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Abstract

Organic electrochemical transistors (OECTs) have shown great potential in bioelectronics to
transduce small biological signals for applications such as the electrical recording of excitable cells
and assessing cell barrier properties. It is imperative that operating the OECT as a biosensor does
not affect the biological system. However, bias voltages applied to channel materials such as the
conducting polymer (CP) PEDOT:PSS has been shown to induce the formation of hydrogen
peroxide (H,0O,) which can disrupt the physiology of cells. In this work, we evaluated the impact
of H,O, formation during OECT operation by comparing an oxygen-sensitive CP (PEDOT:PSS)
and an oxygen-stable CP (p(gPyDPP-MeOT2). While both CPs show high biocompatibility in
their non-biased, resting state, we observed large differences during the operation of the
electrochemical device. OECTs with PEDOT:PSS produce H,0, where the H,O, concentration in
the electrolyte depends on the channel area and the time of operation. In comparison, OECTs using
the oxygen-stable DPP-based polymer showed no sign of H,O, formation. Further investigation
also revealed how the proliferation rate of neuronal cells directly interfaced with such OECTs was
affected by the concentration of H,O,. Our work demonstrated the limitations of oxygen-sensitive
OECT channel materials for bioelectronic applications and provides guidance for material design

strategies to develop safe bioelectronic devices for real-life applications.
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1
. 2  Introduction

§ 3  Recent advances in the synthesis of semiconducting polymers have greatly enhanced the
g 4  performance of organic electrochemical transistors (OECTs).l> OECTs function in aqueous
§ 5 electrolytes which enable the use of these devices for health monitoring and to interphase with
% 6  biological systems3’. Moreover, OECTs have high transconductances (g,) which enables the
% 7  amplification/transduction of low-voltage biological signals into electric signals>*. Examples of
§ 8 employing OECTs for bioelectronic applications include the recording of electroactive cells,
g 9 impedance sensing to assess cell barrier properties, and the detection of analytes’>. The OECT
% 10  operating mechanism is described in several recent studies and will thus not be discussed in detail
g 11 in this work!®!!, The OECT performance strongly depends on the choice of the channel material,
2 12 the device dimension, and the operational voltage!>.

E 13  Typically, the channel material consists of an organic mixed ionic-electronic conductor
‘%g 14 (OMIEC)!'"! which is designed to simultaneously transport electronic and ionic charge carriers for
g 15  efficient signal transduction. In contact with aqueous electrolytes, solvent molecules, and ions can
é 16 migrate into the bulk of the channel material (swelling) which opens the structure of the polymer
% 17  to enable ion penetration into the bulk of the polymer. Furthermore, upon applying an
é 18  electrochemical potential with respect to the gate (or reference) electrode (Ag/AgCl), electronic

19  charges are injected into the OMIEC and ions migrate from the electrolyte into the bulk of the

Open Access Article. Published on 20 December 2023. Downloaded on 1/10/2024 12:36:53 PM.

20 OMIEC to compensate for the electronic charges injected into the system. Conventionally, the
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R

performance of OECTs is benchmarked by the product of the electronic mobility (pn) and the
22 volumetric charge storage capacitance (C*), which are used to calculate the transconductance of
23 the transistor!3. Although the transconductance is an important figure of merit, it only defines the
24 amplification of the device and does not include other aspects such as biocompatibility,
25  electrochemical side reactions, and operational stability. While some work described the
26  operational stability of devices'4, little work has been carried out on investigating the impact of
27  electrochemical side reactions (faradaic reactions) during device operation, forming reactive side
28  products that may be harmful to biological systems.

29  Currently, PEDOT:PSS is the most used channel material as it achieves high transconductance and
30 is commercially available!S. However, recent reports have demonstrated that OECTs and

31  electrodes based on PEDOT:PSS form hydrogen peroxide (H,O,) during operation in oxygenated
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aqueous electrolytes'®2% (Figure 1). These electrochemical side reactions are expected to cause
degradation of the transistor material and importantly, also affect the health of cells that are in
contact with the device. H,O, is a reactive oxygen species that plays an essential role in the
physiology of cells and tissue?!=23. It is generated naturally through metabolic activity and can
diffuse across cellular membranes to act as a molecule messenger and establish redox signaling
that initiates direct cellular effects such as changes in shape, proliferation, and differentiation.
Under normal conditions, living organisms exhibit antioxidant systems that balance the generation
and elimination of hydrogen peroxide. However, external factors can for instance facilitate
oxidative stress that disrupts the redox signaling and damages biomolecules such as DNA,
proteins, and lipids ultimately leading to cell death?*2°. Furthermore, the oxygen reduction
reaction (ORR) can disrupt the cell physiology and deplete oxygen in the electrolyte which may
lead to hypoxia for cells near the device. Thus, to engineer inert bioelectronic devices for real-life
applications, oxygen-stable OECT materials are needed that function without faradaic side
reactions with molecular oxygen to limit the accumulation of H,O, during device operation.

In this work, we evaluated the impact of H,O, formation during OECT operation in oxygen-
containing aqueous electrolytes by comparing an oxygen-sensitive OMIEC (PEDOT:PSS) to an
oxygen-stable OMIEC (p(gPyDPP-MeOT2). For each channel material, the generated H,O,
concentration was determined and the viability of neurons that were exposed to peroxide
containing electrolytes was examined. Furthermore, neurons cultured on a PEDOT:PSS channel

were visually inspected before and after OECT operation.

Results and Discussion.

To investigate if H,O, was formed during device operation and to quantify the amount of H,0,
formed on the channel of the OECT, we prepared OECTs with a defined area and operated them
in ambient conditions. First, transfer curves were measured for the two different polymers (Figure
S1) to characterize their mode of operation. The oxygen-sensitive polymer, PEDOT:PSS, operated
in depletion mode where the polymer was initially in its conductive state and scanning the gate
potential to positive values results in reduction of the polymer, switching the device to its off state.
The discharged PEDOT:PSS was reactive and oxidized in the presence of molecular oxygen
forming H,0,, as illustrated in Figure 1. In comparison, the oxygen-stable polymer p(gPyDPP-

MeOT?2) operated in enhancement mode. The polymer had a low electronic conductivity (device

4
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1 begins in off state) and sweeping the gate potential to negative values induced an oxidation of the
polymer that increases the electronic conductivity and switches the device to its on state. As
previously reported, both the neutral and oxidized states of the polymer were not reactive towards
molecular oxygen'®27-28, To quantify the amount of H,O, that is generated and assess the effect on
cells, devices were operated by applying gate voltage pulses V', (with fixed channel voltages, Vy)

in ambient conditions, repeatedly switching the devices between the off and on state. The faradaic

N OO g~ WwN

side reactions of the devices were then investigated by monitoring the gate current of the OECT.

PEDOT:PSS OECT resting state PEDOT:PSS OECT operating state

|
S-S

H,0,

\ Electron /
ransfe
® fransfer

O, +2H"+2¢°— H,0

2

8 electrolyte <@gy, channel source and drain gate ® oxygen s« electron @ hydrogen peroxide
Figure 1. A schematics of PEDOT:PSS OECT in its resting state and upon V, operation, showing

10  electron transfer from the polymer channel to the electrolyte and consequent generation of H,O,.

11

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

12 The amount of hydrogen peroxide formation during the operation of the devices was measured

13  with a colorimetric assay. In the presence of hydrogen peroxide, the horseradish peroxidase (HRP)

Open Access Article. Published on 20 December 2023. Downloaded on 1/10/2024 12:36:53 PM.

14  catalyzed the conversion of the fluorescent probe into a colorimetric product that changed the

(cc)

15  absorbance spectra of the solution. A calibration curve was used to determine the concentration of
16 hydrogen peroxide generated during the operation of the OECTs. (Figure S2). Operating the
17 PEDOT:PSS OECT at peak g, (Vy; = 700 mV vs Ag/AgCl, with V4 = -500 mV) for 60 seconds
18  caused generation of H,O, in the electrolyte ranging from 20 to 50 uM (Figure 2a). On the
19  contrary, no hydrogen peroxide was detected (considering the experimental concentration limit of
20 5uM) in the electrolyte of the OECT using polymer p(gPyDPP-MeOT2) (Figure 2b). For the
21 PEDOT:PSS OECTs, the concentration of generated H,O, was determined for different durations
22  of the applied gate potential as well as for different channel dimensions. OECTs with millimeter
23  and micrometer scale dimensions were operated for 1 and 5 minutes and the colorimetric assay
24 was used to determine the H,O, concentration (color map in Figure 2¢). We observed the highest

25  concentration of H,O, for the large OECT (7x4 mm?) when a long gate pulse (5 minutes) was

5
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applied indicating that the H,O, formation depended on the active area of the device and the
operation time. The number of charges injected from the gate electrode into the polymer channel
correlated to the generated concentration of H,O,, confirming that the by-products from the

electrochemical reactions were directly related to the biasing of the OECT (Figure S3).

PEDOT:PSS DPP-branched H,0, production [H:04]
15 06
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Figure 2. Current response of the OECT with (a) PEDOT:PSS and (b) p(gPyDPP-MeOT?2) upon
applying a square voltage pulse at the gate electrode (V= 700 mV, and V4 =-500mV for
PEDOT:PSS, Vy=-700 mV, and V4 =-100mV for p(gPyDPP-MeOT2)). The circular insets show
the concentration of peroxide recalling the same color code reported in Figure 3¢. Degradation of
p(gPyDPP-MeOT2) is observed at potentials >-650 mV!4. ¢) Color map representing the
concentration of H,O, (expressed in uM) produced during the operation of a PEDOT:PSS OECT

for different channel areas and gate pulse duration.

The biocompatibility of both polymers was first assessed in their unbiased state (i.e., no gate
voltage was applied), by cultivating neuronal cells (HT22) on polymer films and using a live/dead
fluorescence assay. After 24 hours in culture, high percentages of green fluorescent cells ( > 95
%) were found indicating excellent viability on both PEDOT:PSS and p(gPyDPP-MeOT2)
(Figure 3a i-iii). No significant difference in the percentage of live cells was found compared to
the glass substrate control, suggesting negligible cytotoxic effects (Figure 3b). To determine
whether the amount of peroxide produced during PEDOT: PSS-based OECT operation affected
the cell viability, two concentrations of H;O, (20 uM and 100 uM) were tested, corresponding to
the amount of peroxide produced with large channel area-long pulse duration and small channel
area-short pulse duration, respectively. After 1 day from plating, HT22 cells were exposed to

hydrogen peroxide by exchanging the cell medium with H,O,-containing medium at the desired
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1 concentration after which the metabolic activity was evaluated at different time points through an
MTT assay. At low H,O, concentration (20 M), a slight decrease in the metabolic activity was
observed that was proportionally related to the exposure time to H,O, (Figure S4). Increasing the
H,0, concentration to 100 uM showed a large change in the absorbance values after 15 minutes,
indicating a significant decrease in the metabolic activity of cells (Figure S4 and Figure 3c¢). This
was further confirmed by a change in the cell shape as well as by the presence of cell clusters

(Figure 3c iv-vi). These results demonstrated the sensitivity of HT22 cells hydrogen peroxide

0o N o o ~ w DN

produced concentrations during the transistor operation.
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10  Figure 3. a) HT22 cell viability (60.000 cell/cm?) assay showing fluorescently labeled live (green)
11 and dead (red) cells on glass (i), p(gPyDPP-MeOT2) polymer (ii) and PEDOT:PSS (iii). b)
12 Percentage of live and dead cells reported as mean + SEM (n= 3). c) Brightfield images of HT22
13  cells seeded on glass at different time points (15, 30, and 60 min) without (i-ii1) and with (iv-vi)
14 100 uM H,0, produced by operating the OECT. The circles are the MTT coloring indicating cell
15  wiability (pink: live cells, transparent: dead cells) and the red arrows locate cells clusters that were
16 formed. Scale bar: 100 um.

17

18  To evaluate whether the presence of cells might affect the production of hydrogen peroxide

19  protecting the polymer form undergoing the ORR, HT22 cells were cultivated (60.000 cell/cm?)
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on top of a PEDOT:PSS OECT, covering the channel area (Figure 4a). The device was operated
at V=700 mV and V,;=-500 mV for 5 minutes. Comparing the amount of H,O, produced before
and after cell plating, no significant difference was found (A570pefore=0.111£0.011
A570aier=0.099+0.020, n=3) suggesting that the presence of cells is not limiting the generation,
diffusion and detection of peroxide (Figure 4b).

After device operation, cells were incubated for 1 hour in the same media. The absorbance values
evaluated through MTT assay indicated a drastic decrease in the metabolic activity of the HT22
(4570=0.122) with respect to the control (4579=0.348) (not operated device) (Figure 4¢). Similar
results were found with 3 different devices (Figure S5). Brightfield images showed round-shaped

morphology and cluster formation confirming the adverse effects of oxidative stress on the cells

physiology.
a} Cellplating  b) 100 UM
area
0+ - . ]
.~ kel
4 =
' £
Control OECT < i Y . 2
s -1x104- ! erie W c
- H s (0]
Operating OECT : g
L] —
perng nE — wioHT22 o
ol i --- wHT22DV1 | T
0 200 400 600 800 >5uM

PEDOT:PSS ITO electrolyte Cell plating Area
Time (s)
c) 0
Time

—

Before operation After operation (t=0) After operation (t=1h)

L“f . : Dead
Lels cells

Cell Viability

cel culture wells used for the MTT colorimetric assay
Figure 4. a) OECT device on a glass substrate with ITO contacts (source and drain) and two spin
coated PEDOT:PSS channels. Each glass substrate contained two OECTs (cell plating area 5
mm?). One OECT was used as a control (no voltage is applied during the experiment) and the other

OECT is operated (by applying 700 mV). b) Output channel current upon the application of a 5

8
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1 min square voltage pulse at the gate with and without cells (dotted and solid line, respectively). c)
2  Brightfield images of the HT22 cell line before operation (i), directly after applying the voltage
3 pulse (ii) and after 1h from applying the voltage pulse (iii). Red arrows pointing at cells clusters
4

that were formed. Scale bar: 100 um.

5
6  Conclusions

7 In this work, we demonstrated the impact of hydrogen peroxide generated by OECTs on neuronal
8  cells for two distinguished OMIEC materials. Cells proliferation rate was not altered when seeded
9  on the unbiased OMIECs, showing the non-toxic nature of the OMIECs. However, when operating
0 the oxygen-sensitive OMIEC in electrochemical transistors, the production of cytotoxic hydrogen
11 peroxide was observed which significantly affected the cell viability. We observed a strong
12 correlation between the amount of hydrogen peroxide produced and the duration of the applied
13  potential as well as the channel area of the device. Importantly, operating OECTs with
14  PEDOT:PSS (channel area of 28 mm?) formed up to 100 uM of H,O, after operating the device
15  for 5 minutes, which strongly impacted the physiology of the cells. In comparison, the oxygen-
16 stable (p(gPyDPP-MeOT2) showed no sign of H,O, formation during operation at peak

17  transconductance, paving the way for the development of safe bioelectronic devices. Future

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

18  materials design for OECTs should therefore not merely focus on increasing the transconductance,

19  but also consider the electrochemical reactions and resulting byproducts to support the

Open Access Article. Published on 20 December 2023. Downloaded on 1/10/2024 12:36:53 PM.

20  development of safer bioelectronic devices.

(cc)

23  Experimental section

24  Materials

25 PEDOT:PSS was purchased from Clevios (PH 1000, Merck Life Science S.r.l., Italy). Polymer
26  p(gPyDPP-MeOT,) based on pyridine-flanked diketopyrrolopyrrole (PyDPP) with bithiophene
27  (T2) or 3,3'-methoxybithiophene (MeOT2) were synthesized by a Stille polymerization as

28  previously described!s.

30 4.1. Large organic electrochemical transistor fabrication
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A two-squared patterned ITO coated glass (Surface resistivity 20 Q cm-2, 25 mm x 12.5 mm,
Xinyan Technology Ltd., Hong Kong) was cleaned with deionized water, acetone (Merck Life
Science S.r.1., Italy), and 2-propanol (Merck Life Science S.1.1., Italy) (10 minutes for each solvent)
and dried with compressed air. Then, the ITO glass underwent a plasma activation (2 minutes, 20
W) to favor the spin coating of a previously prepared PEDOT:PSS aqueous solution (5 vol.%
ethylene glycol (Merck Life Science S.r.1., Italy), 0.002 vol.% DBSA (Merck Life Science S.r.1.,
Italy), and 1 vol.% GOPS (Merck Life Science S.r.1., Italy) added to a commercial Hereaus Clevios
PH1000) that was sonicated 30 minutes before use. The PEDOT:PSS was spin coated at 2000
r.p.m. for 2 minutes with an acceleration of 400 r.p.m s-1 and annealed 1 hour at 140°C. Finally,
to pattern the PEDOT:PSS channel area, a plasma etching (15 minutes, 100 W) was performed
covering the PEDOT strip with a Polydimethylsiloxane (PDMS) masks (15 mm x 7 mm) to form
a (28 mm? channel). Later, the OECT was left in deionized water overnight to promote the

PEDOT:PSS swelling.

Small organic electrochemical transistor fabrication

Interdigitated electrodes (Micrux, 15 pairs of electrodes with W = 1950 um, L = 10 pm) were
cleaned by sonication for 15 minutes in acetone and isopropanol, followed by an ozone treatment
for 5 minutes. Devices were prepared by spin coating polymer solution. For PEDOT:PSS, the
above-described solution mixture was spin coated at 3000 RPM, followed by an annealing step at
120°C for 15 minutes. The device was rinsed with DI water and dried before testing. For polymer
p(gPyDPP-MeOT?2), a polymer solution was prepared by dissolving the polymer in chloroform
(10 mg/mL). The polymer solution was filtered with a 0.45 pm filter and spin cast at 1000 RPM
without further thermal treatment. The area of the devices was defined by removing the polymer
manually with a sharp blade.

OECT operation

Following characterizations have been performed by using a commercial platform (ARKEO, Cicci
Research, Italy).

Transfer-characteristic

Devices were characterized by using two measurement probes connected to the source and drain

electrodes and a third one connected to the Ag/AgCl gate electrode. Transfer curves were taken by

10
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1 sweeping the gate voltage from —0.8 V to 0.8 V with a scan rate of 50 mV s-! and the drain voltage
. 2  (both versus the source potential) from —0.6 V to 0.1 V with a scan rate of 50 mV s,
é 3 Pulsed measurements
g 4  Pulsed measurements on devices were performed by using the previous platform and setup,
§ 5  keeping a fixed drain voltage of V4 =-500 mV a voltage square pulse at the gate electrode (PW =
T 6  5mins, V=700 mV),
g 8  Peroxide essay
g 9 To evaluate the amount of peroxide produced during the transistor operation the Peroxidase
% 10  Activity Assay Kit (Merck Life Science S.r.l., Italy) has been used exploiting the capability of
g 11 peroxidase to catalyzes the reaction between H,O, and a fluorescent probe, resulting in a
2 12 colorimetric (570 nm) product, proportional to the peroxidase activity present. One unit of
E 13  peroxidase is defined as the amount of enzyme that reduces 1.0 pmole of H,O, per minute at 37°C.
‘%g 14 After operating the device, the electrolyte has been removed and developed in another vial with
g 15  the appropriate amount of reagent following the protocol reported in the commercial kit. The
é 16  solution was then measured spectrophotometrically using Dynatech MR580 Microelisa reader,
% 17  using a test wavelength of 570 nm.
Z

18  Cell culture, biocompatibility, and viability essay.
19  Live-dead assay

Open Access Article. Published on 20 December 2023. Downloaded on 1/10/2024 12:36:53 PM.

20 The experiments were performed using HT22 cells (ATCC, Italy), an immortalized mouse

21 hippocampal cell line. HT22 cells were cultured in 25 mm? flask in DMEM:F-12 (1:1) media

(cc)

22 (Merck Life Science S.r.1., Italy) supplemented with 10% fetal bovine serum (Merck Life Science
23 S.r.l., Italy), 1% penicillin/streptomycin (Merck Life Science S.r.1., Italy), 1% L-Glutamine (Merck
24 Life Science S.r.1., Italy), in a 5% CO, incubator at 37°C. Confluent HT22 cells were trypsinated
25 using Trypsin-EDTA 0.25% (Life Technologies Italia, Italy) and cells were seeded on the
26  polymeric substrates at a density of 79.000 cells/cm? and left in the incubator at 37°C for 24 hours.
27  To assess the biocompatibility cells were stained with a solution of Calcein-AM (Merck Life
28  Science, final concentration lug/mL) and Ethidium Homodimer (Thermo Fisher, final
29  concentration 10 pg/mL) in PBS and incubated at 37°C for 10 minutes.

30

31 MTT assay
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HT22 (50.000 cells/cm?) per well were seeded into a 24-well tissue culture plate for 24 hours.
Before plating, substrates were functionalized with poly-L-lysine (PLL, Merck Life Science S.r.1.,
Italy) 0.01% v/v (aqueous solution), incubated at 37 °C overnight and then washed three times
with PBS (Merck Life Science S.r.1., Italy). A solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (Abcam, UK) in 1x solution of PBS (Merck Life Science S.r.l.,
Italy) (5 mg/mL) was added to the wells (200 pL in 1 ml of medium) and incubated at 37°C for 4
hours. After the removal of the medium, 1 mL of DMSO (Merck Life Science S.r.l., Italy) was
added to all wells and mixed thoroughly to dissolve the dark blue crystals (insoluble purple
formazan formed by cleavage of the tetrazolium ring by dehydrogenase enzymes). After a 1 hour
at room temperature, to ensure that all crystals were dissolved, the DMSO solution was measured
spectrophotometrically using Dynatech MR580 Microelisa reader, using a test wavelength of 570

nm.
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