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ABSTRACT. We demonstrate fully inkjet-printed graphene-gated Organic Electrochemical
Transistors (OECTs) on polymeric foil for the enzymatic-based biosensing of glucose. The
graphene-gated transistors exhibit better linearity, repeatability, and sensitivity than printed silver-
gated devices studied in this work and other types of printed devices previously reported in the
literature. Their limit of detection is 100 nM with a normalized sensitivity of 20 %/dec in the linear

range of 30 to 5000 uM glucose concentrations, hence comparable with state-of-the-art OECT



devices made by lithography processes on rigid substrates and with complex multi-layer gates.
Electrochemical impedance spectroscopy analysis shows that the improved sensitivity of the
graphene-gated devices is related to a significant decrease of the charge-transfer resistance at the
graphene electrode-electrolyte interface in the presence of glucose. The optimized sensing method
and device configuration are also extended to the detection of the metabolite lactate. This study
enables the development of fully-printed high-performance enzymatic OECTs with graphene

sensing-gates for multi-metabolites sensing.

INTRODUCTION

Innovative electrochemical sensing configurations, electrode-bioreceptor interfaces, and
functional materials are currently being studied to develop high-performance biosensors for point-
of-care and continuous health monitoring.!® Some of the main requirements for the next

generation of biosensors include mechanical flexibility for wearable non-invasive applications,’

810 enhanced sensitivity, selectivity, short

digital manufacturing for low-cost disposable devices,
response time in the detection,®!! and facile miniaturization and configurability to realize
integrated multi-sensing platforms.'> Of particular interest is the possibility of non-invasive
detection of metabolites in body fluids such as interstitial fluid (ISF), sweat, saliva, and tears.>*!3-
17 Recent studies show the correlation between glucose and lactate metabolites in most of the
aforementioned body fluids and blood, with some limitations for sweat glucose.'® This is enabling
the development of non-invasive glucose sensors for diabetes management,!”2° or non-invasive
lactate sensors for anaerobic threshold monitoring and general sport intensity.>?' In the case of
sweat and saliva, glucose is present in the uM range (from 20’s to 200’s pM),”?? hence about 1%

17,22

of the concentration found in blood plasma, while its concentration in interstitial fluids is



similar to the one in blood.!” Instead, the concentration of lactate is similar to the concentration
observed in blood for all these biofluids and equal to 1’s-10’s mM."”!7-?!

Highly selective enzymes such as glucose oxidase (GOx) and lactate oxidase (LOx) are
conventionally used for the electrochemical detection of glucose and lactate, respectively,>** with
the possible use of artificial mediators for improving the electron transfer rate.®?** The enzymes
are often immobilized on the working electrode of an amperometric three-electrode system.>>>
However, the linear detection range of standard amperometric devices is generally between
hundreds of uM-1 mM to several mM,* %7 making glucose detection in some biofluids, such as
sweat and saliva, difficult to be achieved. Moreover, the compact integration and fully-printing of
standard amperometric cells on flexible substrates is not straightforward. 4282

Organic electrochemical transistors (OECTs)** % are an interesting alternative to conventional
amperometric sensors, overcoming some of their limitations. OECTs are three-terminal devices,
with the source and drain electrodes connected by a conjugated polymer-polyelectrolyte channel
such as the commonly wused poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS). Thanks to the mixed ionic-electronic properties and the mechanical flexibility of
PEDOT:PSS, OECTs allow high chemical signal amplification and better mechanical matching of
the device with soft interfaces, such as the human skin, for non-invasive analysis.**>" Also,
because digital manufacturing techniques, such as inkjet printing, can be applied for their
fabrication, OECTs are promising candidates for the development of low-cost and multi-sensing
biochemical platforms on flexible substrates, such as polymeric foil *%3°

OECT-based devices have already proved their accuracy in the detection of multiple analytes
such as ions,***%*! hormones,* proteins,** and metabolites.** With the use of a specific enzyme,

only the desired metabolite will undergo a chemical reaction that leads to a shift of gate voltage,



and subsequently a change in the de-doping state of the PEDOT:PSS layer in the OECTs.**
Organic electrochemical transistors for enzymatic sensing have been mostly reported for devices

lithography-processed on rigid glass substrates, implementing platinum-!34648

or
PEDOT:PSS?**}-based sensing gates. These gates often include nanomaterials such as platinum
nanoparticles (Pt-NPs) composites'>*®* and Pt/multi-wall carbon nanotubes (MWCNTs)
composites*® to enhance the sensitivity and lower the limit of detection for the enzymatic sensing
of metabolites. Graphene, a single layer of graphite, is an attractive sensing material in OECTs as
it has been shown to enhance the enzyme grafting process and the electrocatalytic activity towards
uric acid, cholesterol, and glucose.* Precisely, it was used for a multi-layered gate electrode
composed of enzymes/graphene oxide/polyaniline/Nafion-graphene/Pt. However, the fabrication
involved sputtering of Pt, drop-cast of a Nafion-graphene aqueous solution, and then drop-cast of
a polyaniline solution, hence involving a relatively complex and non-sustainable process. More
recently, an OECT with source, drain, and gate electrodes made by carbon black and deposited by
doctor blade has been reported,*® but the device shows lower sensing performances compared to
the state-of-the-art.

Herein, we report a completely inkjet-printed OECT device for enzymatic sensing integrating a
fully-graphene gate electrode, made by printing a defect-free, highly concentrated, biocompatible,
and water-based graphene ink.>'>? The active channel and the electrical terminals of the devices
are made of inkjet-printed PEDOT:PSS and silver ink, respectively. Such graphene-gated OECTs
show superior sensing performance for glucose detection in an enzymatic solution, compared to
the same device made by printed silver gates, and comparable performance to clean room-

processed OECTs, which implemented complex nanomaterial composites on the gate electrode.

Electrochemical impedance spectroscopy is used to get insights into the sensing mechanism: we



show that the response of the sensor is dominated by a strong decrease of the charge-transfer
resistance at the graphene electrode-electrolyte interface in the presence of the analyte to be
detected. The fully printed graphene-gated OECTs demonstrate high sensitivity and linearity for

the detection of glucose and lactate in the respective physiological ranges.

EXPERIMENTAL SECTION

Functional inks. The fully-inkjet-printed organic transistors are shown in Figure 1. A silver
nanoparticle-ink (Sicrys I30EG-1, PV Nano Cell) is employed for the source and drain electrical
contacts, and a PEDOT:PSS ink for the conductive channel. The PEDOT:PSS ink is made by
mixing a commercially available aqueous dispersion (PEDOT:PSS 1 S/cm, 1.3 wt % dispersion in
H>O, from Sigma Aldrich) with 5 vol% of dimethyl sulfoxide (DMSO, from Sigma Aldrich). The
latter is added to improve the printability and the electrical conductivity of the organic layers.>® As
shown in Figure 1b, the gate electrode was either made with the graphene ink for the active area
using the silver ink for its connection (graphene gate) or fully made with the silver ink for
comparison (silver gate). The latter devices, made of printed silver gates, were used as reference
since silver-based gates provide efficient voltage modulation®? and silver ink is the most
established conductive ink on the printed electronics market®*. In the graphene gate configuration,
the silver used for the gate electrical contact is not touching the electrolyte.

The preparation of inkjet printable graphene and its characterization (e.g. lateral size and
thickness distribution of the flakes) has been previously reported.>'>? Briefly, the graphene ink is
formulated from graphite via ultrasonic-assisted liquid phase exfoliation in water using 1-
pyrenesulfonic acid sodium salt (PS1). After removing the un-exfoliated graphite and excess PS1

by centrifugation, the exfoliated graphene was re-dispersed in a water-based printable solvent. The



final concentration of printable graphene ink was adjusted to ~2 mg/mL. This graphene
formulation is engineered to produce defect-free, inkjet-printable, highly stable (for several

months), not-cytotoxic, and concentrated graphene inks.>!

Inkjet printing of the organic electrochemical transistors. The devices are inkjet-printed with
a Dimatix DMP-2800 printer (Fujifilm) on a flexible 125 pum-thick polyimide substrate. Before
printing, the silver and graphene inks are sonicated for 5 min and the PEDOT:PSS ink (with DMSO
added) for 10 min. The silver and PEDOT:PSS inks are filtered with a 1 um pore-size filter when
filling the Dimatix cartridges (10-pL cartridges DMC-11610). The polyimide substrate is treated
with oxygen plasma before printing. The Dimatix plate is kept at 40 °C during the printing. For the
graphene-gated OECTs, the full fabrication steps are represented in Figure 1c and include (1)
printing of ten layers of graphene ink (drop-spacing 40 um, voltage ~20 V, jetting frequency 5
kHz, no cartridge heating), (2) sintering at 250 °C for 1 h, (3) printing of two layers of silver ink
for the electrical contacts (drop-spacing 30 um, voltage ~20 V, jetting frequency 5 kHz, cartridge
temperature 35 “C), (4) sintering at 180 "C for 1 h, (5) printing of two layers of PEDOT:PSS ink
for the channel (drop-spacing 20 um, voltage ~20 V, jetting frequency 5 kHz, cartridge
temperature 30 °C), and (6) curing at 120 °C for 20 min. All the sintering steps were performed in
a ventilated oven. For the silver-gated OECTs, the fabrication steps are the same from 3 to 6, using
the silver ink also for the active gate area. The design dimensions include a gate active area of
about 1 x 1 mm? and a channel area of 1 x 3 mm?. This design is based on a work we previously
reported on OECTs with silver gates applied to multiple ions detection.>® The gate-channel gap is
about 1 mm. The graphene-gated devices have a printed graphene layer of about 1 x 2 mm?,

including a 1 mm? overlap with the silver contact and a 1 mm? active area.



The thicknesses of printed layers are measured with a Keyence VK-X1000 Series laser scanning
microscope, with 50X magnification for the printed layers and 10X for the enzymatic membrane;
we found an average thickness of ~50 nm for the graphene electrodes, ~1 um for the PEDOT:PSS
channels, and ~200 nm for the silver electrodes.
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Figure 1. Design, working principle, and fabrication of the devices. (a) Optical image of the
OECTs with graphene gates, (b) top-view schematics of a graphene-gated OECT and a silver-
gated OECT showing the materials and the simplified enzymatic reaction, and the bias applied

during testing, and (c) cross-section with the fabrication steps.

Enzymatic solutions. The OECTs are tested in electrolyte solutions. The enzyme is dissolved
in the electrolyte solution or immobilized in a membrane around the gate electrode. Depending on
the enzyme used, the targeted metabolite is converted into a different molecule defined as the

product, consuming oxygen and producing hydrogen peroxide (H20>), as shown in Figure 1b. For



the tests with the enzyme dissolved in solution for glucose detection, the enzymatic solution is
freshly made before each experiment by carefully dissolving 10 mg of glucose oxidase (GOx) from
Aspergillus niger (100,000-250,000 units/g, Sigma Aldrich) in 1 mL of a Phosphate Buffer Saline
(PBS) solution. For lactate detection, lactate oxidase (LOx) from Aerococcis Viridans (100U,
Sigma Aldrich) was dissolved in PBS to a concentration of 10 mg/mL and stored in aliquots before
use. The PBS solution used is made of 1 mM monopotassium phosphate (KH>PO», Merck), 155
mM NaCl (Sigma Aldrich), and 2.966 mM disodium phosphate (NaHPO», Merck). The ferrocene

solution is made with 10 mM ferrocene (Sigma Aldrich) in ethanol as previously reported.**

Membrane preparation. For the tests with the immobilized GOx membrane around the gate,
GOx, ferrocene, albumin from bovine serum (BSA, Sigma Aldrich), and glutaraldehyde (Sigma
Aldrich) are employed. 10 mg of GOx are dissolved in 120 uL of PBS, and subsequently, 5 uL of
ferrocene solution are added. The BSA solution is made by dissolving 80 mg of BSA in 1 mL of
PBS, being always freshly made before the experiments. The solution of glutaraldehyde (25 %,
Sigma Aldrich) is diluted to 2.5 % in DI water. Then, 50 pL of the GOx solution is mixed with
250 pL of the BSA solution, and 100 uL of glutaraldehyde 2.5 % is added to the previous mixture
while carefully stirring, as described in previous methods.’> About 3 pL of the prepared mixture
was pipetted around each gate electrode of the OECTs and left for cross-linking for at least 1 hour

at room temperature. The average thickness of the membrane is ~2 um.

Sensing protocol. To confine the electrolyte solutions, a PMMA reservoir is fixed on the
OECT’s surface defining a gate and channel active area of 3 x 4 mm?. Glucose and lactate stock

solutions are made by dissolving glucose (D-(+)-glucose, Sigma Aldrich) and lactate (sodium L-



lactate, Sigma Aldrich) in PBS at different concentrations (3 uM, 1 mM, and 10 mM) and stored
in the refrigerator. 30 pL of the enzymatic solution (GOx or LOx) in PBS is first added to the
reservoirs, then different volumes of the glucose or lactate stock solutions are pipetted to have the
sensing in time at the different concentrations. Instead, in the tests with the ferrocene mediator, 29
pL of the enzymatic solution and 1 uL of the ferrocene solution are added first to the reservoirs.
The latter 29:1 ratio was chosen to have high stability during current recordings since bigger
volumes of ferrocene solution caused a higher drift possibly due to ethanol evaporation. In the
tests with the GOx membrane, a starting solution of 30 uL PBS, without the enzyme dissolved, is
used. For the test with hydrogen peroxide, H202 (30 % w/w in H20, Sigma Aldrich) was diluted
in PBS at different concentrations (I mM and 10 mM). Also in the latter case, 30 uL of PBS
solution is first added to the reservoirs, then different volumes of the hydrogen peroxide solutions

are pipetted to have the sensing in time at the different concentrations.

Characterization and testing. The PMMA reservoirs are made by CO> laser (Speedy 300,
Trotec) cut of 3 mm-thick PMMA plates with a double-sided silicone adhesive (ARclear 8932EE)
laminated on one side. The reservoirs are attached to the sensors removing the plastic cover of the
silicone adhesive. The source, drain, and gate silver contacts are insulated using a varnish to avoid
possible contact with the testing solutions. The sheet resistance of the graphene electrodes is
calculated from graphene resistors made with silver contact electrodes. The OECTs electrical
characteristics are acquired with a semiconductor parameter analyzer (Agilent 4155A). For the
sensing in time, the Vps voltage is fixed to -0.4 V for both the silver and graphene-gated devices,
and the Vgs voltage to 0.1 V for the silver and 1 V for the graphene-gated devices. The latter

voltage was chosen to be close to the high-modulation region of the transistor without having water



electrolysis. Higher voltages for the silver-gated devices were causing electrode oxidation and

unstable sensing behavior. The normalized sensing response is extracted as the absolute value of

Ip—1 . . . . . .
Lgtucose '\ith Ip being the drain current with only the enzyme or enzyme/ferrocene in the solution,
0

and Igiucose the current obtained upon the addition of a given concentration of the analyte. All the
signals are taken after stabilizing the l4s current a few minutes after the injections of the different
solutions. The Electrochemical Impedance Spectroscopy (EIS) and the cyclic voltammetry (CV)
measurements are obtained using a potentiostat/galvanostat (Multi Autolab M204, Metrohm) and
employing the graphene-gate or the silver-gate as the working electrodes, and a silver/silver
chloride (Ag/AgCl) wire as the reference electrode. The frequency was swept from 10° Hz to 0.1
Hz at 10 mV of amplitude. In the case of silver, the polarization voltage chosen is equal to 0 V
since higher potentials were causing noticeable oxidation. In the case of graphene, a polarization
voltage close to the one applied in the transistor configuration is used (Vac = 1 V). Raman
measurements were performed using a Raman spectrometer (Monovista CRS+, S&I GmbH)
equipped with a 514.5 nm laser with 10 mW and 100 mW laser power. The measured graphene
samples were printed on a silicon substrate to reduce the background in Raman spectra. The
samples measured after H>O> testing were immersed for 5 minutes in a 1 mM H>O> solution and

then washed with DI water.

RESULTS AND DISCUSSION

Electrical characterization of the OECTs. The silver and graphene-gated OECTs electrical
characteristics are analyzed in a PBS 1X solution, of similar ionic content as in biofluids. Figure
2a,c shows the output characteristics, and Figure 2b,d the transfer characteristics, for both the silver

and the graphene-gated devices. The output characteristics of OECTs show a different behavior,
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with optimal drain currents modulation for the silver-gated OECT, whereas a slight drain current
decrease is observed for the graphene-gated ones. From the transfer characteristics, the
transconductance gm defined as Alps/AVgs can be extracted. The transconductance is of extreme
relevance in OECTs targeting biosensing applications. The voltage at which the maximum peak
appears is generally selected when operating in the detection mode for obtaining the maximum
sensitivity.**®37 The silver-gated devices show a maximum g of around 1 mS at 0 V while the
graphene-gated devices show a continuous increase of g for gate voltages >0.8 V. For graphene-
gated devices, gm equals ~50 uS at 1 V. The silver-gated and Ag/AgCl-gated devices described in
the literature always show a gm peak close to 0 V for a drain-source bias around -0.4 V.*%*° The
higher voltage modulation of the graphene-gated devices is typical of carbon-based gates, as
reported previously for a screen-printed carbon-gated OECT with a gn peak at about 1.6 V for a
drain-source bias of -0.4 V,*® and a screen-printed carbon black-gate OECT with a maximum gm
at 0.7 V and a higher drain-source bias of -0.8 V.%° Here, the extracted sheet resistance of the
patterns with the graphene ink is 26 + 4 kOhm/sq (n=10 devices), corresponding to what was
previously reported for the same material,’' and with the silver ink is 3.0 £ 0.4 Ohm/sq (n=10
devices). Considering the measured thickness of the patterns, the graphene electrodes have a
resistivity of about three orders of magnitude higher than the silver ink-based electrodes. The more
resistive nature of the graphene-gated devices compared to the silver-gated ones is the reason for
the current modulation at much higher voltages and the difficult switching-off of the devices. Due
to this, the gate voltage is fixed at 1 V for the graphene-gated devices and at 0.1 V for the silver-

gated ones during the next enzymatic sensing experiments.
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Figure 2. Electrical characteristics. Output (a) and (b) transfer characteristics of a silver-gated

OECT, and output (c) and transfer (d) of a graphene-gated OECT. Tests in PBS 1X, pH 7.

Real-time sensing with the OECTs.

The response of the inkjet-printed OECTs is analyzed in real-time for glucose sensing. The
sensing is performed in PBS solutions containing the GOx enzyme-only (Figure 3a-c) or both the
enzyme and ferrocene (Figure 3d-f). Ferrocene (Fc) was added in the enzymatic solutions since it

is reported to improve the detection.?>?** Fc is expected to act as a mediator, competing with the
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0 _Iglucose

02/H20; redox couple.®® The response is extracted as the absolute value of d , with I being

0

the baseline current with only the enzyme or enzyme/ferrocene in the solution, and Igucose the
current obtained upon the injection of the different concentrations of glucose. All the signals are
taken after stabilization of the I4s current after the injections, taking a few minutes to stabilize due
to the enzymatic reaction and subsequent PEDOT:PSS dedoping.***® Multiple successive
injections of glucose in the linear range of ~30 to ~5000 uM are tested, the lower concentrations
being in the physiological range for sweat and saliva analysis, and the higher for ISF and blood
analysis in healthy subjects. Gate voltages of 0.1 V for the silver and 1 V for the graphene-gated
devices are applied, relatively close to the respective transconductance peak. The latter voltage
was chosen as a compromise between the gm values and water electrolysis. The effect of the
voltages applied on the gate is further analyzed using multiple electrochemical analyses in the next
paragraph.

The graphene-gated devices, with and without ferrocene, show a much higher signal
amplification compared to the silver-gated devices (Figure 3c,f). The calibration curves of three
different devices per test condition are shown in Figure S1. The addition of ferrocene significantly
improves the linearity, which increases from a normalized sensitivity value of 3.0 = 1.8 %/dec with
an extracted R? coefficient of 0.94 + 0.08 without ferrocene, to a sensitivity value of 4.3 + 2.3
%/dec with an R? value of 0.98 £ 0.01 for the silver-gated devices (n=3 in both cases). The same
applies to the graphene-gated devices, going from sensitivity of 19.6 £ 0.7 %/dec with an R?
coefficient of 0.91 + 0.05 without ferrocene, to sensitivity of 18.8 + 1.0 %/dec with an R?
coefficient of 0.98 £ 0.02 (n=3 in both cases). Hence, ferrocene does not play a major role in terms
of sensitivity, indicating that the enzymatic cycle involves the Oz natural mediator more than Fc.

Furthermore, the graphene-gated devices with ferrocene in the solution show a 4.4 times higher
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sensitivity compared to the silver-gated devices also with ferrocene, combined with higher

linearity and repeatability.
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Figure 3. Glucose sensing, using only the enzyme for the detection on a silver-gated OECT (a)
and on a graphene-gated OECT (b), and corresponding calibration curves (c). Sensing using both
the enzyme and ferrocene (29:1 ratio) for a silver-gated OECT (d) and a graphene-gated OECT

(e), and corresponding calibration curves (f). The enzyme is dissolved in PBS 1X.

The more stable and linear behavior in presence of ferrocene in the solution can be attributed to
a decrease in the leakage current (Igs), as shown in Figure S2, where the respective Igs current of
the devices shown in Figure 3 is presented. Both for the silver (Figure S2a,b) and graphene-gated
transistors (Figure S2c,d), there is a smaller change in Igs with the glucose injections in the
presence of ferrocene. Also, it is noticeable that both in the presence and absence of ferrocene, the

two devices have a different Igs trend: the silver-gated transistors have a leakage current that goes
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towards zero when increasing the glucose concentrations, possibly due to oxidation of silver
causing a decrease in conductivity. On the other hand, the graphene-gated ones show an increase
in current amplitude with the injections. Finally, as shown in Figure S3, actuating the graphene-
gated transistors at a lower gate voltage (0.1 V, the same used for the silver-gated devices), the
sensitivity is lower and more similar to the silver-gate devices. These results suggest that the higher
sensitivity with graphene is also related to the fact that its electrical conductivity remains constant
at higher voltages, allowing H>O> oxidation and hence an increase of Faradaic current with the
increase of glucose.

For the best performing devices with graphene gate and ferrocene in solution, the limit of
detection was investigated using glucose concentrations in the lower range, starting from ~100 nM
going up to ~1 mM (Figure S4). It can be seen that the small concentration of 100 nM glucose can
be reliably detected with a signal change from the baseline of about 5 %. The presented sensing
performances are compared in Table S1 with state-of-the-art on enzymatic sensing OECT devices.
The graphene-gated transistors exhibit a higher sensitivity than previously reported devices with
PEDOT:PSS gate electrodes using also the enzyme and ferrocene in solution,* platinum gate
electrodes with the enzyme linked through graphene oxide,* and printed devices with a carbon
gate electrode and enzyme in solution,*® which exhibit similar performances as the silver-gated
devices presented in this work. Our fully-printed graphene-gated OECTs are matching the sensing
capabilities of those obtained with highly optimized gate electrodes, which are lithographically
patterned, and require integration of hybrid nanomaterials or complex multi-layer structures. 3434

The same optimized devices with graphene and ferrocene are tested also for lactate detection
with the LOx enzyme in solution (Figure S5). The sensitivity was proven at physiological ranges

in biofluids (Figure S5a,b) and lower concentrations (Figure S5c,d). Lactate is found at higher
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concentrations than glucose in most body fluids, hence physiological concentrations from ~2 mM
to ~30 mM are used. High sensitivity equal to 21 %/dec (n=3) is also obtained for lactate sensing
(Figure S5b), with a limit of detection of about 100 nM (Figure S5d) corresponding to a signal
change of about 5 %, as it has been observed for glucose sensing.

As a first step towards a future implementation for point-of-care monitoring, the devices with
the graphene gate are tested with an immobilized GOx membrane (Figure 4a).>> Note that the gate
electrode was not covered to not change the potential at the interface with the polymeric
membrane. The real-time sensing shows a normalized sensitivity of ~10 %/dec with acceptable
repeatability (n=4 devices); a LOD of ~10 uM is extracted (Figure 4b,c). The associated leakage
current of the device is presented in Figure S6. The lower sensitivity and higher LOD may be
explained by the number of active enzymes in the membrane. These results could be improved by

optimizing the membrane formulation.
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Figure 4. Enzymatic immobilization test. (a) Optical image of the OECT with a membrane based
on the GOx enzyme immobilized around the graphene-gate, (b) glucose sensing with the device,

and (c) calibration curve with standard deviation for 4 devices.
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The sensing mechanism.

To better understand the sensing mechanism, the transistors are tested with only H>O» in the
solution (Figure S7). The different concentrations tested are the same as the previous glucose
concentrations. Both the silver (Figure S7a-c) and the graphene-gated (Figure S7d-f) devices show
very similar sensing responses as for the devices tested with glucose and the enzyme.

The detection mechanism is further investigated using electrochemical impedance spectroscopy
(Figure 5a,b). The DC voltage applied during the impedance measurement is close to the one
applied during the sensing experiment (close to the transconductance peak). The EIS
measurements are performed with the same electrolyte solutions used in the OECT configuration;
with only the enzyme dissolved in PBS, then adding ferrocene to the previous solution, and finally
adding glucose at a fixed concentration of 700 uM. The typical Nyquist plots show that the
impedance of the silver gate electrode does not significantly change in the presence of glucose
(Figure 5a), with some variability among devices due possibly to occurring oxidation processes.
Hence, the changes in current observed in the silver-gated OECT configuration during sensing
may be due to local variations of pH due to the H' produced by the enzymatic reaction,’! and
subsequently de-doping the PEDOT:PSS channel.*® On the other hand, for the printed graphene
electrodes, a significant change in the charge-transfer resistance is observed from the Nyquist plots
after the addition of glucose (Figure 5b). The values extracted from the fitting with the Randles
circuit are reported in Table S2. While the change of charge transfer resistance (R¢) before and
after the addition of ferrocene is small, from 5.40 £ 0.60 MOhm to 6.60 + 1.20 MOhm, the addition
of glucose strongly decreases the Re¢ value to 1.08 £ 0.45 MOhm (6.1 times less). Considering the
double-layer capacitance (Cai), it only slightly decreases with the addition of glucose, passing from

about 220 nF to 200 nF. The initial high interfacial resistance of the graphene electrodes, leading
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to a large potential drop at the gate-electrolyte interface, is related to the high sensitivity obtained
during the enzymatic sensing.*’ In fact, the decrease of the potential drop at the electrolyte/gate
interface with the enzymatic reaction leads to an increase of the potential drop at the
channel/electrolyte interface and hence a higher influence of Vgs on Ips resulting in a better
modulation.

The role of ferrocene in graphene-gated devices is further investigated by cyclic voltammetry
(Figure S8a). The measurement is performed with the same experimental conditions as in the
previous EIS measurement. The ferrocene/ferrocenium low potential and reversible redox
behavior can be seen in the CV. After the addition of glucose, no significant change of the Fc
electrochemical signal is observed while an increase of current at high voltages is seen, close to
the graphene-electrode polarization voltage in the OECT configuration and the EIS test (1 V); this
current is probably due to H>O» oxidation. In fact, a similar increase of current in the CV at high
voltages can be seen in Figure S8b, where the graphene electrodes are tested with only H2O; in the
solution. Hence, the sensing is unlikely related to an Fc-mediated electron transfer,** confirming
that the transduction of the enzymatic activity is based on the detection of H2O2. The more linear
and reproducible sensing behavior with ferrocene can be explained by the fact that this redox
couple can stabilize the solution potential, acting as a redox buffer.®?

The proposed detection mechanism is that the produced H,O: from the enzymatic reaction is
oxidized at the sensing graphene-electrode interface, and the current produced is proportional to
the glucose amount in solution (Figure 5c,d). Electrons are likely transferred from the reduced
enzyme to the graphene electrode thanks to the O2/H>O2 redox couple, leading to a decrease of the
Rctresistance at the gate, which results in the rise of the voltage at the gate-electrolyte interface

(Figure 5e,f). Even if the silver-gated transistors have superior electrical characteristics, this
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electrochemical reaction at the graphene-gate interface is the reason for the improved sensitivity
with the graphene-gated devices. This transduction principle was previously reported for other
enzymatic-based OECTs.*** To analyze if a change of material composition could also play a role
in the sensing process, Raman spectroscopy was performed on the graphene layers at different
conditions (Figure S10). The Raman spectra show that the D and G peaks of the graphene stay
constant after exposure to H»O,, demonstrating that the H>O» produced from the enzymatic
reaction does not alter the graphene layers.>? The insignificant change observed after sintering and
after H,O» exposure confirms the stability of the printed graphene layers (Figure S10a,b).

Finally, the amplification effect of the OECTs is demonstrated in Figure S10, where the OECT
configuration (Figure S10a) is compared to a 2-electrode amperometric system composed of the
graphene electrode as a working electrode and an Ag wire as the auxiliary electrode (Figure S10b).
The current values in the OECT configurations for glucose sensing are about three orders of
magnitude higher compared to the 2-electrode amperometric measurement. The values in the 2-
electrode mode are in the same order of magnitude as the leakage current. While the variations of
normalized current in the 2-electrode mode are higher than the OECT mode as previously
reported,® the capability of producing an amplified current signal with OECT allows a much lower

limit of detection and higher sensitivities for low-concentrated molecules.
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Figure 5. Electrochemical impedance spectroscopy analysis. Nyquist plots of the silver-gate

electrode (a) and the graphene-gate electrode (b) versus an Ag/AgCl reference, with only the

enzyme in PBS, the enzyme and ferrocene (29:1 ratio), and adding 700 uM of glucose. (c)

Enzymatic reaction with the detection at the graphene electrode interface, (d) cross-section

showing the potential transduction principle of OECTs and the electrochemical reactions, (e)

schematics of the extracted model with the graphene-gate electrode, and (f) the detection

mechanism in terms of voltage change.
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CONCLUSIONS

This work demonstrates highly sensitive and fully-inkjet-printed enzymatic organic
electrochemical transistors based on graphene gates. The printed graphene-gated OECTs show
sensing performances for glucose and lactate detection in enzymatic solutions comparable to those
obtained with lithography processed devices on rigid substrates and integrating complex materials
as sensing gate electrodes. The OECTs with inkjet-printed graphene gates show higher sensitivity
and linearity than OECTs with silver-nanoparticles gate electrodes. The repeatability of the OECT
devices with graphene gates and adding ferrocene in solution is demonstrated both for glucose and
lactate sensing in enzymatic solutions. The operation of the sensor with the immobilized enzyme
using a membrane around the gate is demonstrated for future implementations in point-of-care
analysis. Moreover, the sensing mechanism is analyzed through cyclic voltammetry and
electrochemical impedance spectroscopy, and with the latter, a 6 times decrease of the charge-
transfer resistance at the graphene electrode-electrolyte interface in the presence of glucose at a
concentration of interest is extracted. This voltage change at the gate electrode is amplified in
terms of current thanks to the modulated organic channel.

The simplicity of the fabrication process, with the optimized inkjet-printed graphene active-gate
material, enables digital manufacturing of performing enzymatic OECT based sensors on
polymeric foil for the realization of disposable and configurable biosensing platforms. For future
applications with real biofluids, further stability and interference studies are required, including

OECTs with different functionalizations in the same platform for multi-parametric analysis.
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