cells were captured on the
PEDOT:PSS surface, there is an electrostatic interaction between
the cells and PEDOT:PSS film, which can apply an additional
voltage as an effective gate voltage on the OECT. This potential
change after capturing the cell can be expressed as follow:*”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ay = 2)
where n is the density of cells on the PEDOT:PSS, Q¢ is the
charge of the cell, ¢, is the relative dielectric constant of the cell
layer. From eqn (2), it can be found that the change of potential
applied on the OECT was related to the number of captured
cancer cells. Thus, the potential change can be calculated by
measuring the shift of transfer characterization. Conversely, the
number of cells can also be determined according to the
effective gate voltage shift in the transfer curve.

The reversed gate voltage shift when the capture time was
more than 1 h may be attributed to the deformable of cell
morphology on the PEDOT:PSS surface, which prevents the
direct ion exchange between PEDOT:PSS and the electrolyte and
breaks the exchange equilibrium. The cancer cell morphology
can be characterized by immunofluorescence stain, as shown in
Fig. S7,1 where F-actin and vinculin were stained by specific
antibody. Compared to the cell morphology after captured for
one hour, the contact between the cells and the interface was
tighter after captured for two hours, and there were more cilia
and microvilli around the cancer cells, which increased the

RSC Adv, 2023, 13, 36416-36423 | 36421
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contact area between the cells and the conductive film, and
modulated the channel current of OECT.

3.4 OECT detection of cancer cells

Based on the selectivity and monitoring of cancer cells, OECTs
biosensor can be used to detect different numbers of cancer
cells. OECTs to the testbed as shown in Fig. S8, where the
device is connected to the Keithley 4200-SCS via a multiplexer
controlled by customized software in a computer. Test by
multiplexer can autonomously and quickly switch between
different units in the OECTs, avoiding inaccurate data caused
by long test intervals between different OECTs due to excessive
manual operation time. The transfer properties of the antibody
modified OECTs in PBS were test several times until stabilized
to be used as a baseline. Next, control the number of cells
captured by the device by calculating the preparation of
different specific concentrations of MCF-7 suspensions (in
PBS). After adding the cell suspension for 1 h, the uncaptured
cells were eliminated, and the transfer characteristics were
tested. As shown in Fig. 6a, the transfer curve shifted to a higher
positive gate voltage when the number of captured cells
increased. Fig. 6b shows the dependence between the effective
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——500 cells / OECT
——1000 cells / OECT
2000 cells / OECT

S ——5000 cells / OECT
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Fig. 6 (a) Transfer characteristics of OECT after cancer cells capturing
at different concentration. (b) The effective gate voltage shifts of OECT
after cancer cells capturing at different concentration. Error bars
represent the error for the effective gate voltage shifts of different
OECTs on the same OECT array.
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gate voltage offsets and the number of captured cells. In this
work, the detectable number of cells was only a few hundred,
and the design of the array avoids the error generated by the test
and has higher sensitivity. As shown in Fig. S9, when the
concentration of cancer cells increased to 5000, cells captured
by the OECT may cover the entire PEDOT:PSS surface, and the
effective gate voltage shift was about 63 mV. This shift voltage
was closed to the average zeta potential of the cells, which is
consistent with the previous reports.**** Therefore, the OECTs
can be used as sensitive biosensors for cancer cells detection.

4. Conclusions

In this work, OECT array was fabricated with a convenient,
repeatable method. The active layer of OECTs were patterned
through photolithography without affecting their electric perfor-
mance. The PEDOT:PSS-based solution gated OECTs had been
successfully used as biosensors for cancer cells detection, which
were specifical captured on the surface of conductive film. Due to
the electrostatic interaction between the cells and the PEDOT:PSS
layer, the transfer curve of OECT shifted toward a higher gate
voltage after the cells were captured. This method can provide new
insights to improve the accuracy of the OECTs-based method and
show a wider application prospect of array devices. To optimize the
sensor, devices and methods with higher resolution should be
design and developed to shrink the channel area. Therefore, OECT
arrays with smaller channel area and more transistors will be
necessary to reduce the lower limit of cell number detection and
achieve single-cell high-throughput detection in the future.
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