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Abstract. Organic Electrochemical Transistors (OECTs) represent a versatile tool successfully exploited in the field of
Bioelectronics. In particular, OECTs have been used for the detection of a wide set of bioanalytes, often showing
superior performance compared to that of commonly used sensors. In this study, we propose a flexible, disposable
OECT, based on poly (3.4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) channels and few layers
graphene (FLG) sheets gate electrodes, for the detection of Tamoxifen (TAM), an important antitumor drug widely used
in breast cancer therapy. The optimal device operation conditions in terms of sensitivity and limit of detection (LOD)
have been investigated too.

INTRODUCTION

In recent years, devices based on organic semiconductors have gained increasing attention as highly-sensitive
bioanalytical tools, due to the ease of processing, the mechanical properties and the marked biocompatibility of
organics. In particular, Organic Electro-Chemical Transistors (OECTs) are prototypes of sensing devices showing
superior performances in biosensing applications [1]. The noticeable capability of OECTs to implement the
detection of bioanalytes is due to their inherent transduction of ionic signals into electronic ones, which allow direct
analysis of biological fluids. The working principle of an OECT relies on the reversible modulation of the
conductive properties of the transistor channel, made of a highly p-doped conducting polymeric thin film (in most
cases, PEDOT:PSS) comprised between a couple of electrodes (source and drain) and in contact with an electrolyte,
with an electrode (gate) immersed in. Specifically, the device channel undergoes a reversible electrochemical de-
doping (decrease of the source-to-drain channel current, ;) upon injection of cationic species from the electrolyte
into the polymer bulk. The strength of the de-doping process is modulated by the gate electrode, due to a
modification of PEDOT:PSS capacitance per unit volume [2]. Fast operating time, miniaturization and low cost,
together with sub-voltage operation (<1 V), solution processability of materials and easy integration with
microfluidics, represent the hallmarks of OECTs conceived as innovative tools for rapid, sensitive and cost-effective
Lab-on-Chip solutions. So far, OECTs have been successfully applied for the detection of a wide class of
biomolecules [3,4] and electrically charged systems [5,6]. From the pharmacological point of view, OECTs were
also used as Lab on Chip platforms for monitoring the effects induced by drugs on in vitro cell cultures [7].

Tamoxifen ([Z]-2-[4-(1, 2-diphenyl-l-butenyl)-phenoxy]-N,N-dimethylethylamine) (TAM) is an oral
nonsteroidal antiestrogen widely used in breast cancer therapy and as a chemopreventive agent in healthy women at
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high risk for developing breast cancer [8]. The detection of residual levels of TAM in plasma of patients treated with
this drug (average plasma concentration falling in the range 2-200 ng/ml [9]) allows monitoring the ability of their
organism to metabolize the agent and, hence, the degree of advancement of the therapy. However, the detection of
TAM levels requires complex experimental techniques such as high-performance liquid chromatography (HPLC)
[10,11] rather than non-aqueous capillary electrophoresis (CE) [12]. Thus, in the perspective of easy-to-access tools
for point-of-care diagnostics, the development of rapid, portable and low-cost analytical methods for detection of
TAM is highly desirable.

In this study, flexible OECTs based on a PEDOT:PSS films and few layer graphene (FLG) sheets (acting as gate
electrodes) are used as biosensor for highly sensitive determination of TAM, discussing also the optimal device
operation mode in terms of sensitivity and limit of detection (LOD).

MATERIALS AND METHODS

Chemicals were all purchased from Sigma Aldrich. Kapton foils were purchased from DuPont. Eight OECTs
based on PEDOT:PSS films (70 nm-thick, deposited by spin coating from a PEDOT:PSS dispersion with 5% and
0.5% in volume of ethylene glycol, EG, and dodecyl benzene sulfonic acid, DBSA, respectively) were fabricated
onto a 2 inch Kapton substrate, following a photolithographic method [13]. PEDOT:PSS films were post-baked at
70 °C for 3-5 min. The channel area was 0.6 mm” (100 pm x 6 mm, aspect ratio = 60; see the device layout in Fig.
1(2))

Semi-transparent and electrically conductive FLG-coated polymeric films were produced by rubbing out with a
low-density-polyethylene (LDPE, surface (20x20 cm, with thickness of ca. 80um), an alcoholic (ethanol, 99%)
suspension of graphene at a concentration of 18g/dm'3 . The FLG was prepared according to a method previously
reported in literature based on the exfoliation of nanocrystalline graphite [14]. The morphology of FLG-modified
LDPE substrates were analysed by atomic force microscopy (AFM). AFM analysis was performed by using a
Digital Instruments Nanoscope Illa (Digital Instruments, Tonawanda, NY, USA) equipped with silicon tips (apical
curvature radius of 5 nm). The AFM images were acquired in tapping mode under ambient conditions, with a scan
size and rate of 2 um and 1 Hz, respectively. FLG-modified LDPE films were used as gate electrodes in the form of
cylindrical coils, with an exposed area to the electrolyte of about 12 mm”.

Electrical measurements were performed using a 2-channel source-meter precision unit (Agilent B2902A)
controlled by a customized LabView software. Transfer characteristics (/; vs. Vg curves) were recorded by using
TAM citrate (MW 563.6, produced by Plantex Ltd. Netanya, Israel) aqueous solutions (0.1M of TAM in methanol,
diluted in MilliQ water at different volume ratios in order to get the desired concentration) as the electrolyte and by
sweeping the gate bias (V) in the range (0,+1.23 V), with a constant drain voltage (Vg4 = -0.1 V). Different scan
rates were used to record Iy, vs. Vi, curves (5, 10, and 30 mV/s, corresponding to a fixed voltage step of 30 mV, and
scan times of 6, 3 and 1 s, respectively).

Real-time measurements were performed by initially biasing the sole drain electrode (V45 = -0.1 V) for 30 s in
order to let the Iy channel current stabilize, then turning on the gate bias at a fixed value Vo = 0 or V=+0.4 V for
200 s. After about 20 s from biasing, 10 pl were removed from the electrolyte (100 pl of MilliQ water) and
substituted by injecting a 10ul aliquot containing the appropriate amount of analyte, so that the desired
concentration is realized.

RESULTS AND DISCUSSION

The graphene units composing the FLG on LDPE interact each other by m - @ physical bonds, and the same type
of physical interaction is involved in the adhesion of the FLG-based coating to the polymeric substrate (CH-n
bonds).

The special morphology of FLG-coated LDPE films, which are made of different layers, each one consisting of a
planar percolative structure, consists of polygonal platelets covering the entire LPDE surface in a continuous and
uniform way, as shown by AFM micrographs in Fig. 1(b). Some of the FLG nanocrystals are not completely
exfoliated and some crystals adhering to the LDPE substrate are still present, together with some defects produced
upon the FLG crystals sliding during the mechanical treatment (Fig. 1(c)).
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FIGURE 1. (a) OECT layout (inset: molecular structure of TAM); (b) AFM characterization of FLG on LDPE; (c¢) magnification
of an exemplificative defect on the FLG surface by SEM analysis (Reprinted with permission from AIP Conference Proceedings
1599, 18 (2014). Copyright 2014 American Institute of Physics).

The flexile OECT was operated as a sensor of TAM by first measuring its I, vs. V, curves using the LDPE/FLG
sheets as gate electrodes. Figure 2(a) shows the transfer characteristics for increasing concentrations of TAM in
MilliQ water (scan rate: 5 mV/s). I, vs. Vg, curves show a monotonic decrease of the 14, current upon increasing of
the gate voltage. The increase of TAM concentration results in both a slight enhancement of the ON/OFF ratio and a
marked shift of the /; v.s V,, curves, towards lower Iy values, at a given V. The last observation accounts for an
increase of the effective gate voltage (Vgseff) acting on the device channel, due to an offset voltage related to the
analyte concentration:

of _ 1
Vgs - Vgs + Voﬁ"set ( )

It is possible to merge transfer curves reported in Fig. 2(a) in order to yield a universal curve, as shown in Fig.
2(b), by shifting them horizontally. This shift, providing the dependence of the OECT response on the concentration
of TAM, can be expressed as follows:

AV, =V,

gs offset

i e/ 2
=V -V, 2)

gs
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FIGURE 2. (a) I vs. V (curves recorded at V4 =-0.1 V, scan rate SmV/s) for an OECT in presence of TAM at different
concentrations in milliQ water. (b) Universal transfer curve obtained by scaling each transfer curve along the x-axis by a factor

AV

os» Telated to the concentration of TAM, and (c) related calibration curve. The red line is a linear fit to data in the concentration

range 5x10 — 5x10* M. (d) Comparison among calibration curves obtained at different scan rates (5, 10 and 30 mV/s).

AV (reported in Fig. 2(c)) shows a logarithmic dependence on the concentration of TAM up to 5x10* M. The
logarithmic dependence of AV, on the concentration of TAM showed in Fig. 2(c) can be expressed as:

AV, = 2.30(1 + y)ﬁlog(CmM )+ cos!
ng

7/:

C

ge

C

3

where k is Boltzmann’s constant, T is temperature, n is the number of electrons transferred at the gate, Cray i

the concentration of TAM, and C, and C, are the capacitances at the two gate/electrolyte and
electrolyte/PEDOT:PSS interfaces, respectively. Equation 3 implies that the increase of the TAM concentration will
increase the effective gate voltage operating in the OECT, thus decreasing the I current [6,15].
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The device sensitivity, corresponding to the slope of a linear fit to the plot of AV, vs. log(Cryy) in the dynamic
range of the sensor (5x10° — 5x10™* M), was 1530 + 220 mV/decade, and the LOD was 2.82 pM (equal to1.59
pg/ml). The LOD was estimated as the intersection between the slope of the linear fit and the ideal line passing
through the baseline of the AV, data obtained for low TAM concentrations. All transfer curves at a given TAM
concentration have shown a variability of the channel current of 1.5% at most.

In order to determine the optimal working condition of the device, transfer curves were also recorded at scan
rates of 10 and 30 mV/s (Fig. 2(d)), resulting in sensitivities and LOD of 979 + 160 mV/decade and 393 + 60
mV/decade, and 3.12 uM and 5.07 uM, respectively (see Table 1). Therefore, transfer curves measured at the lowest
scan rate (5 mV/s) resulted in the highest sensitivity and the lowest LOD.

Table 1. Sensing parameters obtained from the linear fit of the AV 4 vs. log (Cray) plots at different scan rates (5, 10, and 30

mV/s).
Scan rate LOD Sensitivity Linear range [M] Correlation coefficient
[mV/s] [uM] [mV/dec] il
5 282 1530+220 5x10° - 5x10™ 0.92
10 312 979+ 160 5x10° - 5x10™ 0.90
33 507 393+60 5x10° - 5x10™ 0.91

Interestingly, as shown in Fig. 2(a), the Iy values decrease as the concentration of TAM increases even when the
gate voltage is set to zero, namely from about 200 pA at 10° M to about 100 pA at 5x10™ M, suggesting that our
OECT can effectively operate as a sensor of TAM also at zero gate bias. The Iy lowering at zero gate bias in
response to the increase of TAM concentration showed in Fig. 2(a) can be ascribed to the following effects:

e an initial diffusion of ionic species due to hydration properties of channel (TAM molecules are expected to
diffuse into PEDOT:PSS through the highly hydrophilic PSS phase) [16];

e the capacitive coupling at the device interfaces (that, according to the Gouy-Chapman-Stern theory [17], is
sensitive to the TAM concentration);

e the potential gradient generated along the channel by V (assisting the drift of some cations towards the
bulk of PEDOT:PSS, where the fraction of cations driven by the potential gradient depends on their
concentration in the electrolyte).

It is worth to mention that control experiments consisting in baseline curves, i.e. transfer curves measured in the
case of pure water as electrolyte, have been carried out in order to ascertain the actual role of tamoxifen as analyte
detected by our device.

Real-time measurements have shown to be a useful tool to achieve very low LODs [4]. Such measurements
consist in recording changes in the OECT response, at constant V4, and V, due to the addition of increasing analyte
aliquots to the electrolyte. Figure 3(a) shows the typical I, vs. time curves recorded upon addition of fixed amounts
of TAM in MilliQ water and by biasing the gate and drain electrodes at +0.4 V and -0.1 V, respectively. An abrupt
decrease of the absolute value of the Iy current, whose magnitude is directly related to the concentration of TAM, is
observed upon addition of an aliquot of analyte. The noise level of the I current was ~0.06 pA, thus considerably
lower than the order of magnitude of the Iy current (~300 pnA). The detection limit in real-time mode was found to
be 10 nM (equal to 5.63 ng/ml, with a signal-to-noise ratio >3), which is more than two orders of magnitude lower
than the LOD obtained from the analysis of transfer characteristics. Control measurements performed by adding
aliquots of electrolyte without TAM dissolved in it did not induce any detectable change in the Iy current, thus
ruling out the role of the injection as the cause of the changes detected in the I current.
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FIGURE 3. I vs. time upon injection of aliquots of TAM, where the OECT is operated at V4= -0.1 V and (a) Vo= 0.4V
(TAM concentration: from 10°M to 5%10°M) or (b) V=0V (TAM concentration: from 10°M to 10°M).

Real-time detection of TAM at V=0 was also performed, as reported in Fig. 3(b). In this case, a LOD of 5 nM
(equal to 2.82 ng/ml; signal-to-noise ratio = 3) was obtained, which is the lowest LOD achieved in this study. This
result suggests that the sensing capability of the device relies on a drifting mechanism of drug molecules into the
porous film of PEDOT:PSS.

CONCLUSIONS

OECTs equipped with graphene-based gate electrodes have shown to be a powerful and easy tool for the
detection of TAM at concentrations generally accessible to complex and expensive techniques, which are of interest
for pharmacologic therapy. The opportune design of the device architecture and the use of real time measurements,
suited for measurements in presence of fluid flows, allow defining the optimal detection conditions. In our case, the
lowest LOD of 2.82 ng/ml has been assessed for real-time measurements at zero gate bias, being the device able to
detect in normal conditions few pg/ml of TAM.
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