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This work proposes an approach for Cu®>* sensing in water which combines the selectivity of the Gly-Gly-His
(GGH) peptide probe with the sensitivity of the electrolyte-gated organic field-effect transistor (EGOFET). The
oligopeptide probe was immobilized onto the gate electrode of the transistor by electrooxidation of the primary
amine of the glycine moiety. Cu>* complexation by the grafted GGH was at first electrochemically evidenced,
using cyclic and square wave voltammetries, then it was demonstrated that GGH-functionalized EGOFETs can

transduce Cu®* complexation through a significant threshold voltage shift and therefore a change in drain
current. The limit of detection is ca. 1072 M and the sensitivity in the linear range (1072 - 1078 M) is
1 mA dec™! (drain current variations).

1. Introduction

Electrolyte-Gated Organic Field Effect Transistors (EGOFETs), also
named Liquid-Gated OFETs (LG-OFETSs), are very promising sensing
devices. They are thin-film transistors (TFTs) based on organic semi-
conductors (OSC) where the non-electronically conducting material in-
between the gate and the OSC is an electrolyte (Taniguchi and Kawali,
2004; Backlund et al., 2004; Panzer and Frisbie, 2006), such as aqueous
biological buffers or even simple deionized water (Kergoat et al., 2010).
The electrical behavior of EGOFETs in saturation regime can be de-
scribed, in terms of current-voltage curves, by the quadratic equation
commonly used for both inorganic and organic FETs (Eq. (1)).

_ W 2
Ipsat = ZLCTOI(VGS Vin) )

In this equation, Ip sq represents the drain current, W and L the
channel width and length, respectively, Vg the voltage difference be-
tween the gate electrode (V) and the source electrode (Vs), Vg, the
threshold voltage, u the charge carriers’ mobility and Cg, the total
interfacial capacitance. One should note that, when Eq. (1) is applied to
EGOFETs, the capacitive term Cr,, corresponds to the total capacitance
between the gate electrode and the organic semiconductor and is
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composed of two different contributions, namely the capacitance as-
sociated to the gate/electrolyte interface and that corresponding to the
electrolyte/semiconductor interface.

Under operation, for p-type semiconductors, the gate electrode is
negatively polarized as well as the drain electrode, while the source is
grounded. As a result, two electrical double layers (EDL) are formed at
the gate/electrolyte and semiconductor/electrolyte interfaces and
mirror charges (holes) accumulate within the OSC, forming the con-
ductive channel. The density of charge carriers in the channel is directly
dependent on the gate potential or, more precisely, on the density of
charge at the respective interfaces. For a water/gold interface, for ex-
ample, the capacitance is of several tens of pFem ™2 ie. a hundred
times more than that of a classical dielectric/semiconductor interface
(Porrazzo et al., 2014). Consequently, instead of the tens of volt that are
necessary for operating classical solid-state dielectric-based OFETs,
EGOFETs can be operated at hundred times lower voltages, i.e. a few
hundreds of mV (Kergoat et al., 2012b).

Since the first description of EGOFETs operating in water (Kergoat
et al., 2012a), EGOFET-based biosensors have been developing fast.
Two different possible approaches can be used to obtain EGOFET-based
biosensors, depending on where biofunctionalization occurs: at the
semiconductor/electrolyte interface (Cotrone et al., 2012; Kergoat
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Fig. 1. Schematic representation of the electrolyte-gated organic field-effect transistor with spin-coated DPP-DTT semiconductor on top of interdigitated source and
drain contacts, tap water as electrolyte and a gold gate onto which GGH is grafted. In the presence of Cu®>*, GGH folds, which modifies the gate/electrolyte interface

and leads to a positive shift in threshold voltage.

et al., 2012b; Suspene et al., 2013; Palazzo et al., 2015; Magliulo et al.,
2016; Piro et al., 2017), or at the gate/electrolyte interface (Casalini
et al., 2013, 2015; Mulla et al., 2015; Berto et al., 2016; Diacci et al.,
2017; Thomas et al., 2018; Nguyen et al., 2018; Fillaud et al., 2018;
Berto et al., 2018).

However, analyte detection based on binding a target on a probe
can be obtained only if the probe is sufficiently small not to screen the
target from the gate electrode surface or undergoes a thorough struc-
tural reorganization upon binding; on this basis, gate-modified EGOFET
immunosensors have been developed (Nguyen et al., 2018). Instead of
antibodies, DNA can also be used as capture probes; for example, DNA-
based EGOFETs have been described for hybridization of nucleic acids
targets (White et al., 2015). Following the same idea, peptide aptamers,
which have been thoroughly reported in electrochemical sensing de-
vices or even in classical FETs, may also be used. Compared to the 4
nucleobases that code DNA, peptides are made of more than 20 amino
acids, which considerably increases the number of possible ligand
combinations (4" versus 20", with n the number of nucleobases or
amino acids in the sequence, respectively). However, this has been
described only recently on EGOFETs, by Berto et al. (2018), who re-
ported on a peptide aptasensor for the detection of tumor necrosis
factor alpha (TNFa), a large protein of 25 kD. Peptides can also act as
very effective and specific capture probes for metal ions (Sigel and
Martin, 1982; Kozlowski et al., 1999). To illustrate these properties in
view of electrochemical detection, Gooding and colleagues used the
copper binding tripeptide Gly-Gly-His (glycine-glycine-histidine) for
detecting Cu?" in aqueous media and published a series of articles on
this topic (Yang et al., 2001, 2003; Gooding et al., 2001; Chow and
Gooding, 2006; Wawrzyniak et al., 2013).

From an analytical point of view, copper is a transition metal es-
sential for life. At elevated concentrations, however, it is toxic to or-
ganisms such as algae, fungi, and many bacteria, and in humans may
adversely affect the gastrointestinal, hepatic, and renal systems. It
should be stressed that the innocuity of copper in drinking water at
concentrations below 2 mg L™}, corresponding to the values proposed by
the World Health Organization in 1993 (WHO, 1993), has been ques-
tioned several times since. For these reasons, it is pertinent to develop a
sensitive method for on-site determination of free Cu®** ions in aqueous
media. Of course, copper can be detected and quantified by routine
methods, including the most common one (flame atomic absorption
spectrometry; limit of detection -LoD- in the pg L range, i.e. more than
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10nM), the most sensitive one (mass spectrometry coupled to in-
ductively coupled plasma; LoD of 5ng L), or by methods more adapted
to a point-of-use format such as optical (Liu and Lu, 2007; Xu et al.,
2010; Yao et al., 2013; Udhayakumari et al., 2017) or electrochemical
techniques (Wawrzyniak et al., 2013; Gan et al., 2016; Zhu et al., 2017
or other references of Gooding and coworkers already cited above).

Unlike optical devices, EGOFETSs operate at very low voltage, in-
tegrate no fragile elements (light source, photodetector) and provide
analogic output signals directly usable by an electronic controller.
Furthermore, compared to electrochemical transducers, EGOFETs do
not require the use of a reference electrode (which simplifies the fab-
rication process) and, more importantly, are able to characterize a
broader set of physicochemical phenomena, including processes that do
not involve faradic processes. Also, the surface of these devices may be
small (a fraction of mm?) and their size can be decreased down to the
limits afforded by microlithography, which permits decreasing the
electrolyte volume accordingly and eventually use microfluidic cells.
Photolithography allowing mass fabrication, the unit cost of an
EGOFET is low, which makes it disposable. Other fabrication proce-
dures, such as inkjet printing, will, in the near future, decrease even
more their production cost. There is therefore a major interest in ex-
tending the development of EGOFETs in the biosensors field.

In this work, we propose for the first time an approach which
combines the selectivity of the Gly-Gly-His peptide probe (GGH) with
the sensitivity of EGOFETs, in particular using the gate-functionaliza-
tion strategy, where the peptide was immobilized by direct electro-
oxidation of the primary amine of the first glycine moiety of GGH. Cu®*
complexation by grafted GGH was first evidenced electrochemically,
using cyclic and square wave voltammetries, then it was demonstrated
that GGH-modified EGOFETs can transduce Cu®* complexation
through variations of the EGOFETs output and transfer curves. In par-
ticular, the threshold voltage (V) shift was identified as a good
quantitative parameter. Fig. 1 summarizes the approach followed in
this work.

2. Materials and methods
2.1. Chemicals and materials

The fabrication procedures for the lithographied transistors and the
gate microelectrodes are described in Sections SI.1 and SI.2 of the
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Fig. 2. (A) Cyclic voltammograms (5 cycles, v
= 50mVs™, between 0.5V and 1.5V) corre-
‘ sponding to electrooxidation of Gly-Gly-His
(5mM) on a gold gate (diameter = 100 pum), in
argon-saturated PBS. The first cycle shows an
oxidation wave corresponding to the oxidation
of the primary amine of the first Gly residue.
Following cycles show partial passivation. (B)
Cyclic voltammograms recorded in 0.1M
H,S0,4 + 10 M dopamine with a 100 pm bare
gold gate electrode (red dashed curve), the
same electrode modified with GGH as de-
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Supplementary information document, respectively. Gly-Gly-His (di-
glycyl-histidine, CAS Number 7451-76-5) was purchased from Sigma-
Aldrich. Poly(N-alkyldiketopyrrolopyrrole dithienylthieno[3,2-b]thio-
phene) (DPP-DTT) was purchased from Ossila (England), with M,,
=280 = 10kDa and PDI = 3.8 = 0.1. Lithium perchlorate (LiClO,4)
98% was purchased from Alfa Aesar. Copper(Il) sulfate pentahydrate
(CuS04'5H,0) was purchased from Prolabo, France. Phosphate buffer
saline (PBS), dichlorobenzene 98%, chlorobenzene - anhydrous, 99.8%,
isopropanol, 3-mercapto propanol (3-MCP) and all other reagents and
solvents were purchased from Sigma Aldrich and used without further
purification. Aqueous solutions were made with MilliQ water or tap
water, depending on conditions.

2.2. Gate functionalization

Gly-Gly-His peptide was grafted on 100 um diameter homemade
gold microelectrodes by sweeping the electrode, in MilliQ water con-
taining 5mM Gly-Gly-His + 0.1 M LiClO, as supporting electrolyte,
between + 0.5V and + 1.5V at 50mV s™ for five cycles.

2.3. X-ray photoelectron spectroscopy characterizations

For XPS characterization, 1 cm? pieces of gold-coated silicon wafers
were used instead of gold microelectrodes. The spectrometer was a
Thermo ESCALAB using a monochromic Al Ka source at 1486.6 eV.

2.4. Electrochemical and electrical characterizations

Electrografting of the Gly-Gly-His peptide was characterized using
dopamine as redox probe. Cyclic voltammetry and square wave vol-
tammetry were performed on an Autolab PGSTAT 302N controlled by
NOVA 2.0 software. A conventional three-electrode setup was used,
with a platinum grid of about 2 cm? as counter electrode, a commercial
saturated calomel reference electrode (SCE, Metrohm) used through a
salt bridge, and home-made glass-sealed Au microelectrodes as working
electrodes (100 pm in diameter). Square wave voltammetry (SWV) was
performed using a modulation amplitude of 50 mV, an interval time of
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Binding energy / eV
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80ms, a step of 2mV and a frequency of 12.5Hz. Electrochemical
impedance spectroscopy (EIS) was performed with the same equipment
and cell. The frequency ranged from 100 kHz to 100 mHz, with a per-
turbation amplitude of 10 mV. An equivalent circuit composed of a
resistance Rg (electrode + electrolyte resistance) in series with a parallel
RprCpr circuit (resistance and capacitance of the electrical double
layer) was used for fitting.

For the measurement of the transistors characteristics, a lab-made
PDMS cover forming a well (3 mm in diameter, 5mm in depth) was put
over the semiconducting channel and filled with 200 pL of solution
(PBS or MilliQ water), into which the gate electrode was dipped. Output
characteristics were recorded by sweeping the drain-source voltage
between 0V and —0.40V at 170 mV s™; the gate voltage Vgs was in-
crementally switched from + 0.3V to —0.6 V by steps of 0.1 V. The off
current (Iz) corresponds to Vgs = 0V and the on current (I,,) to Vgs
= -0.6 V. Transfer curves were obtained by sweeping Vs from 0.2V to
—0.6V at 170mVs! at constant Vps = -0.4 V. The electrical char-
acteristics were recorded using a Keithley 4200 Semiconductor
Characterization System.

3. Results and discussion
3.1. Grafting of the Gly-Gly-His peptide probe

There are multiple examples of peptide immobilization on elec-
trodes available in the literature. Among the reported techniques, the
two approaches which have been already employed for functionaliza-
tion of EGOFETs gates are self-assembly of alkylthiols on gold (Casalini
et al., 2013, 2015; Mulla et al., 2015; Berto et al., 2016; Diacci et al.,
2017; Thomas et al., 2018) and, more recently, aryl diazonium elec-
trografting (Nguyen et al., 2018; Fillaud et al., 2018). However, these
approaches may imply that the active part of the capture probe is se-
parated from the gate surface by the anchoring moiety (alkylthiol chain
or aryl diazonium group). However, the sensitivity of EGOFETs is best
when the capture probe is immobilized as close as possible to the gate
metallic surface; for this reason, Berto et al. (2018) proposed the direct
immobilization of a histidine-tagged Affimer on the gate electrode of an
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Fig. 3. (A) Square wave voltammograms of (a,
black) a GGH-modified gate electrode (dia-
meter 100 um) in PBS; (b, purple) GGH-
modified gate electrode incubated in 10° M
MnCl,; (c, orange) GGH-modified gate elec-
trode incubated in 10"° M FeSOy; (d, red) GGH-
modified gate electrode incubated in 10° M
CuSO4. (B) CVs of a GGH-modified gate elec-
trode in PBS (black dashed curve) and after
incubation in 10° M CuSO, (red curve); scan
rate 100mVs™'. (C) XPS spectrum, in the
copper region, of a bare Au gate incubated in
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EGOFET, instead of employing conventional antibodies (Affimers are
commercial 12-14kDa proteins significantly smaller than IgG anti-
bodies) and reported excellent results.

In this work, we were guided by a similar idea. We propose here the
direct electrografting of the Gly-Gly-His peptide through the first pri-
mary amine-terminated Gly residue. Barbier et al. (1990), then
Deinhammer et al. (1994), Bélanger and Pinson (2011). Fig. 2A shows
CVs obtained for electrografting of 5mM GGH in PBS. The first scan
highlights glycine oxidation, starting at ca. 0.7V vs SCE. Further cy-
cling shows progressive passivation of the electrode (the oxidation
starts at ca. 1 V during the second scan and can be considered negligible
for the following cycles). Fig. 2B shows CVs characterizing the electrode
state before (red dashed curve) and after (black curve) GGH grafting for
5 cycles, using dopamine as redox probe. As shown, dopamine still
reacts after grafting, through a mixed process which shows that the
surface is not completely blocked. A better blocking was achieved after
adsorption of 3-mercaptopropanol on a GGH-grafted electrode (GGH-
modified electrodes were put in a 10° M aqueous 3-MCP solution for
2h; blue dotted curve). However, electron transfer still takes place,
probably across the thin peptide monolayer.

XPS was performed on bare and GGH-modified electrodes
(Fig. 2C,D) to characterize GGH grafting (XPS data are gathered in
Table SI.1). The Cy4 spectrum of the bare gold electrode shows the usual

T T T T T T T T T
970 965 960 955 950 945 940 935 930 925 920

Binding energy / eV

carbon contamination, with a main peak at 285 eV corresponding to C-
C and C=C aliphatic carbons and a small proportion (4%) of C-O and O-
C=0 carbons around 289 eV. Conversely, the C;; spectrum of the GGH-
modified gold electrode shows three peaks at 285 (a), 286.6 (b) and
288.4 (c) eV. The GGH peptide (chemical structure shown on Fig. 1)
carries 10 carbons, of which only one is purely aliphatic and bound to
other carbon atoms (C-C or C=C); it is expected to appear at 285eV.
Considering that the C;, spectrum of the unmodified Au gate shows
aliphatic C-C or C=C carbons with a similar intensity to the one ob-
served for the GGH-modified gate, the contribution of this unique
carbon from GGH at 285 eV was not considered. 5 other carbons (C-N)
from GGH are expected to appear at 286.6 eV and 4 carbons (C-O, C°N,
C=0 and O-C=0) at 288.4 eV. For a quantitative analysis, we considered
only carbons from C-N, C-O, C°N, C=O and O-C-O, and nitrogen Ny
(other atoms such as C-C, C=C or O; were present on bare gold and
considered as surface pollutants). The ratios given on the last column of
Table SI.1 are consistent with the actual atomic ratio, theoretical 33%
for C-N (actual measured value: 29.7%), theoretical 26.7% for C-N,
C= 0 and O-C=0O (actual measured value: 31.5%) and theoretical 33%
for Ny (actual measured value: 38.8%). The excess of nitrogen partly
comes from polluting nitrogen, which represents ca. 10% of the total
nitrogen, as measured on the non-modified Au surface.
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Fig. 4. (A) Transfer curve (black) of a bare Au gate EGOFET obtained by sweeping the gate voltage form + 0.2V down to —0.6 V. Scan rate of 170 mVs™; Vpg
= -0.4 V. Gate current shown in red. (B) Corresponding plot of \/E = f(Vgs) (black). L = 10 pm; W = 10 mm. Electrolyte: aerated MilliQ water. (C) Output curves at
various gate voltages, for a bare Au gate. (D) Output curves (Vgs = —0.5 V) for bare Au gate, GGH-modified gate and for GGH-modified gates incubated in 10° M
Fe?*, Mn?* or Cu?*. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

3.2. Characterization of Cu®* capture

To characterize Cu®>* capture by the GGH layer, square wave vol-
tammetry (SWV) was performed on GGH-modified gate electrodes after
incubation in PBS, PBS + 10> M MnCl,, PBS + 10> M FeSO, and PBS
+10° M CuSO,4 (Fig. 3A). It appears that no change in current was
observed for electrodes incubated in Mn>*, and only a small change for
electrodes incubated in Fe?>*. Conversely, an intense peak current was
observed for the electrode incubated in Cu®>*, corresponding to the Cu
(I1)/Cu(0) redox couple (Wawrzyniak et al., 2013). Cyclic voltammetry
was performed on GGH-modified gate electrodes after incubation in
PBS and PBS + 10° M CuSO, (Fig. 3B). Peak currents were shown to
vary linearly with the scan rate between 10 and 200 mV s (not shown),
which demonstrates that the process is not diffusion-limited and con-
firms that the electroactive copper comes from the GGH layer at the
extreme vicinity of the electrode. A similar behavior was observed by
Yang et al. (2003). Integration of the oxidation and reduction peaks,
assuming a two-electron process, gave a coulombic charge of Qcyz +,0x
= 24 nC and Qcu2+,0x = 20 nC, i.e. a surface concentration of acces-
sible Cu®>* of I'cua. = 1.3-1.6 X 10° mol cm, which is consistent
with the density of a GGH monolayer on a gold electrode and with other
reported values for similar systems (Liu et al., 2006; Wawrzyniak et al.,
2013).

XPS was performed on a non-modified Au electrode after incubation
in a solution containing cu?t (Fig. 3C) and compared to a GGH-mod-
ified Au electrode after incubation in the same conditions then used as
gate in a transistor (noted Cu®>* @GGH-modified gate). On the bare Au
gate, no copper is observed; on the contrary, on the Cu?* @GGH-
modified gate, four peaks are visible and all of them can be typically
attributed to Cu(Il): the strong spin-orbit split (AE = 19.8 eV, with an
intensity ratio of 0.5) of Cuyp1,2 at 934.2eV () and Cugps/» at 954 eV
(a), along with the two strong typical Cu?™ satellites at 942.4 eV (b)
and 962.8 eV (d) (the double peak at 942.4 eV is typical of Cu(Il)). No
Cu(0) is observed.

122

XPS was also performed on a Cu®>* @GGH-modified Au gate in-
cubated in 10° M CuSO, then put back in PBS and polarized at a ne-
gative potential (—0.1V vs SCE) in order to reduce Cu?* ions into Cu
(0). As shown on Fig. 3E, in addition to the four peaks identified on
Fig. 3D, the two peaks corresponding to Cu(0) appear: one at 932 eV
(Cugps,2) (e) and the other at 951.8 eV (Cuypp,2) (f). Differences be-
tween spectra D and E confirms that no Cu(0) is formed on the gate
electrode under transistor operation.

3.3. Electrical characterizations

As discussed in the introduction, the electrical characteristics of
EGOFETs for which the gate capacitance is significantly smaller than
that of the channel (channel capacitance was found to be ca. 35 + 15
nF for an active area of 0.5mm? versus a gate capacitance varying
between 2.7 and 4.2 nF) are mostly dependent on the gate/electrolyte
interface (Nguyen et al., 2018). Fig. 4A shows the transfer curve of a
bare Au-gated EGOFET and the corresponding gate current. The device
shows a typical field-effect behavior, with a weak gate current 50 times
lower than the drain current at Vgg = -0.5V and a transconductance
&mau = % of 3uS at —0.5V. Fig. 4B shows the corresponding ./ip
curve used to estimate the threshold voltage from the intercept in sa-
turation regime; Vy, =-0.34 = 0.01V. Fig. 4C shows the output
curves at different Vgg from + 0.2V to —0.6V (only curves from
—0.3Vto —0.6V are visible, curves from 0.2 to —0.2V overlap). The
Ion/Iog ratio is high, ca. 1200, which demonstrates the excellent quality
of the device.

3.4. Characterization of Cu®?™ capture in transistor configuration

On Fig. 4D are shown the output curves obtained with bare gate,
GGH-modified gate and GGH- modified gates incubated with 10> M
Cu®*, Mn>* or Fe?". Behaviors are consistent with capacitances shown
in Section 3.2: I, decreases after grafting of GGH but increases when
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Fig. 5. (A) Plots of \/E = f(Vgs) for a bare Au gate (black) and GGH-modified gate (red); both experiments in aerated MilliQ water. Vy,, (Bare/MilliQ) = -
0.34 + 0.01V; Vq, (GGH/MIlliQ) = -0.36 = 0.01 V. (B) Plots of JE = f(Vgs) for Cu®>* @GGH-modified gates in tap water for various Cu?* concentrations (a: no
Cu®*;b: 1073 M Cu?¥; e 1072 M; d: 107 M; e: 10719 M; £: 5.1072° M; g: 102 M; h: 108 M; i: 107 ML). Vi, (GGH/Tap water) = -0.34 = 0.01 V. Vqy, (Cu?>* @GGH/
Tap water) = -0.22 = 0.01V for [Cu®>*] = 107 M. Vpg = -0.4V. (C) Calibration curve obtained from variations in Vy, as a function of [Cu®**]. AVy, = Vqp
(Cu?" @GGH) - V1, (GGH). (D) Calibration curve obtained from I, variations (at Vpg = —0.4V and Vgs = —0.6V) as a function of [Cu®"]. (E) Double-layer
capacitances (Cp.) of Cu®>* @GGH-modified gates as a function of CuSO, concentration. The capacitance for the bare Au electrode and for a GGH-modified gate
before complexation of Cu®>* are also given. Results obtained from 3 experiments. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).

Cu?* is complexed. Fig. 5A shows the small shift in threshold voltage
(Vip, = -0.36 £ 0.01V; AVy, = —0.02V) induced by the presence of
GGH on the gate electrode. The maximum transconductance g, g is
ca. 2.0uS at —0.5V, i.e. lower than gma,. Fig. 5B shows that the
threshold voltage is significantly shifted upon Cu®* uptake; AVy,
= (120 % 20) mV for [Cu®*] = 107 M.

The drain current flowing through EGOFET devices is known to be
sensitive to several parameters: the threshold voltage Vi, the total
capacitance Cr,, and the charge carriers’ mobility p. The transconduc-
tance g, (slope of the transfer curves) is proportional to the product of
the latter two, g, = % W Crop

The gate electrode functionalization and its response to Cu®>* ions
were characterized in terms of EIS (characterization of the gate/elec-
trolyte capacitance). Measurements were performed at a constant po-
tential of —0.1V (minimal faradic current) and frequencies between
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10° and 10" Hz on bare Au, on GGH-grafting and on Cu®**@GGH-
modified electrodes. The double layer capacitance was extracted by
fitting the equivalent Rg[Rp;Cpy] circuit in the high frequency region.
The bare Au electrode showed a total capacitance of 3.2nF, corre-
sponding to a capacitance per unit area of 40 uF cm™>. For the GGH-
modified electrode before Cu®>* complexation, the capacitance de-
creased down to 2.7 nF (33.8 uF cm?), whereas it increased for
Cu®* @GGH-modified gate; saturation occurred for [Cu®**] > 10° M
(Fig. 5E).

Upon copper complexation by GGH, g, increases: Cu®** @GGH-
modified gate devices present a g, cuz+@cen = 28 uS at —0.5V for 10
7 M Cu®*, significantly higher than for GGH-modified gate without
copper. This increase is much more pronounced than the capacitance
increase shown on Fig. 3F, which indicates that the capacitance is not
the only factor responsible for the current increase. Indeed, it is shown
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that Vp, changes more significantly, strongly shifting towards more
positive values (shift of ca. + 0.12V for incubation in [Cu®?*] = 107
M).

We have shown by XPS measurements that no Cu(0) is formed at the
gate under transistor operation. The positive shift may be explained in
terms of charge distribution at the interfaces: accumulation of Cu®* at
the gate interface, for a given negative gate voltage, increases the
amount of positive charges at this interface, so that less negative po-
tential is needed to accumulate a given charge density at the gate and
symmetrically a given holes density within the semiconductor. We
observed the same behavior in a previous work (Fillaud et al., 2018) in
which protonation of a hydrogel on the gate electrode led to a positive
V. shift as well. A similar behavior of Vg, shift as a function of charges
immobilized on the gate electrode has also been reported by other
authors (Buth et al., 2011, 2012; Berto et al., 2018; Diacci et al., 2017;
Macchia et al., 2018).

3.5. Cu?™" detection

In terms of analytical applications, we have shown that the transfer
characteristics are poorly affected by the nature of the electrolyte,
whether tap or MilliQ water, which allowed us to apply our device to
the detection of Cu®>* cations in tap water. The tap water we used did
not contain copper but contained iron (1.8 pugL™), free chlorine
(0.2mg LY), nitrates (27.7 mg LY, calcium (94.7 mg LY, dihy-
drogenocarbonates (250 mg LY, chloride (24.2 mg LY, fluoride
(0.1 mg LY, potassium (2.1 mg LY, sodium (8.1 mg LY, sulfates
(20.5mg LY, for a conductivity of around 500 puS cm™ (data: Eau de
Paris, 13th district, April 2018). Therefore, Cu®>* ions were added into
aerated tap water (pH 7.7) by injection of a variable volume of a copper
sulfate solution, into which the 100 um GGH-modified gold electrode
was incubated during 15 min, then rinsed in tap water for 2 min. The
Cu?* @GGH-modified electrode was then used as gate for acquiring the
electrical characteristics of the transistor. The same experiment was
made for various Cu?* concentrations and repeated at least three times
for each concentration. Fig. 5C shows the calibration curve relative to
AVyyp, with a linear variation of the threshold voltage versus log[Cu®*]
between 1072 to 10" M (for higher concentrations, AV, starts to level
off). The sensitivity extracted from the slope of AV, in its linear region
is St = 20mV dec™. Fig. 5D shows the calibration curve relative to
Alp, for which a linear region is defined between 107! M and 108 M,
with a sensitivity of S;3 = 1 mA dec™. Considering a S/N ratio of 3, the
limit of detection (LoD) is ca. 5.10™' M when considering drain current
changes, and is significantly lower, ca. 5.107'°> M when considering
threshold voltage changes. These LoD are comparable to other elec-
trochemical sensors using the Gly-Gly-His peptide as probe (Yang et al.,
2001, 2003; Gooding et al., 2001; Chow and Gooding, 2006;
Wawrzyniak et al., 2013).

4. Conclusion

EGOFETs in which the gate electrode is modified with the tripeptide
Gly-Gly-His can transduce Cu®>* complexation through a significant
threshold voltage shift. Due to the intrinsic amplification capability of
such kind of transistors, this voltage shift is amplified into a large drain
current variation. This phenomenon has been reported in other works
dealing with EGOFETs for which gates were modified with charged
probes or targets, but never for ion sensing using a peptide probe. These
results pave the way for the detection of any kind of ions through
functionalization of the gate electrode with an adequate ionophore. We
now plan to investigate how these EGOFETSs can be implemented into a
microfluidic cell, for continuous measurement under electrolyte flow.
This will allow us to investigate the reuse of our devices, i.e. the re-
cycling of the gate after complexation of Cu?>* by the peptide. We plan
to explore these aspects as soon as we develop a microfluidic cell into
which the EGOFET will be integrated. Not only will this allow the
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investigation of several different applications but it will also permit
characterizing important fundamental aspects such as complexation
thermodynamics and the kinetics of molecular recognitions. Differential
measurement strategies, in which two or more transistors are measured
at the same time, are also being developed to address the current drift
issue, inherently present into organic transistors.
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