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How Biorecognition Affects the Electronic Properties of
Reduced Graphene Oxide in Electrolyte-Gated Transistor

Immunosensors

Matteo Sensi, Rafael Furlan de Oliveira, Marcello Berto, Alessandro Paradisi,
Pierpaolo Greco, Carlo Augusto Bortolotti, Paolo Samori, and Fabio Biscarini*

Ambipolar electrolyte-gated transistors (EGTs) based on reduced graphene
oxide (rGO) have been demonstrated as ultra-sensitive and highly specific
immunosensors. However, the physics and chemistry ruling the device
operation are still not fully unraveled. In this work, the aim is to elucidate

the nature of the observed sensitivity of the device. Toward this aim, a
physical-chemical model that, coupled with the experimental characterization
of the rGO-EGT, allows one to quantitatively correlate the biorecognition events
at the gate electrode and the electronic properties of rGO-EGT is proposed.
The equilibrium of biorecognition occurring at the gate electrode is shown

to determine the apparent charge neutrality point (CNP) of the rGO channel.
The multiparametric analysis of the experimental transfer characteristics

of rGO-EGT reveals that the recognition events modulate the CNP

voltage, the excess carrier density An, and the quantum capacitance of rGO.
This analysis also explains why hole and electron carrier mobilities, interfacial
capacitance, the curvature of the transfer curve, and the transconductances
are insensitive to the target concentration. The understanding of

the mechanisms underlying the transistor transduction of the biorecognition
events is key for the interpretation of the response of the rGO-EGT
immunosensors and to guide the design of novel and more sensitive devices.

However, an in-depth quantitative analysis
of its results is still missing. In most cases,
the dose curve, built out of the electronic
response in the current of the transistor,
mainly from the transfer curves recorded
at different analyte concentrations, is fit to
an isotherm, such a Langmuir type, Hill
type,l®! or other less common isotherms,
e.g., Frumkin,®’ Guggenheim-Anderson—
Bethe, ' uniform Langmuir type.['"12 This
practice rests on three underlying assump-
tions: a) the system is at chemical equi-
librium, b) the concentration (more pre-
cisely the activity) of the specific probe is
notably inferior when compared to one of
the target analytes, and c) the signal of the
transducer (measured as relative variation
of an observable with respect to a control
experiment) is linearly correlated with the
population of occupied sites of the probe
used for specific recognition. These three
assumptions often do not hold in relevant
experimental scenarios, for instance, the
one in a) upon non-equilibrium conditions
or in flow experiments (vide sub), the one
in b) when the concentration of analyte is

1. Introduction

During the last decade, gate-functionalized electrolyte-gated
transistors (EGTs) emerged as ultrasensitive biosensors.'”’]

ultra-low, while for c) it may be true in the linear region of the
transistor, but not in others. If on the one hand, this bias may not
affect the shape of the dose curve, it poses serious limits both on
the correctness of conclusions about the biorecognition events,
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and, also on the extraction of quantitative parameters related to
the sensing experiment, such as the limit of detection , the as-
sociation constants, or other thermodynamic parameters that re-
quire a more insightful level of analysis that should encompass
the operational gate voltages (V).

More importantly, the transistor current transfer curve that
gives origin to the dose curve, and ultimately to the sensor pa-
rameters, depends on the type of material used, such as organic
polymers, organic molecules, carbon nanotubes, graphene, and
related materials, or others. One can reasonably argue that the
transfer curve significantly differs depending on the materials
used and the relevant interfaces. Their devices would exhibit dif-
ferent subthreshold regions and linear and saturation regimes,
and in the case of materials that exhibit ambipolar behavior, there
might be no significant off-current. A qualitative attempt to cor-
relate the sensitivity to the exponential density of states of an
ordered organic semiconductor was reported for pentacene.!3]
No universal approaches aimed to model the transduction of the
biorecognition event in terms of the properties of the transistor
active material in the description of the sensor were made.

This paper aims to answer the central, yet unaddressed, ques-
tion for EGT immunosensors: what is the relation between the
biorecognition events and the response of the device in terms of
the electronic properties of the active material used in the tran-
sistor channel? Responding to this query not only will bring im-
portant knowledge into the field, but also enable researchers to
establish a rational method of analysis that treats the whole set
of experimental data, without loss of information or discretional
selection of data, for instance, the arbitrary delimitation of the lin-
ear regime, or the a priori assumption on the type of isotherm.
Electrolyte-gated transistor biosensors can also operate in time-
dependent experiments,['* %l or upon administration of pulsed
voltage trains,['’] or upon a flux in microfluidics circuits,'*1#!
where the dose curves are extracted from the time-dependent re-
sponse. These time-dependent experiments, which are also based
on some initial assumptions on the kinetics of biorecognition,
will not be discussed in this paper, as the present work is con-
ceived to describe systems under thermodynamic equilibrium.

The contribution of our approach stems from the semicon-
ductor constitutive equations of the electronic structure of re-
duced graphene oxide (rGO) and the thermodynamics equations
of equilibrium, which allows us to avoid phenomenological as-
sumptions and treat the specific biorecognition on the same foot-
ing as the electronic structure of the channel material. The main
results consist of the identification of the effect of biorecognition
on some of the relevant materials properties, and, not intuitively,
the explanation of the concentration-independence of both the
curvature at the charge neutrality point (CNP) and the transcon-
ductance.

In Section 2, we describe the equilibrium established at the
gate electrode first upon incubation in the target analyte solu-
tion, and then when immersed in the gating electrolyte of the
EGT. The gate electrode is functionalized with an antibody as the
probe. In Section 3, we analyze how the resulting equilibrium
affects the electro-chemical potential profile of the rGO-EGT and
derive the expression for the voltage at the charge neutrality point
versus concentration of the target analyte that allows us to ex-
tract both the true equilibrium constant of binding between an-
tibody and target, and the density of antibodies which is an im-
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portant process parameter. In Section 4, we determine the capac-
itances and analytically solve the equation describing the free en-
ergy profile in the rGO-EGT for the excess charge carrier density
in the rGO channel. Finally, we derive an analytical expression
for the ambipolar transfer curve of rGO-EGT immunosensors
that contains the information on the biorecognition events, and
from there we extract the values of charge carrier mobilities and
capacitances.

2. Equilibrium of the Gate Electrode with the
Electrolyte

2.1. Equilibrium Between Gate Electrode and Target Analyte
Solution

In our model, we first describe the ex-situ incubation of the gate
electrode, functionalized with the recognition probe, in an aque-
ous solution containing the target analyte, by expressing the bind-
ing constant of the probe/analyte pair. In this way, we determine
how the equilibrium occupation of the probe molecules bound
to the gate electrode is determined by the analyte concentration.
This part of the model can be applied also to any functionalized
electrode and is not characteristic of rGO transistors.

Figure 1a schematically shows the functionalized gate incu-
bated in the target analyte solution of initial concentration [X], =
c and then exposed to the electrolyte bridging gate and channel
in the rGO-EGT. In Figure 1a, the electrode is incubated in a so-
lution containing a target analyte, and the binding process at the
gate (G) surface can be written as: Xso)TP(c) 2 PX ()

The surface binding is assumed to obey thermodynamic equi-
librium governed by the association constant K,:

_ [PX]q _ Hopx—Hop — Hox
e (et s .
[Pl [X] RT

where [X] is the concentration of the free analyte in solution, [P
of the free probe on the gate electrode, and [PX]; of the probe
bound to the target analyte on the gate electrode at equilibrium.
In the sensor literature, it is often reported the dissociation con-
stant K; = 1/K, . The u, terms are the standard chemical poten-
tials of the different species, while R is the ideal gas constant
and T'is the temperature in kelvin. Consistently with equilibrium
equations, all concentrations should be considered as activities,
expressed in molarity values without the physical dimension M
(mol dm™) for solutions else as molar density in mol dm= for
adsorbed species.

Based on the control experiments,'”) we neglect the non-
specific adsorption. Then, the initial analyte concentration ¢ =
[X] + [PX]; and the initial probe concentration on the gate
electrode [P]¢, = [P]g + [PX]; both express mass conservation.
Then, we re-write Equation (1) as [PX]; = K, ([Plgo — [PX]c)(c
— [PX]¢), whose physical solution yields the gate bound fraction
[PX] /[Plg as:

(PXlg 11+ Ko+ K[Ploo} - V/1+ 2K, (c+ [Plgo) + K2(c = [Ploo)’
[Pleo 2K, [Plgo

(2)

Equation (2) expresses the equilibrium fraction of the probe-
target bound to the gate, at a given concentration ¢, as a function
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Figure 1. Equilibria involving the gate electrode. a) Scheme of the equilibrium established upon incubation of the gate electrode in the solution containing
the target and of the equilibrium established upon dissolution of the bound target into the gating electrolyte of the rGO. The figure schematically depicts
the probes (antibodies) in light blue, the red inverted triangles representing the target analyte. b) Plot of the equilibrium bound pair fraction [PX]s /[PX]co
versus K,c for different K, [P]¢o, from 1077 (black) to 102 (pale blue) for the incubation in target solution. c) Equilibrium fraction [PX]c /[Plgo Versus K,c
for different values of K,[P]go from 1077 (black) to 10 (pale blue), for the incubation in EGT gating electrolyte.

of the initial probe concentration [P], on the gate electrode and
the equilibrium constant K. Here, [P];, depends on the func-
tionalization process of the gate electrode, and thus can be used
to assess the reproducibility of the functionalization protocol.
For small ¢ values (c<<1/K, which means on the left tail of the

dose curve) the Taylor series expansion of Equation (2) yields
PXlg . _ Ke

[Plco 14K, [Plgo . .
target bound fraction at low ¢ values. The slope is ca equal to K,

for K,[P]o<<1; smaller than K, when K,[P];,<1 (implying that
not all probe is bound), while it tends to 1/[P];,when K, [P];,>>1
when the probe is bound. This outcome hints at the fact that
the sensing gate endowed with a high probe concentration (com-
pared to 1/K, value) will capture all analyte molecules in the solu-
tion. We highlight that for K,[P];,>>1 the fraction of bound an-
alyte [PX]. /[Pl ~ # is independent of the K, value, with the

GO
apparent constant of the linear response being proportional to

. This is consistent with the linear increase of the

Adv. Funct. Mater. 2024, 34, 2313871 2313871 (3 Of14)

1/[P]c,- Since in literature it is common to associate the fraction
[PX]s/[Plcoto the immunosensor signal, and the slope of the lin-
ear response to the equilibrium constant K,, this result demon-
strates that this assumption may be wrong in some conditions as
high affinity constant/high probe density.

Figure 1b shows the concentration-dependence of the target-
bound fraction of the probe for the equilibrium with the target-
containing solution. We discuss the curves in view of the renor-
malized variable K, ¢ for different values of K, [P],. For K,[P]¢, <1
the curves collapse into a curve resembling Langmuir isotherm,
viz. they are all linear versus K,c around K,c = 1 with their lin-
ear trend spanning ~ + 2 decades around the inflection point.
All curves saturate to the unity plateau for K,c>>K,[P]s,. The
slope is steeper when K, [P]c,>1 with the slope equal to 1/[P]¢,
as explained in the previous paragraph. The curves exhibit a
horizontal shift to the right for increasing K,[P], (whose value
is the inflection point). To summarize, Langmuir-type trend is

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80|7 SUOWLWOD dAea.D 8|qedl|dde ayy Aq peusenob ae Ssple YO ‘@SN JO s8N 10} A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W00 A3 1M AReIq 1 [Bul|UO//:SANY) SUORIPUOD PUe Swie | 8u S *[7202/50/60] Uo Arlqi]auljuo eI ‘8oue. aueIyo0D Aq T/8ETEZ0Z WPR/Z00T OT/I0P/W0D A 1M Afeiq1jul|uo//Sdny woJj papeojumod ‘6T ‘vZ0Z ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

when K,[P]c,<1, viz. low probe concentration and/or low K,
while the trend is superlinear for K,[P];,>1. The curves that
obey the condition K,[P];,<1, collapse around the same in-
flection point (weakly dependent on K,). We infer from these
simple equilibrium considerations that the deviations from the
“true” Langmuir-type behavior shall be expected when K, [P];,>1,
which is consistent with a functionalization process yielding high
probe density and/or large equilibrium constant. The process-
dependent parameter [P]g, determines the apparent binding
constant of a (pseudo)Langmuir isotherm that in the litera-
ture is often fitted through the experimental data. This is a
caveat about the heuristic, acritical, adoption of Langmuir (or
other isotherms) in interpreting the data from the immunosen-
sor and extracting from them a value for the affinity binding
constant.

We point out that this equilibrium model directly ap-
plies to the case of EGT immunosensors where the elec-
trolyte containing the target analyte is also used to oper-
ate the EGT immunosensor. The only strong condition of
our model is that the non-specific adsorption of the analyte
is neglected both onto the electrode (here the gate, which
is however functionalized with an anti-fouling bovine serum
albumin(BSA)/self-assembled monolayer(SAM) bilayer in the
voids) and onto the semiconductor channel of the EGT de-
vice.

2.2. Equilibrium Between Incubated Gate Electrode and Gating
Electrolyte

After the incubation, the gate electrode is immersed in the PBS
electrolyte that connects the gate electrode to the rGO channel,
as depicted in the second row of Figure la. Once the EGT is con-
tacted through an electrolyte not containing the analyte, a new
equilibrium is established in the rGO-EGT and a fraction of the
analyte can be released from the probe, attaining its final equilib-

(PXe—1X)r . We solve for [X] to

rium concentration [X]; = TPl PXI H I,

obtain:

—{1 - K,[PX]g + K,[Plgo} + \/{1 = K[PX]g + K,[Plgo}” + 4K,[PX]g
2K,

a

[X]g =

By plugging Equation (2) in Equation (3), we obtain the frac-
tion of the probe bound to the analyte on the gate after the final
equilibrium is attained in the rGO-EGT:

[PX]ge _ 1

P ™ X {{2+K, (c = [PX]g) +2K,[Plg, }

_\/1 + 2K, (c+[Plgy) + K2(c - [P]c,o)2

V0= KX+ KPP 4P | 8

As expected, the equation returns 0 when ¢ = 0. In anal-
ogy with Figure 1b, in Figure 1c we plot the equilibrium val-
ues of [PX]cs /[Plgo (the free analyte [X]¢/[P]c, Will be its com-
plement to unity) as a function of K,c for various values of
K,[P]co- When K, [P]g, < 1 the fraction of electrode-bound
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analyte [PX]cs /[P]go is very small and becomes almost neg-
ligible in the regime where K, [P];,<<1. The analyte initially
bound to the functionalized electrode is, de facto, completely
detached at any concentration ¢, thus the electrode is insen-
sitive to the analyte concentration. This appears as close-to-
zero-value darker lines. Hence, to avoid the consequent loss
of sensitivity toward most of the bound analyte from the gate
electrode, it is necessary that the electrode attains a probe
concentration of at least [P]g, ~<1/ K,. This condition is in-
deed obeyed by the medium-light curves in Figure 1c, from
K,[Plgy = 0.01 to K,[P]g, = 1. When K, [P]g, >> 1 the frac-
tion of bound analyte [PX];,/[P]c, is dominant with respect
to the fraction [X]¢/[P]g, it solution. This is indeed the con-
dition recommended for effective sensing aimed to minimize
the casual non-specific adsorption on non-functionalized device
interfaces.

In brief, this simple analytical calculation provides us a
guideline for the design rule of the sensor, completely gen-
eral from the nature of the target analyte. Finally, we point
out that all the curves in Figure 1c exhibit that the range
where the electrode is mostly sensitive to the concentration ¢
is the region that stretched about two decades around the in-
flection point. Thus, the range of maximum sensitivity is set
by the thermodynamic affinity binding constant as well as by
the initial probe concentration of the gate electrode. This high-
lights, once more, the importance of the electrode functional-
ization step in maximizing the performance of the immunosen-
SOL.

The equilibrium equations, upon the assumptions made, are
independent of the channel material, thus they may apply to any
EGT immunosensor (and possibly EGT sensors with aptamers,
oligopeptides, and oligonucleotides establishing a one-to-one as-
sociation with the target analyte) whereby biorecognition takes
place exclusively on the gate.

3. Electrostatics of the rtGO-EGT

3.1. Voltage Profile Across the rtGO-EGT

Now we calculate the potential profile across the whole rGO-
EGT, to obtain the voltage difference V;s—Vyp between the ap-
plied gate voltage V5 with respect to the charge neutrality point
Venp Which is the minimum of the transfer curve where an
equal concentration of charge carriers (holes and electrons) in
rGO exists. Then, we relate it to the excess charge carrier density
in rGO.

We start the model from literature, e.g., Refs. [20-24] that de-
scribes the capacitive coupling in the rGO-EGT, and we modify
it by explicitly introducing the voltage drop at all relevant inter-
faces that exist in the rGO-EGT immunosensor.[>>?%] These are
depicted in Figure 2a. Starting from the rGO-electrolyte interface,
the electrolyte bath potential Vi (c) is shifted by the final equilib-
rium concentration of the analyte [X]; as V}, (c) = Vi,o+ % +
R—: In[X]¢(c). Here F is the Faraday constant, and g is a nomi-
nal charge that accounts for electrostatic effects associated to the
species involved in the equilibrium. The potential V , relates to
the chemical potential of the electrolyte in the absence of the tar-
get analyte.
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Figure 2. Electrostatic potential profile across the EGT a) without and b) with the target analyte bound to the probe on the gate electrode. The colors of
the layers reflect the ones in the upper sketches. c) Electrostatic potential profile as described by Equation (8). d) Fit of the AV versus ¢ experimental

values using Equation (10). Each data point (filled square) is the mean value

obtained from 5 datasets, with the standard error of the mean as error bars.

The weighted best fit line (dashed line) is shown and the best fit parameters values are K, = 1.81x 10", [Plgy = 1.24 X 1078, g = 8.44, 11 pxc+Ho,pG
=181 k) mol~. In red the mean Alcyp versus ¢ is shown, with a dashed line linear fit to guide the eye. e) The black squares are the values of [PX]c¢
versus ¢ calculated with Equation (4) and introducing the parameters K, and [P]go determined from the fit in panel (d). The red line is the conditional
probability ([P]go-[PX]gs) [PX]gr versus c. f) Fit of the mean Alcyp versus AVeyp. The dashed line is the result of the best fit of Equation (16). The error

bars are the standard error of the mean (SEM) obtained from five datasets.

The voltage drop between the electrolyte bath and rGO is dis-
tributed between two terms on the right-hand side of the next
equation:[?%]

1 1
Vi (c) = V, =e|An|(—+—>
| b CNP'Ol ¢ (An) ~ Cpren

_ V.ol Vo |An] + |An| -e
e

CDL,Ch

©)

The first contribution is ascribed to the quantum areal
capacitancel?*2-31 of rGO:

e?+/|An| e’+/|An|
C,(An) =« =
Rlvg| VI R |vgco| VE
Here, rGO is treated as a pure 2D graphene rescaled by a fac-

tor a that accounts for the chemical inhomogeneity of rGO and
the appearance of the band gap in place of the Dirac point; the

(©)
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second term in Equation (5) is ascribed to the areal capacitance
Cpycn of the electrical double layer due to ion re-organization at
the interface with the rGO channel. The two in-series areal capac-
itances C, and Cp, (, are schematically depicted in Figure 2a—c.
The term to the left of Equation (5) expresses the potential dif-
ference gating the rGO channel, whose potential is pinned by
the potential source, as shown in Figure 2b. The change of the
potential difference at the rGO/electrolyte interface induces the
variation of the charge carrier areal density An in the rGO chan-
nel, as described by the right-hand side of Equation (5). The
charge neutrality voltage Vi, is referred to as the rGO in the
electrolyte bath in the absence of the analyte; 7 is the reduced
Planck constant. We term as vy ¢, the Fermi velocity v of Dirac
electrons in graphenel??32! divided by the disorder parameter a.
We assume that both C; and Cp; ¢, have the same electroactive
area, which is appropriate for rGO in an electrolyte medium,
but not in the solid state. This implies that the rGO layers sum
up their respective single-layer quantum capacitances as they
were in parallel (and not in series despite the stacked architec-
ture) and the interfacial surface accessible to ions scales as the
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number of layers or nominal thickness. In other words, this as-
sumption underlines a “volumetric scaling” of the capacitance of
rGO, a feature that is considered distinctive of OECTs rather than
EGTs.

The gate voltage drop depends on the equilibria on the gate
[PX] Because the gate electrode is connected to the high-force
channel of an SMU, also its potential is held constant. Then the
changes in gate functionalization will shift the bath electrochem-
ical potential by the same amount but with a negative sign. We
depict the voltage profile with the rapid drop at each interface
with the electrolyte in the right column of Figure 2b. The shift
of the electrolyte bath potential changes the potential drop at the
gate-electrolyte interface. The charge generated in the rGO chan-
nel will be:

Hopxc  Hopc R

Vs = Vo (0 = 2% — B = SLn{[PXIce (0 Pl 9]

AcCpic =elAn|Ag, (N +1) (7)
which allows us to express the electrolyte bath potential as:

elAn| Ag, (N, +1)

Vi (0) = Vs AC
el

- { P+ T+ L ([PXler 0 Pl (c))} ®

Here, we introduce the geometrical area of the gate A; and
the areal electrical double-layer capacitance on the gate elec-
trode Cp; . The effective (electroactive) rGO channel area equals
A4 (N + 1), with A, being the geometric channel area and N; the
number of active rGO layers. The number N; + 1 encompasses
the whole ion-accessible surface area of the electrolyte solution.
By plugging Equation (8) into Equation (6), the equation govern-
ing the dependence of An from ¢ becomes:

_ R |vgco| V7 |An] + e|An|

|VGS - VCNP (C)l e CDL (C)

©)

where Vyp(c) is the concentration-dependent voltage of the
charge neutrality point expressed as:

Vene (€) = Venpo + %l” {([P]GO - [PX]Gf) [PX]Gf}

Hopxc = Mopc
- - 1
(fE ) o

Figure 2c shows the shift AV, (¢) = Veyp (€) = Ve, from
Equation (10) by the contribution to the electrochemical potential
of the anchored probe and probe target. The dependence on the
concentration ¢ is embodied in [PX]¢(c) from Equation (4). We
notice that the capacitance Cp, (c) is absent in Equation (10).

3.2. How to Extract K, from the Shift of the Charge Neutrality
Point

We start now to use our analysis on the experimental data that
were reported recently!’®! with the rGO-EGT immunosensor for
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anti-drug (Infliximab) antibody. The gate is functionalized with
the antibody anti-TNFa Infliximab grafted within the architec-
ture already described. The drawing in Figure 2a | helps us later
to understand the modeling of the interfacial gate capacitance.

The first operation that we carry out is the fit of the shift AV
versus ¢ in Equation (10) using four variational parameters (K,
[Plgor g and poc = HopxgtHopc) and upon fixing and releasing
one parameter in the fitting process. This procedure yields the
equilibrium association constant K, and the initial probe activity
on the gate electrode [P]g,.

The results of the fitting procedure with Equation (10) are
shown in Figure 2d. The best fit yields K, ~ 10" and [P];, =
1078 M. This value agrees with the reported K, of Infliximab-
ATI used here (~10'°-10"").*) This finding confirms the im-
portance of choosing a probe with a large value of the affinity
binding constant K, for a robust response of the biosensor at low
x concentrations.

Figure 2e shows the resulting concentration-dependent frac-
tion of the bound probe as from Equation (2). Hence, the large
K, value makes the electrode in the rGO-EGT retain a comparable
composition as in the equilibrium with the target-containing so-
lution, an ideal situation where the measurement conditions do
not strongly perturb the initial electrode composition. We point
out that in this range of ultralow concentrations, where [P]¢,>>c,
the operations occur in a regime that is distant from the one
described by the Langmuir equilibrium that holds for [P]c,<<c.
Since the shift of the CNP potential depends on (the logarithm of)
the product [P]¢PX]cs, We readily recognize the origin of both
the straight line (following the trend of [PX] at concentration
c<<[P]g,) and the slow decreasing trend of [P] at concentration
¢ & [P]g,- Their (logarithm of the) product, whose meaning is a
conditional probability to find a probe binding site available at a
certain concentration, is correlated with the observed rGO shift
of the CNP. The amount of charge exchanged during the recog-
nition q takes a best fit value of the order of 8. Whether this cor-
responds to an actual charge exchanged in the recognition event,
as in a faradic process, we cannot be certain, so we suggest cau-
tion in this interpretation. However, it may underlie a substantial
electrostatic energy reorganization during binding.

3.3. Interfacial Capacitance of the rGO-EGT

To solve Equation (9) for An(c), we must then assign a concentra-
tion dependence to the in-series effective interfacial capacitance
Cp.(c) that is derived as:

Ag (N+1) 1 -
(c)

1
Cp (¢) = +
o { C‘DL,Ch AC C‘DL,C

The interfacial channel capacitance Cp; o, and N are deter-
mined from the experimental data of the current as fitting pa-
rameters, as it will be detailed in Section 4. In the following, we
explain how to calculate Cp; ;. The gate electrode, which was
already sketched in Figure 2 of Ref., [19] is functionalized by
three different layered species: the SAM (mixed self-assembled
monolayer of mercaptoundecanoic acid and mercapto-hexanol
1:3), the free probes (Infliximab, IFX) and the probes bond to the
analyte (infliximab and antibodies toward Infliximab, [FX+ATI).

(11)
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Table 1. Estimated values of the different components of the gate areal
capacitance in Equation (12). The values for Cgay, Cp, and Cpy are calcu-
lated from the dielectric constant of the specific layer on the gate (€}ye)
and the thickness of the capacitor (d). The values for Cspp p, and Coan px
are estimated as for in-series capacitors. The vacuum permittivity is ¢y =
8.85x107"2 Fm~".

Areal Ca- Equation €layer  Molecular height Estimated values of Areal
pacitance d [nm] Capacitance [F m™?]
Csam ~SAMZQ 2.103] 1.5031 1.2x 1072
dsam
G z% 201%! 1 1.6 x 1072
Cox r B 20 22 8.1x 107
PX
-1
C R+ NA ~12.5 7.0x 1073
SAM,P (CSAM Cp) :
1 13" _
Csamex  ~ (oo * 50 NA ~ 345 4.9x 1073

Because the covering layer is not homogenous, we model Cp,
as three in-parallel capacitors:

Corc (€) = Csambsam + Csamp (1 - GSAM) <1 _ (PX]ee (C))
[Plco
PX
+ Coampx (1 — O5an1) (M) (12)
[Pleo

where the SAM contributes the areal capacitance C,,,, the free
probe C,, and the probe bound to the analyte Cpy. We assume
here that Cp,| . does not depend on Vs, which implies that we
neglect the contribution due to the polarization of the electrode.
To avoid over-parametrization, we look at structural models of
the relevant molecules in the literature to fix the molecular thick-
nesses and dielectric constants of SAM and probe layers and cal-
culate the capacitance values as detailed in Table 1 with their ref-
erences. The coverage 65,,, is the fraction of the gate electrode
area covered by the SAM, hence depends only on the gate func-
tionalization with the probe through the parameter [P];,. We esti-
mate 0,,, by multiplying the surface-projected area of the probe

molecule A ;.. by the areal density of the probe Floo V'l .

robe Ac

for Ogpp =0

Aprobe[Ploo-V-Na
0 Plgo) =1 — o2
{ SAM ([ ]GO) Ac (13)

Osam ([Plco) =0 otherwise

where A .. is estimated in our work equal to 68 nm” from model
structures of the antibody IFX** assuming a standing antibody
with the fc arm perpendicular to the surface, V is the volume of
the drop of solution that contains the target analyte where the
rGO-EGT is immersed (50 ul in this experiment) and N, is the
Avogadro constant. Notice that here [P], has its physical dimen-
sions (M), differently from the previous equations. The formula-
tion of the coverage in Equation (13) as a stepwise function avoids
unphysical negative results for high [P]¢,.

The second and third contributions in Equation (12) repre-
sent the areal fractions of free probe and bound probe respec-
tively, that depend also on the concentration ¢ of the target ana-
lyte through [PX]q¢(c) Equation (4). Using the values reported in
Table 1 and the value 6, = 0.79 (which implies that the recog-
nition antibody covers only 21% of the gate surface) estimated
from Equation (13), we are now able to calculate the gate areal
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capacitance Cp ¢(c) without any further fitting procedure from
Equation (12) at each ¢ value. The corresponding curve is shown
in Figure 3a (blue bold line). This curve undergoes a variation of
less than 5% across the concentration range explored.

As a comparison, the trends expected for other [P];, values
(and the corresponding coverages) are shown as thinner lines,
for two limit values of the affinity binding constant K,. We notice
that at the lowest concentrations, the capacitance is nearly con-
stant to a plateau, and does not exhibit a dependence on the value
of K,. For “small” K, = 10° (dashed lines) the gate capacitance is
insensitive to the analyte concentration. Instead for “large” K,
= 10"! (continuous lines) the gate capacitance exhibits a smooth
monotonic decrease at concentrations ¢ < [P];,, and a more rapid
variation when c is around [P];,. The rapid variation is enhanced
for larger [P];, hence smaller coverage 6,,,. For ¢ > [P]¢, the
trend saturates to a plateau either equal to (in the case of low K)
or lower than (in the case of high K,) of the one at the low con-
centrations. The monotonic decrease is more evident for small
Oy, Mmeaning a larger coverage by the probe.

The effective interfacial capacitance Cp versus concentration
is displayed in Figure 4b for various values of Cp . It shows
a very smooth variation of fractions of a few percent across the
concentration range, depending on the value of Cp o, and N,.
This suggests that the interfacial capacitance does not play a ma-
jor role here in the sensing mechanism of the rGO-EGT im-
munosensor. The concentration dependence of the quantum ca-
pacitance C, versus ¢ and the total capacitance of the tGO-EGT

_ 1 1,1 . . . .
Cot = {Cq(c) + CDL(C)} will be discussed in Section 5.3.

4. Charge Carrier Density and Current in rGO-EGT

We now address the response of the rGO-EGT and the observ-
ables from the electrical characterization of rGO-EGT. In Sec-
tion 4.1, we solve analytically Equation (9) to show the depen-
dence of the concentration on the charge carrier density shift
An(c). Then, in Section 4.2, we derive the analytical expression
for the rGO-EGT current that allows us to global fit the transfer
curves in Section 5.1, from which we obtain the values of Cp; ,
the charge carrier mobilities of holes and electrons, the transcon-
ductances, and the dependence of the carriers at CNP on the con-
centration.

4.1. Concentration Dependence of the Charge Carrier Density

We now solve analytically Equation (9) by recasting it as: Vg —

hlvg ol V7| An| An-
Vo (0) = f—=—+ _CDV:(;-
Ves—Venr(€) leads to the excess areal charge density An = n, -

n,, between the charge carrier areal densities of electrons n, and
holes n, . The sign of An is determined by the sign function f =
sgn(Vgs — Venp(€)): for holes Viog—Vyp < 0and An < 0; for elec-
trons Ves—Veyp = 0 and An > 0. The two carrier densities are
equal at the CNP: when V-V =0, An=0.

The excess charge carrier areal density An,(c) at Voo =0V is
due not only to the doping/oxidation level of rGO, embodied in
Venp,o» DUt also to the concentration of the target analyte and the
functionalization of the gate electrode. When ¢ = 0, An, arises

The gate voltage difference
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Figure 3. a) Gate capacitance Cp, ¢ values, calculated with Equation (15), for different 054y, obtained with different values of [P]g: 1x 1072 (magenta),
1x 1078 (blue, bold), 3 x 1073 (red), 5 x 1073 (black). In each plot, the solid lines were obtained with K, = 10", while the dashed lines with K, = 10°.
The blue bold line represents the Cp g versus ¢ curve calculated with the experimental values of K, and [P]¢, that we obtained from the fit in Figure 2d.
b) Effective interfacial capacitance Cp (c) versus c plot at different Cp ¢, values: 5, 10, 40, 100, and 200 uF cm~2. We take here N, = 1and § =0.79. The
blue bold line represents the Cp (c) versus ¢ curve calculated with the experimental values of K, and [P]g, that we determined from the fit in Figure 2d.
The black dots are the Cp, values calculated from the transfer curve fitting in Section 5.3. ¢) 4 and d) Gy, versus ¢ at different values of Vis-Veyp:
+0.1V (blue), 0.2 V(red), and +0.3 V(black).

from the partial oxidation of rGO and should be regarded as due Equation (9) is a second-order equation whose phys-
to excess/defect of electrons in partially (de)localized states that  ically relevant solution is the root with a negative
are formed due to the presence of oxidated carbon groups. It cor-  sign:

. n N 4 .
responds to the solution of =V o = f M + ?”—"(Oe). This
DL

implies that also the CNP of the rGO-EGT in the absence of the
target analyte is not an exclusive rGO material property, as it also
depends on the gate functionalization through the interfacial ca-
pacitance Cp; (0) with the electrolyte.

At CNP of each concentration Vg5 = Vyp(c), where An =0,
the minimum current Iy, is transported by ncy, electrons and
holes. For Vg =0V and V, < 0V, the states in the gap of the
Dirac (pseudo-)cones of rGO are populated with an excess of elec-

2

V -V
An=f-n, 1_\/ 4 pouiles — fone) DL GS CNP) (14)

e-n,

where we define the density of carriers n, = (M)
Equation (14) is symmetric around CNP. At the CNP it yields
An = 0, while in the proximity of the CNP where W <

trons and the electrochemical potential shift is positive with re-
spectto CNP; for Vg =0V and Vi, > 0V, electrons are removed
from the gap and the electrochemical potential shift is negative.
To summarize, the densities of the two charge carriers are ob-
tained for An > 0as n, = ncyp + Anand ny, = neyp; for An< 0
as n, = neyp 01d Ny = Beyp — An.

Adv. Funct. Mater. 2024, 34, 2313871 2313871 (8 of 14)

[CoL@(Ves—Vene @ _

1, it exhibits a parabolic behavior |An| = prE

SZ

P (Ves = Venp(€))?. Equation (14) also yields the areal den-
sity of carriers Any(c) at Vg = 0 which is the outcome of interfa-
cial doping of the rGO channel once rGO is immersed in the

electrolyte.
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Figure 4. Fitting of rGO-EGT transfer curves. a) Examples of transfer curves with the device exposed to 0 m (solid black), 1 fm (solid red), 1 pm (solid
green), and 1 nm (solid purple) target analyte. The dashed lines are the result of the best fit with Equation (15). Hole (blue) and electron (red) b) sheet
conductance oy and c) excess charge density An versus c, extracted at Vg = —0.3 and 0.3 V, respectively. d) hole (blue) and electron (red) charge carrier
mobilities. Dashed lines are the mean values. e) Transconductance versus c at Vg = —0.3 V (blue) and 0.3 V (red). Dashed lines are the mean values.
f) (left) quantum capacitance Cq versus ¢ with blue squares for holes and red for electrons; (right) the corresponding trend of the total capacitances C,,,

versus ¢ (empty circles).

We point out two important consequences of the result from
Equation (14). Near the CNP the capacitance Cp (c) exactly can-
cels out with that in n,(c) thus the charge carrier density in the
proximity of the minimum depends exclusively on Vyp(c). This
supports the recently published evidence of the concentration-
independent curvature of the current versus V-V (c) near the
CNP that will be discussed in Section 5.1. Far from CNP, where
SoulVesVowl 5 1 Equation (14) becomes |An| ~ S2tles— Yo @]
which describes the linear response of the rGO-EGT as the con-
sequence of the dominant contribution of the interfacial capaci-

Adv. Funct. Mater. 2024, 34, 2313871 2313871 (9 Of14)

tance in Equation (9). In this regime, the rGO-EGT responds as
either an n-type or p-type transistor, depending on the sign of V¢

= Venr(9)-
4.2. Analytical Expression for the rGO-EGT Source—Drain Current
From the excess current density as from Equation (14), the cur-

rent can be analytically expressed starting from linear response
theory, by multiplying the areal density of charge carriers An(c) by

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80|7 SUOWLWOD dAea.D 8|qedl|dde ayy Aq peusenob ae Ssple YO ‘@SN JO s8N 10} A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W00 A3 1M AReIq 1 [Bul|UO//:SANY) SUORIPUOD PUe Swie | 8u S *[7202/50/60] Uo Arlqi]auljuo eI ‘8oue. aueIyo0D Aq T/8ETEZ0Z WPR/Z00T OT/I0P/W0D A 1M Afeiq1jul|uo//Sdny woJj papeojumod ‘6T ‘vZ0Z ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

the charge ¢, the mobility u,, for holes (electrons), the longitu-

dinal electric field % L being the channel length, the channel
width W. The whole transfer curve is described by the following
formula:

[in - (1=f) +me - (1+F)]
2

w
Ins = Ioyp (o) + Teno (c)

Cpy (0) |Vcs = Vene (C)|
1- \/1 + ey (0 Vbs (15)

where I-\p(c) is the minimum current at CNP contributed by
an equal density of holes and electrons, and the function f de-
termines the nature of the carriers transporting the excess cur-
rent. Equation (15) states that, despite the symmetry of the ex-
cess charge carrier density in Equation (14) with respect to the
CNP, the excess current is asymmetric because of the different
mobilities of electrons and holes.

In the proximity of the CNP, the current in Equation (15) yields

~ w e [ (1=f) +pe-(1+)] 2
Ins & Ionp(€) + T 55 Vs ——7—"[ Vs = Venr ()]
L 2zh Vol

w is independent of the concen-
FrGO
tration of the target analyte, in agreement with the experimental

observation in Ref. [19] This approximation explains how the
curvature is a property of rGO through the charge carrier mo-
bilities and the Fermi velocity, because of the parabolic behavior
of the excess charge carrier density near the CNP. However, this
model does not explain the dependence of I,g on the area of the
gate electrode that was also reported in Ref.[19]

whose

t we V.
curvature —— Vg

5. Analysis of the rGO-EGT Ambipolar Transfer
Characteristics

5.1. Global Fitting of the Transfer Curves of the rGO-EGT

The fitting of the excess current transfer curves at each analyte
concentration is performed with Equation (15). The free param-
eters left in the fitting procedure are the charge carrier mobili-
ties, p, and gy, the capacitance of the rGO channel Cp, (,, the
number of layers N, and the Fermi velocity vg (. All other pa-
rameters were fixed by the procedure applied as in Figure 2d. In
Cp, given by Equation (), the gate capacitance Cp, ¢ is calculated
with Equation (12) (this process-dependent property may vary de-
pending on the characteristics of the gate electrode, e.g., polariz-
able versus non-polarizable, and area). The constants are A. =
2.4 x 1077 m?, Ac = 1.23 X 10~ m?, the elementary charge e,
W/L = 100, the reduced Planck constant #, drain-source voltage
Vs = 0.05 V.

Figure 4a shows the result of the best fit with Equation 15
(dashed lines) of all transfer curves on one of the datasets, viz.
same gate electrode and same channel and different concentra-
tion. The fit accurately reproduces (Adjusted R? = 0.992) the
whole set of transfer curves throughout the operational voltage
applied. Hence, Equation (15) describes the main observable of
our rGO-EGT characterization, with no a priori criteria on the se-
lection of data, as instead is customary in the analysis of OFET
transfer curves within a priori identified regimes. The fit of the
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current converges rapidly with N, = 1 (albeit the nominal thick-
ness of the thin film is larger) which suggests that the active layer
is dominated by the first one in contact with the electrodes.

In Figure 4b, we show the sheet conductance o g = é %) ver-
sus c. We notice that the hole sheet conductance (blue markers)
is slightly increasing at V;3 = —0.3 V, while the electron conduc-
tance of the rGO-EGT at Vg = 0.3 V is decreasing with a faster
slope on the logarithmic scale.

In Figure 4c, we show the trends of the rGO-EGT excess charge
carrier densities of electrons and holes as from Equation (14). The
values of An, extracted at Voo = —0.3 V and Vg = 0.3 V, show
a clear power law dependency versus the analyte concentration.
The n-type charge carrier density (for Vg = 0.3 V) decreases with
increasing concentration, while the p-type charge carrier density
(for Vog = —0.3 V) increases (in absolute value) with increasing
concentration. It is noticeable that the change of the charge car-
rier density (that leads to the excess current and the other rele-
vant observables) is on the order of 50% of the initial value for
the whole concentration range which spans seven orders of mag-
nitude.

In Figure 4d, the values of the charge carrier mobilities
(Left axis) are concentration-independent, with the holes moving
faster than electrons. We estimate their mean value to be u, =
0.118 + 0.019 cm? V7! s7! and y;, = 0.179 + 0.037 cm? V-1 571,
close to mobility values found for rGO thin films.[?237:38] The
Fermi velocity vg ¢ is insensitive to the concentration, its value
is 8.29 + 0.37 x 10° m 57!, smaller than the value 1 X 10° m s*
reported for graphene. This yields the disorder!***°] parameter
ax12.

We now comment on the role and the interplay of interfa-
cial and quantum capacitances. The best fit value of the elec-
trolyte/rGO capacitance for the whole data set as in Figure 4a
is Cpp cy® 40 uFem™2, which yields the interfacial capacitance
Cpy (c) depicted in Figure 3b. Its values reveal that the interfacial
capacitance is modestly sensitive to concentration. Together with
the finding of the concentration-independent charge carrier mo-
bilities, this result confirms that their product, which is propor-
tional to the rGO transconductance of holes and electrons, will be
modestly dependent on concentration, as previously observed.!*"]
The transconductance values are shown in Figure 4e.

After ruling out charge carrier mobilities and interfacial capac-
itance as the properties imparting sensitivity, it emerges clearly
that the “culprit” for sensitivity is the quantum capacitance C_(c),
which exhibits a rapid variation versus ¢ as shown in Figure 4f.
The quantum capacitance, being in series with the interfacial ca-
pacitance Cp, (c), being smaller dominates the total capacitance
Cyot(c) of the rGO-EGT also shown in Figure 4f. This result has a
particular relevance as it demonstrates that it is a channel mate-
rial property that endows the device with the amplification of the
specific biorecognition, and consequently, with the sensitivity.

5.2. The Minimum Current Iy, Versus Vcyp

Once we fit the excess current, obtaining the set of best
fit parameters discussed in Section 5.1, we relate the
properties at the CNP. The minimum current Iy, (¢) =
% e(nenp + Ang(c)) [y, + ] Vpg is transported by an equal den-
sity of holes and electrons n.y, + An,(c), where the areal density
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of dopants nyp is dictated only by the chemical nature of the
rGO upon its reduction process and does not depend on the
electrolyte. The excess Amy(c) is inferred from Equation (14)
with Vg = 0. Owing to the variability among devices, it is
more robust to recast this relation in terms of the shift of the
minimum current at Alp(c):

2
Cor @ [Vexe ()]
-1y (c)

Alcyp () = %e f(VCNP)'”o(C) 1—\/14‘

[Mh + ﬂe] Vpbs — %e {f (VCNP) -1y (0)

1—\/1+

whose approximation for &lewl <1 ag a  func
E'no

tion i of the shift AVip(e) reads  Algg(c) =

W86V, L

_MU(VCNP)VéNP (C) _f(VCNP,O) VéNp,o(C)}' This is ex-

L W2 |vp,gol*m

panded as:

2
Cp. (0) |VCNP (5)|

oo 0] [+ k] Vos— (16)

W 8e® (u) Vpg

L h2|VF,rGo|2”

v
{AVéNP (6) + 2Verp oA Ve () + [1 - %] VéNp,o}

Aleyp (o) = f ( VCNP)

(17)

Equation (17) predicts a parabolic trend
versus AVyp(c), whose curvature depends on the ratio be-
tween the mean charge carrier mobility (u) = X% and the
Fermi velocity vg . In Figure 2f, we show that the best fit
Alcyp(c) versus AV, (c) (dashed line) fulfills Equation (17). Itis
clear that f (Vyp) = — 1 for our data which makes the curvature
concave. We also find a representative value for Vi, , that yields
fnep = 1.32 + 0.62 X 10'2 cm~2. The ngy, value may be used
to assess the variability of the rGO film. We highlight that the
dependence on the concentration of the minimum current
Alyp is embodied in its dependence on AV yp, hence their
information content is strongly correlated.

5.3. The Electronic Properties of rGO Versus the Offset Gate
Voltage Vs—Vnp

In Figure 5, we show the modulation of the electronic properties
of rGO by the gate voltage V¢—Vyp- This representation is also
practically viable, as it embodies the concentration dependence
into the Vyp, and hence it allows us to renormalize the curves
into a single universal curve. This is clearly shown in Figure 5a
where we plot the excess charge An versus Vi g—Vyp at differ-
ent concentrations. The trend reveals some weak but significant
asymmetry around the V.

Figure 5b displays the sheet conductance plotted versus V4—
Venps Which mimics the trend of the excess charge.
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We then evaluate the dependence of charge carrier mobility on
Vies—Venp by means of Drude’s theory (which may not be rigor-
ous here for rGO,[*! as is a disordered material with restricted
delocalization). We estimate the effective charge carrier mobility
Hq from the well-known expression that links it to the sheet con-
ductance o, and the charge carrier areal density n,:

i (Lis 1

W VDS) e)nNCP + An (VGS - VCNP)‘

Hefr eng, ( )

The current is from Equation (15). The plot of Equation (17)
in Figure 5c is calculated by neglecting nyp as it is often done
in rGO papers by analogy with graphene. The plot exhibits the
typical divergent cusp at the CNP. When ny, value estimated as
in Section 5.2, is accounted for, the cusp at Vg = Vyp is rounded
up by the effects of the intrinsic dopants present in rGO and its
maximum value (in this case close to 0.22 cm?* V~! s71) is attained
(Figure 5d). These curves are skewed because of the asymmetry
in the charge carrier mobilities already discussed.

To summarize, the protocol for data analysis consists of four
steps:

i. Fit AVyp(c)versus ¢ data with Equation (10), to obtain K,
[Plco, 4 and (uo pxg+Hopc) (Section 3.2);
ii. Fit the excess current Alq(c) versus ¢ with Equation (15), to
obtain uy, e, Vecor Cpren, N (Section 5.1);
iii. Fit Al-yp(c) versus ¢ data with Equation (16), to obtain n,ycp
(Section 5.2);
iv. Calculate the relevant electronic properties versus c.

Our model is robust to operator-dependent data sorting. Above
all, it is based on a physical-chemical model of immunorecogni-
tion and its coupling to the electronic structure of the active mate-
rial rGO. Its value stems from the avoidance of a phenomenolog-
ical ansatz to explain the relative variation of the current (signal)
versus concentration. Instead, it yields the direct variation of the
electronic properties of rGO in the EGT sensor that can be used
to build a dose curve resting on the chemical-physical properties
of the rGO-EGT sensor.

6. Conclusion

This work is the first attempt to explicitly introduce a physical-
chemical description of an immunosensor based on the rGO
electrolyte-gated transistor. Our effort is motivated by the impor-
tance of understanding at a more rigorous and less phenomeno-
logical level the key properties of an active material, here rGO, in
transducing and possibly amplifying the biorecognition events
that occur in the sensing device. The results and the concentra-
tion dependence of the electronic properties that we derive from
an electrostatic model of the rGO-EGT and its application to our
experimental data reveal that most of the effect is contained in the
apparent shift of the charge neutrality point voltage Vyp, and in
a correlated manner into the minimum current of the rGO de-
vice I-yp- The strong electrostatic coupling occurs because of the
dominant quantum capacitance of the rGO (and not of the inter-
facial double-layer capacitance), which reflects the generation of
extra charge carriers in the active material. The other parameters
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Figure 5. Electronic properties of rGO versus Vgs—Vcnp(c). @) Excess areal charge density An calculated from the best fit parameters and at four
different analyte concentrations: 0 m, 1fM, 1 pM, and 1 nM. The curves overlap perfectly as the result of the nearly-concentration independent interfacial
capacitance Cp, and carrier areal density n, in Equation (14). The dashed lines show the trend according to Equation (14) in a range of voltages that
were outside the present experiment; b) Sheet conductance of hole and electrons; c) Charge carrier mobility calculated with Equation (17) by neglecting
the intrinsic ncyp carrier density; d) Charge carrier mobility calculated with Equation (18) by accounting for the intrinsic charge carrier density.

that are routinely looked upon in sensing, like transconductance
and charge carrier mobility are much less sensitive to the concen-
tration and apparently useless for quantifying the concentration
of the target analyte.

From a fundamental point of view is important to understand
how the biorecognition events in the rGO-EGT immunosensor
couple to the electronic properties of the rGO-EGT also for guid-
ing the optimization of a device, maximizing the information
contained in the multiparametric response. Another more spe-
cific goal is to avoid a priori choices of isotherm curves for de-
scribing the sensor response, which we show may be misleading
in the interpretation, besides the capability to invert the signal
of the dose curve to yield the concentration. We believe that this
work provides a framework for a rigorous analysis of the biosen-
sor response, with no a priori choices and data discrimination, in-
stead using the whole information contained in the experimental
data.

The approach that we devised starts from the thermodynamic
equilibrium of biorecognition between a gate electrode function-
alized with specific recognition probes and the solution of inter-
est containing the target analyte species. We considered a sin-
gle equilibrium of binding, but it can obviously be modified for

Adv. Funct. Mater. 2024, 34, 2313871 2313871 (12 0f14)

more complicated equilibria or competing reactions. Then, the
target-equilibrated gate electrode is placed in the electrolyte gat-
ing the rGO-transistor, so a new equilibrium is attained. Our sim-
ple model shows that robust electrodes (hence measurements)
require to keep most of the bound target analyte on the gate
electrode, so the binding constant between target and probe
K, must be high, and the activity of the probe at the electrode
should be also large. This is the first sound result that pro-
vides a guideline to assess the processing of the functionalized
electrodes. However, we note that the outcome is a direct con-
sequence of the choice of a single equilibrium in the recogni-
tion between probe and target, and different reaction schemes
at equilibrium, or an effective nonequilibrium condition in the
two-step incubation/measurement may change this guideline.
Breeching these intuitive conditions may lead to poorly specific
and ineffective sensors, even for an excellent performance of the
transducer.

Then, we have modeled the concentration-dependent poten-
tial profile across the gate/electrolyte/rGO, to derive the ana-
lytical equations (and some simplified forms in limited useful
cases) that describe the modulation of the areal charge density in
rGO. The value of our model is that the active material enters
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explicitly into the picture through the distinctive quantum ca-
pacitance of the 2D material and the large interfacial capaci-
tance. Albeit we accept that objections to an oversimplification
of a not easy-to-control material could be made, the model in-
troduces structural elements and assessed properties of the rGO
together with the functionalized gate on the same footings, with
well-defined hypotheses and literature support. The outcome is
that we analytically derive the concentration dependence of both
the CNP and the excess charge density governed by the gate volt-
age and the concentration of the target analyte (that modulates
the potential of the gate voltage). We are then able to cast the ex-
plicit expressions of the current at the CNP and the current at any
gate voltage. We prove that our global fitting on the whole data
set acquired with different gate voltages, different devices, and
numerous different analyte concentrations, can be accurately fit-
ted using a small set of fitting parameters for the CNP voltage
that allow us to extract the binding constant and the probe ac-
tivity/concentration on the electrode. Then, from the trend of the
minimum device current, keeping the previous parameters fixed,
we extract the product of the mean charge mobility and the charge
carrier density n,, which we show depends on the functionaliza-
tion at the gate and the concentration. Finally, by only three pa-
rameters, viz. the charge carrier mobilities of electrons and holes,
and the interfacial capacitance of rGO (the latter linked to n,) we
nicely reproduce the whole transfer curves of the rGO-EGT. The
fit is not only accurate, but also consistent with the observation
that was made by us with a heuristic approach in a recent paper!'’!
that the curvature and the transconductances of holes and elec-
trons are not sensitive to concentration. Our model explains why
this happens with physical arguments with no a priori condition.
The model also clearly shows that the response of the rGO-EGT
biosensors is largely dominated by the concentration-dependent
shift of the Vyp, while the effective areal capacitance and the re-
lated charge density are less sensitive to concentration, hence to
recognition.

Significantly, this is the first time that an experimental dose
curve is reproduced by a materials theory of the electronic biosen-
sor, which is important for understanding the physical origin
of the response of biosensors, beyond the usual phenomeno-
logical approach.l31 This, per se, is already an original contri-
bution, as the materials aspects in biosensing are often dis-
guised, or “hidden under the carpet”, provided the (bio)sensor
works effectively. We point out that for biosensors based on con-
ductive or semiconductive thin films, such as conjugated poly-
mers or molecules, carbon nanotubes, MXenes or metal ox-
ides, and graphene-related materials the electronic structure the-
ory must be tailored to the characteristics of the active mate-
rial, in way similar to what we did here for rGO. For this, the
synergy with multiscale modeling of materials for sensing is
crucial.

We are convinced that this change of perspective is important
and timely since the knowledge produced by approaches like the
one shown here is fundamental to driving the technology toward
a rational design of devices, processes, and measurements. This
will be a change of paradigm that will enable reliable diagnostics,
monitoring of environmental parameters, and sensing in person-
alized medicine.
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7. Experimental Section

For the expansion of the equations, Wolfram Alpha was used. The exper-
imental data used for the analysis in this manuscript were published in
Ref. [19]
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