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ABSTRACT

Dissolved oxygen in cell culture media represents an interesting parameter worth monitoring, especially at very low concentrations. Indeed,
cells grow faster and live longer in hypoxic conditions, and recent studies relate stronger tumor malignancy, recurrence, and progression with
reduced oxygen levels. Standard techniques for dissolved oxygen evaluation rely either on optical investigations or on electrochemical meth-
ods. The former requires complex protocols and expensive instrumentations, while for the latter, the presence of a silver/silver chloride elec-
trode hinders the device miniaturization and induces cytotoxic effects. In this work, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (Pedot:Pss)-based Organic Electrochemical Transistors (OECTs) are presented as dissolved oxygen sensors. The catalytic activity of
the Pedot chains is exploited for the transduction since oxygen reduction reactions, occurring at the polymer/electrolyte interface, induce
Pedot:Pss to switch from the less conductive neutral state (off) to the more conductive oxidized one (on). This transient-doping effect enhances
OECT current output, which presents a high signal to noise ratio (i.e., >10°~10°). The transistor architecture allows for high output/input
signal power amplification (i.e., >15 dB-22 dB) and excellent sensitivities [328 + 11 mV/dec and —0.38 + 0.02 mA/dec for transfer and I4,(t),
respectively], together with a low detection limit (0.9 uM, which represents the 0.07% of oxygen partial pressure). Finally, the here reported
OECT sensors are demonstrated to work also in a real-life complex biological environment. This work paves the way for reliable, real-time
oxygen monitoring in in vitro cell cultures for various relevant applications, such as investigating the influence of hypoxia conditions on cell
lines or tumors.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0015232

INTRODUCTION Low oxygen concentration (hypoxia) may have several conse-
quences on cells or tissues. As an example, cells that are grown in
low oxygen concentration (i.e., 3% O, instead of the standard envi-

ronmental 20%), or even under hypoxia conditions, grow faster and

The detection of oxygen dissolved (DO) in aqueous solution
is interesting in industrial, environmental, and biological fields,
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being related to food freshness, water quality, and cellular bio-
processes, respectively.”” Regarding the latter, aerobic organisms
employ oxygen to respire; thus cell metabolism, proliferation, and
differentiation all involve oxygen consumption.'

live longer, showing less DNA damage, with fewer stress responses.”
Moreover, oxygen content can be used to evaluate tumor invasive-
ness and aggressiveness: Evans et al. demonstrated that increased
hypoxic levels are correlated with faster tumor recurrence since
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grade 2, 3, and 4 tumors showed modest (2.5% O;), moderate
(0.5% O3), and severe (0.1% O) hypoxia levels, 1respectively;| Vau-
pel reported that hypoxia conditions increased tumor malignancy,
leading to cells with more aggressive phenotype, promoting local
and distant spread and leading to faster tumor progression
(explained as an attempt of the tumoral cells to fight the hostile con-
ditions).” A reliable oxygen monitoring would be of extreme impor-
tance for a better understanding of such processes, paving the way
for effective therapy development.

For DO sensing, either optical or electrochemical methods are
used. The former mainly rely on the use of fluorophores’ or phos-
phorescent probes,” using a plate reader for the measurements.
Gold-standards in this procedure include the XF Series from Agi-
lent, Inc. (i.e., MitoXPress"): even though these systems allow for
monitoring intracellular and in-culture oxygen concentrations, they
are based on complex and costly protocols and equipment since they
require overnight incubation of the phosphorescent probes and a
microplate reader for the measurements, able to maintain the cell
culture environmental conditions constant. Regarding the electro-
chemical analysis, the most popular and reliable method is the Clark
electrode (a commercial example is the Oxgraph from Hanstech,
Inc.”), which consists of a two-electrode amperometric sensor com-
posed of an Ag/AgCl reference electrode (RE) and a Pt working elec-
trode (WE) soaked in a KCI solution. An O, permeable membrane is
placed between the electrolyte and the sample to avoid interferences.
When a reduction potential is applied to the WE, oxygen reduc-
tion occurs leading to an electrical current, which can be correlated
with the DO concentration. A similar technique was used by Han
et al.,'"” substituting the liquid electrolyte (which may undergo evap-
oration) with a Nafion film as a solid, oxygen-permeable polymer
electrolyte. The sensors were then compared with the XF-24 of Agi-
lent, Inc., showing that they were able to measure cellular respiration
even with fewer cells than the XF-24. However, the presence of a ref-
erence electrode often hinders the device miniaturization as screen
printed silver/silver chloride reference electrodes showed poor
stability."’

In this work, a viable and powerful alternative for dissolved
oxygen detection and quantification is investigated, using Organic
Electrochemical Transistors (OECTSs), made with the semiconduct-
ing polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (Pedot:Pss). OECTSs are composed of a semiconducting poly-
mer channel and a gate electrode: both elements are soaked in the
same electrolytic solution. The electronic readout of the channel
can be modulated upon the application of positive/negative gate
potentials, pushing/pulling positive ions inside/from the channel,
changing the conductivity of the Pedot:Pss.

Pedot-based OECTs have been employed to detect several
analytes, exploiting their inherent signal amplification and ease of
functionalization,"” '* as well as for cell tissue integrity'’ '’ and
toxicity evaluation,”’ owing to their biocompatibility and stabil-
ity in the aqueous environment. In particular, our group showed
that compounds undergoing redox reactions can be monitored
with unfunctionalized Pedot:Pss-based OECTSs, mainly focusing on
reducing agents such as dopamine, adrenaline, ascorbic acid, and
uric acid.”"* As reported in the literature mainstream, these sensors
work in depletion mode, and the analytes are detected throughout a
decrease in the drain current (I4). For low analyte concentrations,
I slightly changes with respect to its background value, which is
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very high (i.e., mA for millimeter-sized devices) since the transistor
is working in its “on” state. Therefore, reaching high sensing perfor-
mances is linked to the ability of performing a precise and accurate
measurement of a small current variation (i.e., yA) with respect to a
larger background.

On the other hand, when the devices are operated close to the
threshold voltage in current-enhancing mode, I4 can increase with
respect to the current value of the transistor working in the “off”
state (4A variations over a yA background), thus achieving bet-
ter performances, with a higher signal-to-noise ratio. Moreover, the
power adsorption is very low because of small currents flowing in
the channel when no analyte is present. In the first proof of concept
of a sensor based on OECT, Wrighton’s group proposed the detec-
tion of oxidant species with the “off” state device, employing the p-
type semiconductor Poly(3-methylthiophene).”” However, such an
OECT architecture needed a potentiostat endowed with a reference
and a counter electrode, with some disadvantages with respect to the
more modern configuration. Alternative materials have been inves-
tigated to fabricate OECTs that can work with a turned “off” device
in the modern architecture, based either on n-type semiconductors’*
or p-type ones.”” However, such new materials still present draw-
backs and are in early stage development. Thus, more efforts should
be directed toward commercially available products, such as the p-
type Pedot:Pss, which guarantees superior performances in terms
of conductivity and stability, owing to the research improvement
of the last decade. Embracing this intention, Keene et al. employed
aliphatic amine molecules to chemically de-dope Pedot:Pss chan-
nels in OECTs, reducing the threshold voltage values.”* Even though
the strategy looks promising toward enhancement-mode OECTs,
the best performing transistor still presents halved hole mobil-
ity and slightly reduced normalized peak transconductances, com-
pared to standard Pedot:Pss ones, and their sensing features are not
investigated in the work.

In this work, we report how to efficiently detect an oxidant
agent with an all-PEDOT OECT without the need of functional-
ization or molecular units. When the OECT is turned off using
a positive gate bias, holes injected in the semiconducting polymer
channel by an oxidizing species (transient doping) enhance the cur-
rent signal. Oxygen is an example of oxidizing agents, due to its
ability to accept electrons: Singh et al. proved, through the applica-
tion of the density functional theory, that Pedot chains have the cat-
alytic activity, allowing for oxygen reduction reaction (without the
need of external dopants or platinum catalyst to facilitate the elec-
trocatalysis) with the formation of polaronic states, which reduces
the HOMO-LUMO gap.”” The energetically favourable reaction
proposed in the model was the following:

4Pedot’ + O, + 4H" — 4Pedot* + 2H,0. (1)

According to the reaction above, oxygen presence will induce
Pedot:Pss to switch from the less conductive neutral state (off state)
to the more conductive oxidized one, increasing the polymer con-
ductivity, thus allowing for oxygen detection. It is worth noting
that the literature reports that O, reduction at PEDOT:PSS could
also p{oduce hydrogen peroxide, which could have a toxic effect on
cells.”
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The here reported transient-doped Pedot:Pss OECT working
in current-enhancing mode proved to be efficient sensors for low-
concentration DO monitoring, having high sensitivities, low detec-
tion limits, and high signal to noise (S/N) values. Preliminary tests,
using a cell culture medium as electrolyte for the device, proved
our sensors to be able to detect oxygen concentrations relevant
for hypoxic biological environment. Our results pave the way for
in vitro, real-time monitoring of cell metabolic processes in low-
concentration DO, foreseeing innovative investigations on cells or
tissues under hypoxia conditions.

MATERIALS AND METHODS
Device fabrication

Glass substrates were cleaned by sonication in distilled
water/acetone/isopropanol baths. Afterward, 10 nm of chrome
and 50 nm of gold were deposited by thermal evaporation in
order to realize the contact pads and conductive tracks of the
device. After that, the Pedot:Pss solution was spin coated (700
rpm for 10 s) to realize the device channel and gate elec-
trodes using a Teflon mask. The thin film thickness is 390
+ 30 nm. The solution was made of 93.75% Pedot:Pss (Heraeus,
Clevios PH1000) with 5% of ethylene glycol (EG) (Sigma Aldrich),
1% of 3-glycidoxypropyltrimethoxysilane (GOPS), and 0.25% of
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4-dodecylbenzenesulfonicacid (DBSA). This suspension was treated
in ultrasonic bath for 10 min and filtered through 1.2 ym cellulose
acetate filters (Sartorius) before the deposition. The samples were
subsequently baked at 120 °C for 30 min. The resulting OECTs were
patterned to have channel length (L) and width (W) of 10 mm and
3 mm, respectively, and the gate electrode with L = 19 mm and
W = 8 mm. Then, devices are merged in distilled H,O for 1 h and
dried with a nitrogen flux. The final device geometry is reported in
Fig. 1(a).

Biological culture medium

Dulbecco’s Modified Eagle Medium (DMEM) (4.5 g 1! glu-
cose) was supplemented by 10% (v/v) fetal bovine serum (FBS),
2 x 107°M L-glutamine, 100 U ml™" penicillin, and 100 mg ml™
streptomycin, and 0.1 mM MEM Non Essential Amino Acids
(NEAAs). The resulting solution mimicked the biological environ-
ment of a real in vitro cell culture, used as electrolyte.

Winkler titration

The procedure was carried out by avoiding the contamination
of the sample with atmospheric O, using the appropriate glassware
and deaerated reagent solutions. 2 ml of a solution containing 2.15M
MnSO4 and 2 ml of a solution containing 12.5M NaOH, 0.9 KI, and
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FIG. 1. (a) OECT device schematic with channel and area dimensions and the circuit electrical connections. (b) OECT characteristic curves obtained in air atmosphere, using
0.1M KCl as electrolyte and applying a sweeping potential on the channel from 0 V to 0.6 V, for fixed Vg values (namely, 0V, 0.2V, 0.4 V,0.6 V, 0.8V, 1V, 1.2V, 1.4 V).
(c) Output curve comparison, using 0.1M KCl as electrolyte, in air (red line) and nitrogen-saturated (blue line) conditions (solution and atmosphere) for Vg = 0.4 V (squares),
0.8V (triangles), and 1.2 V (circles). (d) Transfer comparison, using 0.1M KCl as electrolyte, in air (red line) and nitrogen-saturated (blue line) conditions, sweeping Vg in the

range between —0.2 V and 1.4 V, with fixed Vgs = —0.3 V.
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0.15M NaNj3 were added to 25.00 ml of the electrolyte. The mix-
ture was stirred, and the formation of a precipitate occurred. After
decanting the suspension, 2 ml of concentrated H,SO4 was added,
and the sample was again stirred. The reaction of the reagents with
O leads to the formation of a stoichiometric I amount, which was
titrated with 0.0025M S,03%~ using a starch indicator.”’

Electrical characterization

Electrical data for the output, transfer, and I4(t) measures were
carried out employing a Keysight B2912A, used to bias the channel
and gate of the devices. The OECT's were immersed in a solution of
25 ml of 0.1M KCl or DMEM for the measurements in the standard
electrolyte and in the biological environment, respectively.

Electrochemical characterization

Electrochemical measurements were performed with the
Metrohm Autolab Potentiostat in a three-electrode cell. An
Au/Pedot:Pss electrode, having an area of 152 mm? (i.e., the gate
electrode of an OECT), was used as the working electrode, while an
Au wire and an Ag/AgCl glass electrode were employed as counter
and reference electrodes, respectively.

Data analysis

The sensitivity of the sensor was extracted as the slope of the
linear fit in the range under study. The calibration line was obtained
by means of the linear fit of the I4; vs log C. The limit of detec-
tion (LOD) was calculated as the concentration that would generate
a signal equal to blank signal (L), determined under N, atmo-
sphere, plus three times blank standard deviation (o). The resulting
equations for I4(t) are

L.0.D.(M) = 10 Uer 3 0)=a)/m )

where q and m are the intercept and the slope of the calibration line,
respectively. The same equations hold for the LOD calculations on
the transfer analysis, replacing Iog with Vi .

RESULTS AND DISCUSSION
OECT working principle

OECTs were realized with the planar geometry shown in
Fig. 1(a), having both the gate and channel in Pedot:Pss and pat-
terned on the same substrate. The gate area is larger than the channel
one to enhance the potential drop as we hypothesize the oxygen
reaction occurring at the OECT channel. The output characteristic
curves were recorded in aerated 0.1M KCl solution as the electrolyte
by sweeping the electrical polarization on the drain (V4) from 0 V
to —0.6 V for different V applied. The 3D graph in Fig. 1(b) shows
how an increasing positive gate voltage reduces the device current
by enhancing the number of cations injected in the semiconducting
polymer channel. The following reaction explains the process:

Pedot" : Pss” + C" + ¢~ — Pedot’ + Pss™ : C*, 3)

where C" are the cations injected in the polymeric film, upon which
Pedot switches from the oxidized (“on”) to the neutral (“off”) state.

scitation.org/journal/apm

A nearly straight line is reported for Vg = 0 V since almost
no channel current modulation is obtained with a zero bias on the
gate (violet dotted curve). Conversely, the highest potential of 1.2 V
clearly switches the OECT in its “off” state (black dotted curve), with
current lower than 100 pA for all the negative biases applied on the
channel.

OECTs operating in air and N,

OECTs performed differently when characterized in nitrogen-
saturated atmosphere and solution, as shown in Figs. 1(c) and 1(d).
Figure 1(c) compares OECT output curves in standard air condi-
tions (red lines) and in oxygen-depleted ones (blue lines), for Vg
=0.4 V (square markers), 0.8 V (triangle markers), and 1.2 V (round
markers). A reduction in the output current vs O, depletion occurs
both in air and N; atmosphere for all the three reported gate volt-
ages. In particular, the highest difference is observed for Vg = 0.8 V,
where the device is in the “off” state (negligible current values) for
nitrogen-saturated (N;) conditions and in the “on” state in air (I4
is several hundreds of yA). A further proof was obtained investi-
gating the transcharacteristic curves of the OECT: fixing the poten-
tial on the channel at V4 = —0.3 V (in the middle of the previous
range) and sweeping the tension on the gate from —0.2 Vto 1.4 V.
Transfers in air and N, are reported in Fig. 1(c) in red and blue
lines, respectively. Again, the lower current value is evident for the
measure without oxygen, with a shift of the data for all the given
V. Furthermore, it can be noted that the device is able to turn
off only when oxygen is depleted from the solution and the above
atmosphere, with an average value of the I,¢ (N2) = (-1.2 + 0.7)
uA. Conversely, in the standard air condition, the device “off” state
presents Ly (Air) = (-67.0 £ 1.1) A, which is more than one order
of magnitude higher compared to the one obtained in N, conditions.
Consequently, it is evident from the transfer curves that the highest
Ion/Ioff ratio, a key parameter for OECTs, is obtained when oxygen is
not present: thus, the use of these devices as switchers would benefit
a nitrogen-saturated environment.

A representative schematic of the hypothesized reaction occur-
ring on the device, under the applied polarizations, is reported in
Fig. 2(a). When Vg assumes high values, cations are pushed in the
channel [see Eq. (3)], and the Pedot* is mainly converted to Pedot®,
with the device working in the “off” state (i.e., depleted of the holes).
DO can react with the negatively polarized (vs the gate electrode)
Pedot:Pss channel, switching the polymer from its neutral to its oxi-
dized, and more conductive, state, enhancing the current flowing in
the device. In the reaction, Pedot acts as an electron supplier for oxy-
gen reduction and consequent water formation, meanwhile allowing
for free hole injection from the source contact, as shown in Eq. (1)
and in Fig. 2(a).

Pedot:Pss electrochemical response at different O,
concentrations

For a better understanding of the electrochemical processes
involved, a simple Au/Pedot:Pss electrode, realized with the same
procedures used for the gate of the device (see the section titled
Materials and Methods) was studied by means of Cyclic Voltamme-
try (CV) and Electrical Impedance Spectroscopy (EIS). The experi-
mental setup used for oxygen percentage injection in the following
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FIG. 2. (a) Schematic representation of the oxygen reduction reaction on the channel of OECTs reported in the cross section. Cyclic voltammetry (b) and electrical impedance
spectroscopy (c) of an Au/Pedot:Pss electrode in 0.1M KCl for 0%, 7.36%, and 15.43% O, fluxed in the solution. The lines represent data fitting, according to the equivalent
circuit reported in the inset. (d) Output characteristic curves of the OECT at a fixed gate voltage of 0.8 V, sweeping the channel polarization between 0 V and —0.6 V, upon

different oxygen percentage introduced in the solution.

measurements is reported in Fig. S1. The oxygen concentrations
in the solution were determined using the Winkler method (see
the section titled Materials and Methods), and the calculated oxy-
gen solubility constant in water (k = 0.0013 mol/atm 1) was then
used for the conversion to the oxygen partial pressure introduced.
The calibration curve for the data conversion is reported in Fig. S2.
CVs for nitrogen-saturated 7.4% and 15.4% O, amount are shown
in Fig. 2(b). CV curves under nitrogen atmosphere are flat, high-
lighting a pseudo-capacitive response due to the processes involv-
ing Pedot:Pss [reaction in Eq. (3)]. In O, presence, CVs show new
redox waves with peak currents linearly proportional to O, con-
centration, with a slope of —0.92 + 0.16 A M™! and R* of 0.895
(Fig. S3). Moreover, the reduction of hydrogen peroxide was studied
on a Pedot:Pss electrode to investigate the complete reaction pro-
cess (Fig. S4). The CV recorded in 0.1M KCl solution containing
1.0 mM H,0; shows a redox wave with two peaks, and the onset
potential of reduction is about 0 V. Since H,O; reduction takes place
at a less cathodic potential value than the one required for sens-
ing reaction (<—0.2 V vs SCE), the H,O,, which could be produced
by O, would be quickly converted to water. Such results confirm
that O, reduction [Eq. (1)] can be considered as the reaction at
the basis of signal transduction: thus, O, can oxidize Pedot:Pss by
injecting holes in the conductive polymer, when biased below the
onset potential of the process (E < —0.1 V vs Ag/AgCl). However, a
small H,O, amount could be formed from the sensing mechanism
too.

Similar results are obtained for EIS spectra, extracted while
applying —0.3 V to the WE. The largest differences are observed in
the Nyquist plot [Fig. 2(c)], while slight changes can be found in
the Bode ones [Figs. S5(a) and S5(b) for the phase and impedance,
respectively]. Figure 2(c) reports the highest impedance value for
N;-saturated conditions (black-dotted line), showing a straight line
in the low frequency regime (0.1 Hz-1 Hz) that highlights a limited
ion diffusion. By increasing the O, concentration, the impedance
is reduced in this frequency range (especially lowering the imagi-
nary value of Z, thus enhancing the capacitance of the electrode),
enhancing the ion diffusion process. Accordingly, Fig. S5(a) high-
lights that in a N-saturated environment, a capacitive behavior rules
the electrode impedance for low frequency (<1 Hz), as proven by the
enhanced phase value. The equivalent circuit used to fit the exper-
imental data is reported in the inset of Fig. 2(c), and all the char-
acteristic parameters derived from the simulations are reported in
the supplementary material (Fig. S6). It is worth to note that the
interfacial resistance (Rint) value decreases as the oxygen percentage
in solution increases, passing from 15 kQ in the nitrogen-saturated
solution (0% O,) to 1.28 kQ) for a 15% O,.

OECT working at different O, concentrations

As explained in the work of Bernards et al.,”’ electrochemical
sensing in OECTs involves a shift of the effective gate voltage due
to the presence of an additional offset voltage, dependent on the
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analyte concentration, Vgeff = Vg + Vofier. We obtained similar
results for OECTSs investigated under different oxygen concentra-
tions with a fixed potential on the gate. Figure 2(d) underlines how
the DO amount has a gating effect on the device. From a comparison
of this graph with Fig. 1(b), it can be noted that an increasing oxy-
gen concentration reduces the effective gate voltage acting on the
device channel, thus introducing a negative Ve, proportional to
the O, amount. Noteworthily, also a slight introduction of oxygen
in the system (i.e., 0.54% O-) already leads to changes in the char-
acteristic curve. Comparing Fig. 2(d) with Fig. S7, it is clearly noted
that a complete current modulation in this low oxygen concentra-
tion range is achieved only for the former (Vg = 0.8 V). Indeed, the
device is working in the “off” state for oxygen-depleted (0% O;) con-
ditions, showing I4, values around or below 50 A, and turns “on”
for oxygen amount closer to the air atmosphere, with Iy, reaching
hundreds of yA.

Keene et al. observed the instability of state retention for
Pedot:Pss OECTs due to the spontaneous oxidation of the Pedot:Pss
channel and succeeded in reducing this process through an encap-
sulation of the device in an inert atmosphere.‘” However, when
OECTs are used as in situ sensors, an encapsulation is not pos-
sible, and the assessment of the device response and stability at
different oxygen concentrations is fundamental for the calibration of
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the sensing features. For example, this would be extremely important
for sensors aimed at measuring analytes or other compounds close
to cells, where oxygen consumption variations may lead to O, flux

2,33

. . 323
and concentration fluctuations.

O, sensing using OECTs

The Iy modulation upon oxygen percentage variations can be
exploited to realize a DO sensor, especially focusing on the low-
concentration O, detection. For this purpose, transcharacteristic
measurements were carried out for different oxygen partial pres-
sures in the range below 5% of O,, fixing the bias on the channel
at Vg = —0.3 V and sweeping the gate potential between —0.2 V
and +1.4 V. The results are reported in Fig. 3(a), showing the
expected current increase for raising the oxygen amount in the
system.

The OECT threshold voltage (V) at different O, concentra-
tions is reported vs the logarithm of the molar concentration of DO
in the solution in Fig. 3(b). Higher O concentrations shift V toward
greater values since higher gate voltages are needed to turn off the
device as the O, content in the electrolyte solution increases. The
good linear correlation (R? = 0.995) between V. and the logarithm
of the molar concentration provides a sensitivity (S) of (328 + 11)

b)
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FIG. 3. OECT used as a sensor for dissolved oxygen detection, in the range below 5%, using 0.1M KCl as the electrolyte. (a) Transcharacteristic curves of the OECT for a
fixed channel bias V45 = —0.3 V, while sweeping the gate potential between —0.2 V and 1.4 V, upon different oxygen percentage in the solution. (b) Threshold voltage values
obtained from the forward transfer curves in a function of the logarithm of the oxygen molar concentration. Error bars are calculated by means of error propagation. The inset
represents the procedure to extract VV;, using the intersection of the straight line fitting the linear behavior of the transfer, with the horizontal line (parallel to the x axis), passing
through lo of the device at that oxygen concentration. (c) lgs(t) for oxygen addition (black arrows) and subsequent removal (red arrows) from the solution. (d) l4(t) for oxygen

addition (black arrows) and subsequent removal (red arrows) from the solution.
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mV/dec. Even though we are not using the sensor as a potentio-
metric device, this value can be roughly compared with the Ner-
stian response expected for a potentiometric transduction (that is
around 15 mV/dec for a four electron process).” It is noteworthy
that the OECT sensitivity is one order of magnitude higher, thanks
to the OECT inherent amplification. The limit of detection of the
OECTs is 6 uM (see the section titled Materials and Methods for
the calculation), which corresponds to 0.49% of oxygen partial pres-
sure. According to these results, Vi can be used as a quantitative
parameter for oxygen sensing with OECTs.

To perform a real-time and direct evaluation of DO concentra-
tion, a potentiostatic method was employed for oxygen sensing using
the same OECT, measuring the current flowing in the channel as a
function of time, for fixed Vg4s = —0.3 V and V; = +0.8 V. The V; was
chosen after the comparison of Figs. 2(d), S7(a), and S7(b), intro-
duced above. This value allows us to drive the device in the “off” state
when oxygen is depleted, thus with negligible current flowing into
the channel (i.e., low power consumption), while still leading sig-
nificant current increments for oxygen increase. Figure 3(c) reports
I4s(t) recorded for oxygen additions and subsequent removals. As
expected, an increase in O, concentration leads to an increase in Igs.
Noteworthy, the oxygen depletion shows the opposite trend, with
the device returning to lower currents. Even though the reported
curve does not show a perfectly symmetrical trend, by plotting Iy
(extracted once a steady-state current was reached) as a function of
the DO concentration, comparable sensitivities are obtained for the
added (S,4q) or removed (Srem) 0xygen amount. The linear fit val-
ues for S,qq4 (—0.38 + 0.02 mA/dec) and Srem (—0.34 + 0.04 mA/dec)
are consistent and demonstrate the ability of the device to follow the
addition as well as the removal of oxygen in the system. The time
needed to stabilize the device after each addition is related to the
time required for O, to completely dissolve and reach the expected
constant value in the solution (usually a constant flux with a selected
0,/N; ratio was kept for more than 12 min-15 min to avoid pos-
sible altered oxygen concentration). We also calculated the limit of
detection for this potentiostatic sensing method, obtaining a value of
0.9 uM, which represents the 0.07% of oxygen partial pressure. We
report in Fig. S8 three repeated measurements over the same sensor
for oxygen addition, highlighting the good repeatability, assuming
a normal distribution with the weighted average value of sensitivity
resulting in —0.40 + 0.02 mA/dec.

To evaluate our device amplification features, we investigated
the low current flowing between the gate and the source of the
device (Ig). The oxygen reduction occurring at the channel of the
device must be associated with an oxidation at the gate electrode
that is measured by an I; enhancement, which closes the electri-
cal circuit. Since we hypothesized that a slight Pedot:Pss overoxi-
dation is taking place at the gate electrode, we fabricated devices
with a large gate area in order to keep transistor sensing perfor-
mances stable over time. Figure 3(d) shows that increasing oxygen
concentrations would raise the gate current (I) value, while lower-
ing down the oxygen amount would lead to a current reduction. Iy is
indeed correlated through the Faraday law to the rates of both oxy-
gen reduction and holes injection in the channel. The graph shows a
symmetrical consistent response, having I; sensitivities of Sg 444 of
0.0046 + 0.0010 mA/dec and Sg rem of 0.0048 + 0.0007 mA/dec,
though with high current fluctuations (noise) for each oxygen con-
centration. The comparison between I4, and I clearly highlights the

ARTICLE scitation.org/journal/apm

increase of almost two order of magnitude of the sensitivity for the
former, by means of the transistor architecture. Furthermore, focus-
ing on small oxygen concentration (for example, the first addition of
0.54% O,), it can be noted that an amplification of 22 dB is obtained
between the input signal power (Al; x V) and the output signal
power (Algs x Vgs), again confirming the high amplification of the
device response (signal) even for low oxygen variations.

Another consideration can be done from the comparison of
I(t) and I45(t): we achieve higher signal to noise ratios for Igs, com-
pared to the highly noisy gate current. Indeed, S/N values for I4; (S/N
> 10%-107) were always found to be at least one order of magnitude
bigger than for I (S/N ranging from 10 to 20). As an example, the
extracted S/N for the oxygen addition of 3.34% were 1089 and 18
for the channel and gate current, respectively. As a matter of fact,
the OECT architecture allows for a filtering of the noise incoming
from the gate current: the higher time response of these devices com-
pared to standard inorganic MOSFETSs (due to higher capacitance in
the ionic circuit than the parasitic capacitance in the inorganic elec-
tronic one) reduces the bandwidth of the organic transistor, which
acts as a low-pass filter. According to this finding, high frequency
noises acquired in the Iy signal, eventually coming from side oxi-
dation/reduction processes, gate current fluctuations, mechanical
stirring, or external electromagnetic fields, are excluded in I4, val-
ues. This filtering capability of the OECT employed as the sensor,
that recalls neuromorphic properties previously demonstrated by
Gkoupidenis et al.,” will be the subject of further investigations in
following works.

Finally, we compared the normalized drain (I4 n) and gate
(Ig ) currents to investigate the amplification of the sensing abilities
of the device (Fig. S9). Iy n shows higher modulation for the same
oxygen additions, which was expected due to the negligible gate
current value for oxygen-depleted solution. However, it presents a
highly noisy signal, thus highlighting the importance of the filtering
abilities of the OECT on Ig. In the end, we focused on the ampli-
fication of the device over the standard Iy current that is the bare
parameter extracted and employed for oxygen quantification.

It is worthy to recall that the detection of oxidant species takes
advantage of the hole injection in the semiconducting polymer; thus,
the transistor can work in the “off” state while accumulating charge
carries, i.e., working in the current-enhancing mode. For this reason,
the percentage of I4; variation can be higher than the one observed
for the device operating in depletion mode since it is not limited by
the Iy value. Indeed, current modulation driven by a reducing agent
cannot be higher than 100% (when the device is completely turned
off), while transistors employed for the sensing oxidizing agent can
undergo current enhancement above 100%. In order to clarify this
statement, we introduced a comparison between current-enhancing
and depletion mode Pedot:Pss-OECT, reported in Fig. S10, using
oxygen and ascorbic acid as oxidizing and reducing agents examples.
Due to the different reaction kinetics of the agents, a direct compar-
ison is not possible. However, the extracted sensitivities, calculated
with Igs normalized to its starting value (I4s n), highlighted a sensi-
tivity of 1.2 + 0.2 decade™" and below 0.2 decade™, for the current-
enhancing and depletion mode transistors, respectively.’® There-
fore, it can be noted that oxidizing agent detection may benefit a
current modulation higher than 100% (here, 120% per decade),
while a threshold of 100% is always present for reducing agent sens-
ing. Finally, it is worth noting that the operative conditions reported
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FIG. 4. Dissolved oxygen sensing in the range below 5%, using the OECT in a cell culture medium (electrolyte). (a) Transcharacteristic curves of the device for Vgs = —0.3 V,
sweeping the gate potential between —0.2 V and 1.4 V, upon different oxygen percentage in the solution. (b) Threshold voltage extracted from the forward transfer curves in
function of the logarithm of the oxygen molar concentration. Error bars are calculated by means of error propagation.

in this work have been chosen to enhance the 14 variation and not
the Igs n sensitivities.

O, sensing in culture medium

We focused on the possible application of the here presented
OECT sensors for DO monitoring in a real-life biological environ-
ment. Dulbecco Modified Eagle Medium (DMEM) was prepared to
mimic a standard in vitro cell culture medium, having all the addi-
tives and nutrients needed for a cell growth. Due to the presence
of surfactants, bubbling the nitrogen-oxygen mixture in the solu-
tion leads to formation of stable bubbles, introducing strong noises
during the measurements and compromising (wetting) the contacts.
Only transfer curves were then taken, introducing the device in the
previously bubbled solution, then keeping a fixed oxygen-nitrogen
(x%-y%) saturated atmosphere [Fig. 4(a)]. The differences between
the curves recorded at different O, concentration are less significant
in this complex electrolyte with higher ionic strength. Nonetheless,
Vi values can be extracted and plotted as a function of the loga-
rithm of the oxygen molar concentration. A linear correlation (R*
= 0.982) between these two variables is again observed, obtaining a
sensitivity of 108 + 7 mV/dec. Even though the sensitivity was lower
than the one achieved by the device in 0.1M KCl and V; values have
higher error bars, the resulting sensitivity still threefold exceeds the
potentiometric Nernstian limit.

These results prove the ability of the here presented OECT sen-
sors to detect oxygen dissolved in a complex biological medium, thus
being able to investigate cell cultures, grown in low-concentration
O, conditions.

CONCLUSIONS

Dissolved oxygen detection is an interesting target in several
fields, especially concerning the monitoring of biological processes
or cell culture, under low O, concentrations. Our work proves the
ability of Pedot:Pss-based organic electrochemical transistors to act
as high sensitivity sensors for oxygen dissolved in an electrolyte

solution. The transient-doping effect of oxygen on the polymeric
material (driving Pedot to switch from its neutral state, less con-
ductive, to the oxidized one, more conductive) induce a gating
effect for the OECT that is thus working in the current-enhancing
mode: positive gate potentials were used to turn off the device
in nitrogen-saturated conditions (0% O,), while increasing oxygen
amounts were used to increase the current flowing in the device.
Two different methods were employed to detect oxygen in 0.IM
KCI: (i) the investigations of the threshold voltage shift of the tran-
scharacteristic curves of the device and (ii) the purely amperomet-
ric current-vs-time evaluation (potentiostatic) for different oxygen
amounts. High sensitivities of (328 + 11) mV/dec and (-0.38 + 0.02)
mA/dec, together with low limit of detections of 6 yM (i.e., 0.49%)
and 0.9 uM (ie., 0.07%), for the transfer and I4(t), respectively,
were reported for our devices. Further improvements optimizing
the device geometry will be investigated in future works. Similarly
to standard OECTs working in accumulation mode, our devices
present elevated S/N ratio (higher than 10*-10°), low power con-
sumption for small oxygen concentrations, and larger I, percentual
variations (>100%) compared to OECT's operated in depletion mode
(~20%). Importantly, tests were performed also in a culture medium,
mimicking in vitro cell culture experiment and demonstrating the
capability of the device to sense low O, concentration in a complex
biological environment.

The reported results pave the way to innovative and unprece-
dented applications, such as oxygen monitoring in cell culture
grown under hypoxia conditions or the investigation of the correla-
tion between oxygen content in the surrounding tissues and tumor
aggressiveness. Scaling down the dimension of the device and imple-
menting them in an integrated system for cell culture and electri-
cal data acquisition would allow a non-invasive, real-time, in situ
oxygen monitoring inside the incubator.

SUPPLEMENTARY MATERIAL

See the supplementary material for further explanations and
results on our work.
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