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We demonstrated here that molecular redox films are electrochemical capacitive devices possessing specific field
effect in which molecular moieties within films act as sensitive gates. We confirm that the field effect present in
these redox switches is suitable in detecting, in a label-free manner (without needs of redox probe in the bio-
logical samples), biomarkers of essential importance for dengue, heart risks and inflammation, Parkinson's
disease and tumors. Though the sensitiveness is high, it is governed by Thomas Fermi screening and thus de-
pends on the target-to-receptor size ratio. Thus, we also demonstrated how this target-to-receptor size ratio

affects the sensitivity. We concluded that the smaller the biological receptor the greater the sensitivity.
Consequently, a larger molecular target associated with a smaller receptor provides a considerable (predictable)
improvement of the sensitiveness.

1. Introduction

Transistors (Ariga et al., 2007; Chen et al., 2012, 2007; Grieshaber
et al., 2008; Gudiksen et al., 2002; Hanafi et al., 1996; McAlpine et al.,
2007; Singh et al., 2011; Wang, 2004) are devices that serve to amplify
or switch electronic signals and electrical power. Field effect transistors
(FET), which use electric fields to control the behavior of the device, are
typically made of three terminals, i.e., source (S), drain (D) and gate (G)
(see Fig. 1a). Conductivity between the drain and source terminals is
controlled by an electric field induced in the device, which is generated
by the differences in voltage between the channel and gate terminals.
Chemically sensitive field effect transistors (Balasubramanian and
Burghard, 2006; Bartic and Borghs, 2006; Vanderspiegel et al., 1983)
measure chemical alterations based on electric field variations in the
chemically reactive environment in which they are embedded. For in-
stance, when the concentration of a target analyte in a solution (in
contact with the channel) is varied, the electric current through the
transistor responds accordingly. Variations in the concentration of
charged analyte ions in the solution induce a chemical potential dif-
ference between the source and gate, which is measurable by the FET as
a change in the electric current. This transistor design is known as
electrolyte-gated FET (Ohno et al., 2009; Rosenblatt et al., 2002), be-
cause the ions do not penetrate into the channel, but instead accumu-
late near its surface or near the surface of a dielectric layer (deposited
on the channel), inducing charge accumulation inside the channel,
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which is thus probed by electric field variations near and through the
surface.

Organic electrochemical transistors (OECT) (Berggren and Richter-
Dahlfors, 2007; Bondy and Loeb, 2003; Friend et al., 1999; Kaempgen
et al.,, 2009; Lange et al., 2008; Lin and Yan, 2012; Mabeck and
Malliaras, 2006; McCulloch et al., 2006) are a category of chemically
sensitive FET in which the drain electric current is controlled by the
injection of ions from an electrolyte into the channel, thereby altering
the electronic charge density throughout its entire volume, which
provides a very high transconductance. The disadvantage of OECTs is
that, albeit sensitive, they are slow. The electronic properties in both
electrolyte-gated FET and OECT are controlled by ionic movement, and
hence, by non-faradaic characteristics of the interface (Bartic and
Borghs, 2006; Lin and Yan, 2012). The non-faradaic charge character-
istics at the interface are governed by double layer capacitance and
Debye field effect screening, following the Debye length scale.

Our goal is to classify redox switches as organic electrochemical
devices that possess field effects that could be used to sensor, called
mesoscopic organic electrochemical field effect sensors (MOEFES). The
nature of this category of field effect device is intrinsically mesoscopic
(Fig. 1b), combining classic and quantum mechanics effects inside
channel and gate components of the device. One of the advantages of
using electrochemical capacitive biosensors, as a type of MOEFES, is
that they are label-free and highly sensitive [femtomolar sensivities
(Marques et al., 2015) are possible to be reached in some cases] and
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Fig. 1. a) Typical architecture of an electrolyte-gated and organic chemically sensitive FET, where E,¢f corresponds to the electrochemical (silver/silver chloride)
reference electrode, d is the thickness of the organic (or dielectric) layer permeable to ions in contact with an electrolyte. b) Schematic representation of a mesoscopic
electrochemical field effect of molecular architecture using redox switches, i.e., ferrocene-terminated alkane thiols (alternatively, a redox-active peptide chain can be
used (Piccoli et al., 2018), see below). The molecular chain linking the switch to the electrode acts as a tunneling channel. Ferrocene is generally used as the redox
capacitive switch. a) and b) are examples of electrochemical transistors, but b) is dominated by physical mesoscopic effects. c¢) Illustration of redox switches alkane

thiol monolayers assembled on metallic electrodes within receptors.

additionally do not require the use of redox probe in solution or any
other chemical reagents are needed to be added to the patient's samples
before assaying. See more details about the advantages of using elec-
trochemical capacitive sensors in Supplementary material; section
SM.1, where we also mention about their advantages in terms of mul-
tiplex abilities and applications in point-of-care platforms. Part of the
high sensitivity is due to the fact that the capacitive signal is associated
with field-effect as will be discussed in detail further here. As Fig. 1b
shows, the electric field in a MOEFES is screened following redox dy-
namics. In other words, the dynamic equilibrium of the electrochemical
current (oxidative and reductive), termed exchange current (Bard and
Faulkner, 2000), is resonant with electronic states contained in the
electrode. The associated electrochemical capacitance,
Cz(w) = dq(w)/dV (w), which is frequency dependent, can be de-
termined by impedance-derived capacitance measurements (Bueno
et al., 2016). Note that the source and drain electric current contribu-
tions depend on the steady state bias dV = dfi/e imposed by a po-
tentiostat. The electrochemical equilibrium of the mesoscopic field ef-
fect structure occurs at g =E,, i.e., when f, which is the
electrochemical potential of the electrons in the electrode, is en-
ergetically aligned with E,, which in turn is the formal potential of the
redox switch. Accordingly, the Fermi level is constant at the junction,
meaning that there is no electron net flux despite the presence of a
dynamic resonant current (see Fig. 1b).

Our aim here is to demonstrate that a molecular film comprising
redox active switches operates as a MOEFES. We show that C; governs
the electrical field screening of the switches (Bueno et al., 2016; Bueno
and Davis, 2014a, 2014b; Eckermann et al., 2010) and that the target-
to-receptor size ratio (coupled to the switch's gate) modulates the signal
sensitivity of MOEFES, as designed for applications in molecular diag-
nostics (Bradley et al., 2004; Cecchetto et al., 2015, 2017; Fernandes
et al., 2013; Lehr et al., 2014; Santos et al., 2014, 2015).

2. Material and methods
2.1. Chemical reagents

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydro-
xysuccinimide (NHS), perchlorate tetrabutylammonium (TBA-ClO,),
16-mercaptohexadecanoic acid (16-MHDA) and 11-ferrocenyl-un-
decanethiol (11-FcC) were purchased from Sigma-Aldrich. Human C-
reactive protein (CRP) and human CRP polyclonal antibody (Ab) were
also purchased from Sigma-Aldrich, while interleukin-6 (IL-6) and IL-6
Ab were purchased from Rhea Biotech. Alpha-synuclein (a-sync)
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protein and a-sync Ab were purchased from Santa Cruz Biotechnology,
and the recombinant dengue virus non-structural 1 (NS1) protein and
monoclonal antibody (ab64456) were purchased from Abcam.

The peptide used as support of some for the receptors was Fc-Glu-
Ala-Ala-Cys, manually synthesized by solid phase peptide synthesis
using Fmoc protocols on rink amide resin (0.48 mmol g~'). Coupling
was performed at a 2-fold molar excess relative to the amino compo-
nent in the resin, using diisopropylcarbodiimide (Dic)/ 1-hydro-
xybenzotriazole (HOBt). Fmoc groups were deprotected using 20% 4-
methylpiperidine/dimethylformamide (DMF) for 80 min. The ferrocene
redox probe was introduced at the N-terminus by reaction with one
molar equivalent 3-ferrocenylpropionic anhydride in 5 mL. DCM/DMF
(1:1) for 24 h. Peptide cleavage was performed by removing side chain
protecting groups with 94% trifluoroacetic acid (TFA), 2.5% 1,2-etha-
nedithiol, 2.5% H,0 and 1% triisopropylsilane for 2 h. The peptide was
then precipitated with diethyl ether and separated from the reaction
solution by centrifugation. Further details of the synthesis are given in
reference (Piccoli et al., 2018).

Phosphate buffered saline (PBS) was prepared using the following
salt concentrations: 8 g L™'NaCl, 0.2 ¢ L~ KH,PO,, 1.15 g L™*
NaH,PO412H,0, 0.2 g L™'KCl, and 0.2 g L' NaNOs, reaching an
expected pH of 7.4.

2.2. Brief description of receptors and target biomarkers

CRP is a protein synthesized by the liver. CRP exists in the form of
pentamers with identical protomers, leading to a ~ 118 kDa protein.
CRP, which is present in the blood of healthy individuals, serves as
biomarker of inflammation caused by infection or injury, hypertension
and cardiovascular diseases. Serum CRP levels exceeding 3.0 mg L™*
are indicative of risk of diabetes. NS1 is a 46 kDa non-structural protein
of Flavivirus widely used to diagnose dengue (Parkash and Hanim
Shueb, 2015). In the first week after the onset of Dengue symptoms,
NS1 can be detected in a concentration (Alcon et al., 2002) of 0.04-2.00
pg mL~?! in serum. Alpha-sync, a protein predominantly expressed in
neural tissue, is essential for synaptic functions by augmenting trans-
mitter release from the presynaptic terminal. Dysfunctional regulation
of a-sync is directly related to the pathogenesis of Parkinson's disease.
Alpha-sync antibodies interact strongly with different epitopes of this
protein and have different specificities towards different oligomers of a-
sync, and their use as a receptor is a matter of controversy. Thus, we
used a-sync as a receptor in order to detect its antibody, enabling us to
evaluate the effect of a small receptor (14.4 kDa, a-sync) to detect a
larger target (150 kDa, the a-sync Ab). Human IL-6 is a 26 kDa
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glycoprotein and a member of the cytokine family, which affects the
functionalities of the immune system. It is involved in the differentia-
tion process of myeloid cells and in homeostatic and neuroendocrine
functions. (Barton, 1997) The overexpression of IL-6 is associated with
cardiovascular disease, osteoporosis, diabetes, arthritis and tumors.
Increasing interest has focused on the association of IL-6 with cardio-
vascular disease. This is the first attempt at detecting IL-6 using an
impedance spectroscopic method.

The electrode pretreatment, electrochemical measurements and
fabrication of the biosensing interface are detailed in the
Supplementary material.

3. Results and discussion
3.1. Electrochemical capacitance and electric field screening

We recently demonstrated that physical and chemical concepts at
the nanoscale are unified for electronics and electrochemistry based on
the meaning of C; (Bueno, 2018). Theoretical and experimental in-
vestigations into the impedance of redox-active switches reveal that the
timescale is controlled by quantum resistive-capacitive characteristics.
The implication is that the electrochemical reaction rate in these
switches is governed by k =1/R;C, = G/Cs, where G=1/Rq is a
quantized conductance (Landauer, 1992) acting as a quantum channel
connecting the molecular switches to the macroscopic electrode, as
depicted in Fig. 1b. If an interface containing an ensemble of individual
capacitive switches is arranged with receptors upon it (Fig. 1c), a sen-
sorial interface is constructed (Bueno et al., 2017). The sensitivity of the
binding of a target analyte to the receptor can be monitored by mea-
suring Cg, because the electrochemical potential at the gate of the
switches varies in the presence of a bond between receptor and target.
This variation is triggered by Cz. C; is a series contribution of two
different capacitances, such as: (Bueno et al., 2015; Biittiker et al.,
1993)

1 1
=|— 4+ —
&+ 2)

where C; is the ionic capacitance of the interface (Hudari et al., 2018)
(normally modeled by double layer capacitance) and C; = e/ is the
quantum capacitance associated with the accessible electrochemical
density of states (Bueno and Davis, 2014b; Bueno et al., 2017), ./,
within the switches. Eq. (1) predicts double layer capacitive effects and
also considers quantum capacitive effects associated with the charge of
the electronic states of the switches, which includes consideration of
Thomas-Fermi electrical field screening, where x = (C,;/arao)”2 is the
Thomas-Fermi wave vector. The length scale associated with the
Thomas-Fermi wave vector rules the potential decay related to the
screening of the electric field (Gutierrez et al., 2017; Lehr et al., 2017).

The dominance of Thomas-Fermi over Debye screening is thus a
matter of electronic control over ionic dynamics to accommodate
electric field variations as a function of redox modifications prevailing
at the interface. Both ionic (distinguishable particles) and electron
(indistinguishable particles) dynamics are engrained in experimentally
resolved C; of the switches. For instance, assuming a Boltzmann ap-
proximation and considering that screening is governed by ions (in a
pure non-faradaic charge at the interface), then ./« exp[—eV /kpT]
corresponds to the concentration of the ions in the bulk solution, where
kg is the Boltzmann constant and T is the absolute temperature. Thus,
Debye length can be determined from the Thomas-Fermi wave vector,
recovered as x = [(2e2./7)/(go: ks T)]"/> and embedded in the Debye-
Hiickel model (Grosberg et al., 2002; Levin, 2002), which demonstrates
that the double layer phenomenon is only an approximation of Eq. (1)
(Lehr et al., 2017). On the other hand, upon assuming a pure faradaic
charge at the interface, governed by electron dynamics only so
A" (1+exp[—eV /kgT])™!, ./ now corresponds to the electrochemical
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density of states associated with the C, term and the fluctuation of
electric potential is distributed according to Fermi-Dirac statistics, no
longer following Boltzmann considerations.

In summary, both faradaic and non-faradaic electrochemical pro-
cesses are approximations of an identical mesoscopic effect governed by
ionic or electronic dynamics. The mesoscopic model, as predicted in Eq.
(1), incorporates the two effects realistically. Electrolyte-gated FETSs
and OECTs are ruled by Debye screening while, remarkably, MOEFES
can be designed to follow Thomas-Fermi screening.

3.2. Mesoscopic electrochemical transistors and electrochemical
capacitance

We will now demonstrate that Eq. (1) complies with the design of
switchable FETs in the equilibrium state and that MOEFES can be ruled
solely by Thomas-Fermi screening. Let us begin by considering that the
potential difference between redox switchable gates and the electrode is
Vs, onto which a sinusoidal perturbation, V (w), is applied (see Fig. 1b)
to attain the impedance. The potential in the quantum channels, V,, is
dependent on the electron density in the channels, N,, such as

Ve= Vg — eNe/C;, (2

where g, = eN; is the charge in the channels and eN./C; is the potential
of electrons in the channel electrostatically equilibrated by the elec-
trolyte. The capacitance in the gate can therefore be written as
dq./dV; = (dq./dV.)(dV./dV;). Now, by applying the derivative of Eq.
(2) with respect to Vg, one reaches dV,/dV; = 1 — [(1/C;)(dq,/dV;)], and
thus, Eq. (2) can be rewritten as

dg.

dg,
dvg ~ av. ’ 3

By assuming that dq./dV; is the equivalent capacitance, i.e., the Cy
of the system, and noting that dq,/dV; is the quantum capacitance, C,,

we thus obtain
1 1
==+ —.
G G

- [ )

The capacitance of the gate is thus governed by C,and notably, Eq.
(2) is recovered, quod erat demonstrandum. The inverse of C; thus drives
the field effect, which demonstrates, by experimentally accessing C,
that the thermodynamic properties of the redox switches are traceable,
so that molecular changes are perceptible. It should be noted that the
analysis of energy storage (Miranda and Bueno, 2016) in redox switches
leads to E = q?/2Cy, where q is the electric charge. Variations in this
energy due to the occupancy of the quantum states within C; are re-
ported through derivatives of E with respect to the charge (Luryi,
1988), resulting in dE/dq = q/Cg, which is explicitly associated with a
AVg, from where field effects can be monitored.

We now will provide experimental evidence that corroborates the
aforementioned concepts. Our aim, in particular, is to show how the
“size” ratio of the target to receptor is coupled to molecular switches.
This ratio impacts x~! = (g:£0/Cp)"/?, which is the length scale that
governs sensitivity.

11 49
G dVg

C,+ G
C,G

L_ dVG

Cx B dqc

3.3. Experimental validation of the field effect and mechanisms controlling
the sensitiveness

Fig. SM1 shows the variation in C; of an interface comprising CRP
Ab receptors bonded on 16-MHDA/11-FcC, serving as a MOEFES to
monitor neighboring CRP recognition. The MOEFES architecture pro-
vides a comparable magnitude of C; signal, no matter what type of
molecular construction (peptide or alkane thiols) is used to anchor the
switches to the electrode. Also, the limit of detection (LoD) obtained for
the detection of CRP by capacitive methods are in between 5 and 250
pM and compares quite favorably to other methods (Bing and Wang,
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I Fig. 2. This figure illustrates the con-
formations and structural configura-
tions to design a mesoscopic organic
electrochemical transistor using redox
— switches as gates, receptors and targets

Biosensing interface

transducer (as assay components) of different size

ratios. Since sensitivity is controlled by

] the range of the field effect, which in
electrode

turn is governed by the length scale
associated with 1/Cy, then: a) illustrates
cases where an intermediate sensitivity
is predicted, while b) illustrates the
best expected sensitivity, and c¢) shows
the worst.

Influence of the molecular weight of the target on the system's sensitivity. Assays based on 16-MHDA/11-FcC mixed molecular layers.

Target Molecular weight (kDa) Sensitivity [% (mol L™1)]*
Cecchetto et al. (2017) NS1 46 14
Fernandes et al. (2015) CRP 118 30

a-sync Ab 150 84

@ Sensitivity obtained from the slope of the analytical curve expressed as a relative response (RR) per decade of antigen.

Table 2

Influence of the target's molecular weight and the receptor rate on the system's sensitivity. Assays based on redox peptide monolayers.

Target Target molecular weight (kDa) Receptor molecular weight (kDa) Sensitivity [% (mol L™1)]*
Fernandes et al. (2015) a-sync Ab 150 14.4 84
Piccoli et al. (2018) CRP 118 150.0 11+1

CRP 118 ~ 2.0 88+ 4

@ Sensitivity obtained from the slope of the analytical curve expressed as a relative response (RR) per decade of antigen.
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Fig. 3. a) Analytical curves showing the sensitivity achieved for different target-to-receptor size ratios. b) The same as in a), but comparing how different (aptamer or

antibody) receptor sizes respond to the same target (CRP).

Table 3
Sensitivity and target-to-receptor “size” ratio. Pep and FcC are abbreviations for
the receptor anchored on peptide or alkane thiol layers.

Interaction Ratio (target/receptor) Sensitivity [% (mol L™ H®
IL-6pep Ab /IL-6 0.17 -

NS1g.c Ab/NS1 0.30 14

CRP,e,Ab/CRP 0.79 11

CRPg.cAb/CRP 0.79 30

Qa-Syncg.c/a-sync Ab 10.41 84

DNApep/CRP 59.17 88

@ Sensitivity obtained from the slope of the analytical curve expressed as a
relative response (RR) per decade of antigen.

2017; de Avila et al., 2013; Guo et al., 2018; Yang et al., 2014) in which
the lowest LoD reported was c.a. 180 pM (Bing and Wang, 2017). As
described in the experimental section and Supplementary material, the
molecular coverage is directly proportional to the capacitance and was
carefully taken into account in this analysis where they are same for the
different redox switch films. One could argue that the target binding is
offsetting the reversible potential, but is not the case as we demon-
strated previously (Bueno et al., 2017). There is no change in the re-
versible or formal potential of the electrode as targeting is binding to
the receptors (see Fig. 2b of reference (Bueno et al., 2017)).

In Table 1, note the explicit effect of the molecular weight of the
target protein on the sensitivity when using solely ferrocene-terminated
alkane thiols. The higher the molecular weight the greater the sensi-
tivity. The intrinsic transducer characteristics of the 1/C;; signal and the
associated Thomas-Fermi electric field screening characteristics
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enabled us to determine how sensitivity operates in redox-active mo-
lecular films. Assaying CRP, NS1, a-sync Ab (Fernandes et al., 2015)
and IL-6 requires biological receptors of different molecular weights.
For CRP assays, CRP Ab, a molecule of 150 kDa, was used as the re-
ceptor (Fernandes et al., 2015), whereas for a-sync Ab assays a receptor
possessing a molecular weight of 14.4 kDa (Fernandes et al., 2015) was
used. The capacitive sensing for a-sync Ab showed three-fold higher
sensitivity than for CRP-Ab/CRP assays.

Differences in the performance of the assay to detect CRP and o-
sync Ab are related to the electrochemical potential [AV; = A(q/Cp)]
triggered by variations associated with changes in the electron occu-
pancy of the switch, as induced by variations in the chemical potential
at the interface. Thus, the results described in Table 1 and 2 are in-
terpreted based on variations (Bueno et al., 2015) in the occupancy of
the switch, which depend on the response of the electronic structure of
the interface to variations in the chemical environment, according to
Eq. (1). When this faradaic interface is electrochemically interrogated
and variations in C; are tracked, it is predicted that the higher the
molecular weight of the target, the greater the impact of variations in
the chemical potential at the interface, thus proportionally affecting the
redox activity and the occupancy of the electrochemical states. In other
words, the impact of variations in the target's chemical potential in-
duced by the receptor size (inferred from the molecular weight) is re-
cognized by the redox switches through variations in the field effect
related to Cg, according to the equivalence between Egs. (1) and (4),
which confirms that the switches actually act as quantized electro-
chemical gates (Bueno and Davis, 2014b; Bueno et al., 2017).

Our search on biosensors in the literature found no previous work
demonstrating label-free capacitive resolutions at the molecular level
such as those addressed here. This means that the field effect char-
acteristics of MOEFES can now be evaluated in depth. The distance
between the biological recognition center and the switch gate, whose
possibilities are illustrated in Fig. 2, is presumably an important factor.
It is the range of the electric field, or the range of the electrochemical
potential of the redox gates, that governs the sensitivity. The target-to-
receptor size ratio serves as an estimate of the range to be attained by
the electric field, which is herein inferred from the ratio between the
molecular weight of the target and that of the receptor.

Tables 1, 2 (and Fig. 3, visually) show the variances between the
molecular weights of receptor and target obtained in different assays.
Piccoli et al. (2018) work (Table 2) reported on the sensitivity of dif-
ferent molecular weights of the receptors (CRP Ab and CRP DNA ap-
tamer) to sense the CRP target. Not surprisingly, the relative percent
response of the variation of 1/C; as a function of CRP concentration,
using CRP Ab (11 * 1) as receptor, was almost eight times lower than
the homologue receptive aptamer (88 + 4). Because of the length scale
of the 1/C;; signal range, the smaller the biological receptor the greater
the sensitivity. Consequently, a larger molecular target associated with
a smaller receptor provides a considerable improvement in sensitivity.

To confirm the hypothesis that sensitivity is associated with field
effect characteristics and length scales of the capacitive signal, we took
the redox peptide switch used in the work of Piccoli et al. (2018) as the
molecular layer to support a receptor of the largest possible size.

The receptor, the Ab IL-6 protein of 150 kDa, could therefore not
reasonably sense a small target IL-6 of only 26 kDa (see Fig. 3), i.e., the
smallest possible target-to-receptor size ratio of this work (Table 3). The
larger receptor caused a significant impediment preventing the capa-
citive signal of the switch from sensing the target. Hence, the range of
the electrochemical potential of the redox gates was no longer suitable
for detecting the binding event. In fact, the IL-6 Ab used as a receptor to
detect IL-6 is the smallest target-to-receptor size ratio our research
group has tested so far. Accordingly, the molecular weight of IL-6 was,
comparatively, 1.8-fold lower than NS1, 4.5-fold lower than CRP and
5.8-fold lower than a-sync Ab targets. Note that albeit the ratio of
CRP,.,Ab/CRP and CRPr.cAb/CRP is the same because both assays
have the same receptor and target (i.e. antibody for CRP and CRP), the
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slight difference observed in their sensitivities are associated with dif-
ferent molecular films used to support the receptor. Because these
molecular films are electronically and electrostatically different, though
slightly, the sensitiveness is influenced by these distinct characteristics.
Nonetheless, the influence of target-to-receptor size ratio is significantly
higher.

4. Conclusions

In this paper we demonstrated that the sensitivity of a mesoscopic
electrochemical capacitive assay comprising of redox molecular films
(containing biological receptors) is strongly based on target-to-receptor
size ratio which is controlled by field effect characteristics of the in-
terface. The target-to-receptor size ratio was verified in different mo-
lecular films composed of thiolated or peptide structures. As expected,
receptive interfaces in which the target has a larger molecular weight
than the receptor is demonstrated to have greater sensitivity than those
in which a large receptor was used to detect small targets. The highest
degree of sensitivity was observed in structures that were molecularly
engineered to have the smallest possible receptor to detect the largest
possible target. The limitations of these mesoscopic sensors are on the
stability of the interface, which requires an accurate control of the
molecular scale roughness of the interface. Future works are needed to
a better understand of how the electronic structure of these electro-
chemical molecular junctions, in contact with different solvents, affects
the field effect and sensitiveness.
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