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ABSTRACT: Graphene field-effect transistors (gFETs) are promising tools for the
development of precise and affordable techniques for the study of molecular binding
kinetics, crucial in applications such as biomolecule therapies, drug discovery, and medical
diagnostics. Nevertheless, determining the reliability and modeling the gFET signal for the
monitoring of molecular binding and adsorption are still needed. Here, we prove that the
gFET technology allows monitoring in real time the adsorption of both positive and
negative polyelectrolytes, used as model charged macromolecules, using a low-cost portable
gFET setup (Zaphyrus-W10), whose graphene channel was produced by reduction of
graphene oxide. The gFET response is compared and validated against the surface plasmon
resonance (SPR) technique. Remarkably, the electronic response is directly correlated with
the mass adsorption, and very similar kinetic profiles are obtained for both techniques.
Moreover, the adsorption kinetics of a polyelectrolyte assembled in a layer-by-layer give evidence that, even at ionic strengths near to
the physiological conditions, the electrostatic interactions can be sensed at large distances from the graphene surface (20-fold higher
in comparison to the solution Debye length). Biasing the gFET with a Ag/AgCl coplanar gate electrode avoids capacitive current
contributions from nonbinding phenomena and displays a transistor signal proportional to the adsorbed mass. Furthermore, a
marked amplification of the electronic signal without alteration of the macromolecule adsorption kinetics by using a Ag/AgCl gate in
comparison with a nongated device is evidenced. Thus, the suitability of the coplanar-gated gFET technology for the study of
molecular binding kinetics is illustrated.
KEYWORDS: electrolyte-gated field-effect transistor (EG-FET), surface plasmon resonance (SPR), layer-by-layer (LBL),
polyelectrolyte multilayer (PEM), graphene, macromolecules, binding kinetics, sensor

■ INTRODUCTION
In recent years, biotechnology has showed impressive advances
through the discovery and use of novel receptors such as
CRISPR-Cas, aptamers, and nanoantibodies, among others,1−3

A broad number of applications, going from biomolecule
therapies to drug discovery and the development of medical
diagnostic tools, depend on the interaction of such receptors
with their target ligand and their integration to functional
interfaces.2−6 Quantifying macromolecule binding to target
ligands and in situ adsorption monitoring is critical to both
fundamental research and innovative product development.7

Thus, it becomes imperative to have access to efficient
analytical techniques that allow characterizing and monitoring
the evolution of interfaces at a molecular level. In particular,
label-free techniques are especially interesting in order to
simplify experimental procedures and avoid the perturbation of
the binding interactions.8,9 Among them, surface plasmon
resonance (SPR) and bio layer interferometry (BLI) are two
widely employed surface-sensitive techniques that are consid-
ered gold standards for the kinetic study of the formation of

nanointerfaces, as well as for the monitoring of recognition
events.8−11 However, these techniques usually require
sophisticated instruments and high-cost assays, limiting their
availability.12

Within this scenario, graphene-based field-effect transistors
(gFETs) have arisen as a next-generation technology that
combines high sensitivity and fast response with low-cost and
easy-to-operate instrumentation.13−16 Moreover, these devices
have been shown to be an interesting choice for the real-time
detection of molecules and biomarkers, while allowing
miniaturization.13,17−21 In addition, the use of gFETs for the
study of the binding kinetics among biomolecules such as
proteins, DNA, RNA, and ligands has also been evaluated.22−24
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However, there are still some obstacles that need to be
overcome in order to transfer this technology to the market.

In this regard, one of the main challenges in the
development of gFET devices for sensing in biological samples
is to overcome the Debye screening that is less than 1 nm
under physiological conditions. Among the different ap-
proaches employed to surpass this issue, the modification of
the graphene surface with polymer layers has been proven to
be an effective strategy to decrease the screening effect due to a
lower ion concentration inside the film,22 allowing the
detection and quantification of charged molecules at distances
from the surface even 1 order of magnitude greater than the
Debye length.25−28 Nevertheless, to apply this strategy to the
kinetic study of binding events, some crucial aspects have to be
considered. For instance, when molecules are adsorbed within
a polymer environment, counterion accumulation leads to the
formation of an electrical double-layer (EDL) capacitance that
is accompanied by changes in the ion concentration and the
water content inside the film, giving rise to modulations in the
interface potential.25,26,29 Due to this capacitive contribution,
the correlation between the changes in the surface charge
density and the molecule adsorption process over time is
nontrivial and performing an accurate analysis of the gFET
current with temporal resolution may be complex.29

In order to clarify this matter, a device for the simultaneous
determination of surface mass and charge density changes was
recently designed by combining SPR and gFET measure-
ments.29 Employing the gold SPR substrate as the gate
terminal of the gFET, the growth of a polyelectrolyte
multilayer (PEM) was monitored and it was stated that the
gFET output current had a capacitive contribution, generated
by the formation of an EDL, whose kinetic behavior was
limited by slow ion diffusion through the PEM, hampering a
direct correlation between the current and the mass adsorbed
on the sensor surface. In that study, the gFET response took
15 times longer than that observed by SPR measurements,
which has been ascribed to the occurrence of a second process
subsequent to the polyelectrolyte adsorption related to the
EDL dynamics on the PEM−solution interface. It is relevant to
note here that the magnitude of the EDL capacitive
contribution in the output current of gFET devices depends,
on one hand, on the interface and solution properties and, on
the other hand, on the gFET characteristics (gate features,
electrode arrangement, drain−source potential, etc.).30−32

Thus, to guarantee an accurate correlation between the
gFET signal and the adsorption process, not only is a rational
design of the interface architecture required but also an
optimized measurement setup is needed together with a
thorough analysis of the results.

In this work, we present a gFET device fabricated with a
conducting channel obtained by reduction of graphene oxide
and a coplanar Ag/AgCl gate electrode and demonstrate its
capability to monitor the adsorption of charged macro-
molecules in real time, avoiding capacitive gating effects that
delay the current response. To this end, we first monitored the
l a y e r - b y - l a y e r ( L b L ) a s s e m b l y o f p o l y -
(diallyldimethylammonium chloride) (PDADMAC) and poly-
(styrenesulfonate) (PSS) on a graphene substrate by SPR.
Next, we built the same assembly on a gFET device while
measuring the current changes in an open-circuit setup,
demonstrating that the electrostatic interactions between
adsorbed charges and the graphene channel can be sensed at
large distances from the surface (20 times the solution Debye

length), even in a nongated system. Subsequently, we show
that the current response can be amplified by applying a
constant gate voltage without altering the response time. In
addition, we performed a detailed study of the kinetic
adsorption process by a comparative analysis of the SPR and
gFET signals during the assembly and demonstrated that the
gFET response over time can be directly correlated with the
mass adsorption. Finally, the setup developed here allows
continuous measurement of the polyelectrolyte assembly on
the surface along several sequential deposition cycles,
providing a very reliable monitoring of the adsorption kinetics
by employing a much simpler, straightforward, and less
expensive technique in comparison to SPR and BLI.

■ MATERIALS AND METHODS
Surface Plasmon Resonance (SPR) Spectroscopy. SPR102 Au

substrates (BioNavis) were modified with cysteamine and then with
reduced graphene oxide (rGO) as previously reported.25,33 Then, in
order to confer a negative charge to the surface, the rGO-modified
substrates were incubated in a 5 mM sodium pyrene-1-sulfonate
(PySO3Na, Sigma-Aldrich) solution in dimethylformamide (DMF,
Anedra), washed with pure DMF, and dried with N2. The sequential
adsorption of PDADMAC (Mw = 100.000−200.000 Da) and PSS
(Mw = 70.000 Da) was monitored with an SPR Navi 210 A
multiparametric surface plasmon resonance (MP-SPR) instrument
(BioNavis Ltd., Tampere, Finland) employing lasers with 670 and 785
nm wavelengths. To this end, 0.1 mg/mL polyelectrolyte in 0.1 M
KCl (Anedra) solutions were manually injected under nonflow
conditions and the SPR angular scans were recorded for 10 min,
followed by rinsing with 0.1 M KCl for 5 min. Winspall software
(Max-Planck-Institute for Polymer Research, Mainz) was used to
model the system and to fit the SPR experimental curves.
gFET Measurements. Graphene-based field-effect transistors

produced by in situ reduction of graphene oxide (Model GFET-
GB10) with a coplanar Ag/AgCl gate prepared by a previously
reported scalable method were supplied by GISENS BIOTECH
(Argentina).34 A Zaphyrus-W10 FET measurement station (GISENS
BIOTECH) was employed for field-effect electrical measurements.
Before starting the LbL assembly, the rGO-FETs were modified with
PySO3Na following the same procedure described for the SPR
substrate functionalization. Then, the modified substrates were placed
in the cell and 200 μL of 0.1 M KCl solution was added. Transfer
characteristic curves of each gFET were obtained by measuring the
current between the drain and source electrodes (IDS) as a function of
the applied gate potential (VG), while the potential difference between
drain and source (VDS) was fixed at 50 mV. Next, the PEM assembly
was performed under the same conditions as the SPR measurements
and the current during the polyelectrolyte deposition was measured in
two different setups: (i) open-circuit measurements (OC-gFET),
where a 50 mV fixed VDS was applied and the IDS was registered,
leaving the gate terminal unplugged; (ii) electrolyte-gated measure-
ments (EG-gFET), where a gate potential of −250 mV and VDS = 50
mV were fixed as the IDS current was measured (see the Supporting
Information). For both setups, the experimental procedure to build
the LbL assembly was as follows: first, 200 μL of 0.1 mg/mL (or 0.01
mg/mL) PDADMAC in 0.1 M KCl solution was added and the
current was measured for 10 min. Then, the polyelectrolyte solution
was removed from the cell and replaced by the same volume of 0.1 M
KCl without interrupting the current acquisition. This washing step
was repeated three times. Next, the same procedure was carried out
by employing a PSS 0.1 mg/mL (or 0.01 mg/mL) in 0.1 M KCl
solution. This sequence was repeated until a six-bilayer assembly was
achieved. Measurements from each layer are labeled hereinafter as L1,
L2, etc.
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■ RESULTS AND DISCUSSION
SPR Monitoring of PEM Formation on rGO Sub-

strates. PEMs were prepared by alternate deposition of
positively charged PDADMAC and negatively charged PSS on
top of rGO surfaces using the LbL technique, while monitoring
the adsorption processes by SPR measurements. The changes
in the minimum reflectance angle (Δθmin) were recorded
during the assembly, and the variations in the internal
reflection angle (Δθtir) were subtracted from Δθmin to
eliminate the influence of bulk refractive index changes. In
Figure 1A, the differences between those magnitudes, from

now on referred as ΔSPR, are shown as the polyelectrolyte
layers are assembled on the substrate. A rapid increase in the
signal for both polyelectrolytes can be observed (90% of the
adsorbed mass is deposited in less than 2 min for all layers),
and no variation in ΔSPR is seen after each rinsing step,
indicating the high stability of the assembly.

The surface coverage and the thickness of the PEM were
estimated by fitting the reflectivity curves at 785 nm of the
substrate (see details in the Supporting Information).25 A
supralinear growth of the assembly was found, as shown in
Figure 1B. These results are in agreement with others
previously reported for the PDADMAC/PSS assembly under
similar experimental conditions.29 Next, the monomer density
adsorbed in each layer, Γn(N), was estimated and the ratio
(Γn(N))/(Γn(N−1)) was calculated.34 The ratio obtained
between the amounts of monomer adsorbed in each PSS layer
with respect to the amount of monomer adsorbed in the
previous PDADMAC layer, ((Γn(PSS,N))/(Γn (PDAD-

MAC,N−1)), was found to be constant throughout the
whole assembly process (∼1 in average). For PDADMAC
deposition, an average ratio of (Γn(PDAMAC,N))/
(Γn(PSS,N−1)) ≈ 1.3 was found, which is the origin of the
supralinear behavior, widely reported for this system.35−37 A
possible explanation for this behavior is that, during
PDADMAC adsorption, part of the chains adsorb directly
onto the previous PSS layer through an intrinsic charge
compensation mechanism and part of the chains form tails or
loops into the solution that are extrinsically compensated by
anions.36 It has been proposed that these chains can diffuse
through the PEM, leading to an internal reorganization of the
assembly,38 as will be discussed later. However, it is observed
that both values are very close to unity, indicating that the
charge compensation mechanism during the whole assembly is
mainly intrinsic.36 On the basis of these results, for the analysis
of the correlation between the polyelectrolyte adsorption and
the gFET measurements performed in the next sections, the
PEM will be considered as a neutral film (inner layers) with
the overcompensation charge density being located at the
outermost polyelectrolyte layer, as reported elsewhere.22

gFET Monitoring of Polyelectrolyte Adsorption:
Effect of the Gate Electrode on the Current Signal.
PDADMAC/PSS multilayers were assembled on gFETs,
employing the same conditions as those employed for the
SPR measurements, and the current response during the
growth of the PEM was studied. When a potential difference is
applied between the drain and source terminals of the gFET
(VDS), a current in the graphene channel proportional to the
carrier density in the channel is obtained. Next, the adsorption
of polyelectrolytes on the sensor surface induces a modulation
of the electric field that depends on the number and sign of the
charges adsorbed, and consequently a change in the output
current of the device is registered.20 On the other hand, the
charges on the outer layer generate an electrical double-layer
capacitance due to counterion accumulation. Moreover, in the
case of EG-gFETs, the existence of the EDL on the gate
electrode should be also considered, and the magnitude of this
contribution critically depends on the features of the gFET,
such as size and material of the gate electrode, and distance
between the graphene surface and the gate.31,32

In order to evaluate the influence of the gate capacitance in
the gFET signal, the current changes during the PEM assembly
were measured in two different configurations. In the first one,
a two terminal (drain and source) setup was used, leaving the
gate electrode unplugged. This configuration will be referred to
as open-circuit gFET (OC-gFET). In the second configuration,
a coplanar Ag/AgCl gate was added to the gFET (see the
scheme in Figure 2A) and a gate voltage of −250 mV was
applied. This configuration will be referred to as electrolyte-
gated gFET (EG-gFET). In both configurations, a fixed VDS of
50 mV was applied and the current between these two
terminals, IDS, was measured as the PEM was assembled.
Baseline-subtracted results obtained with the two config-
urations are shown in Figure 2B,C.

When the results obtained for the OC-gFET configuration
are analyzed, it is observed that the initial current value
indicates that the open circuit potential of the sensor is near
the charge neutrality point (VCNP) (see Figure S2). Under this
condition, a small change in the current with the adsorption of
the polyelectrolytes should be expected because of the low
transconductance in this region. Nonetheless, well-defined
current changes were observed for both polyelectrolyte

Figure 1. (A) ΔSPR (Δθmin − Δθtir) during the assembly of a
PDADMAC/PSS multilayer on top of rGO-modified Au sensors from
0.1 g/mL in 0.1 M KCl solutions. (B) Thickness of the assembly and
mass surface densities, Γ, estimated from SPR measurements, as a
function of the layer number.
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adsorption events. In Figure 2B, the relative changes in the
current over time, ΔIDS%, are plotted for each layer (ΔIDS% =
ΔIDS/IDS(0) × 100, where IDS(0) is the current before the
injection of the polyelectrolyte solution). The adsorption of
positively charged PDADMAC leads to a decrease in the
current, indicating that the gFET is operating in a hole-carrier-
dominated regime.39 Upon PSS deposition, charge over-
compensation generates an increase in the current induced
by the adsorption of the negatively charged chains. This
behavior is observed for all of the studied layers. However, a
decrease in the magnitude of the current changes is observed
as the layer number increases (Figure 2C), due to the electric
potential decay across the film (see section S.4 in the
Supporting Information).

In the EG-gFET configuration, the applied VG = −250 mV
sets a hole-carrier-dominated regime in the channel (see Figure
S3A). Then, the adsorption of the positively charged
PDADMAC leads to a decrease in the IDS current due to a
diminution of the number of positive charge carriers within the
graphene channel. This effect can be also confirmed by a shift
of the VCNP to lower potential values in the transfer
characteristic curves.25 Oppositely, the adsorption of negatively
charged PSS generates an increase in the current response for
the same gating regime (Figure 2B, bottom panel). In this
sense, these changes in the current should be the opposite with
VG potentials in the electron-carrier-dominated region (see
section S.3 in the Supporting Information). A comparison of
the maximum relative current changes obtained with the two
sets of measurements are shown in Figure 2C. It can be
appreciated that the magnitude of the current change
measured with the EG-gFET configuration is about 5 times
higher than that measured with the OC-gFET configuration.
The higher response of the EG-gFET configuration arises from
the fact that the applied VG sets the channel in a region of high
transconductance; thus, higher variations in the current can be

obtained after the adsorption of a given charged polymer in
comparison with the open-circuit configuration.

Beyond the difference in the amplitude of the response, the
results obtained with the two configurations are very similar.
As it can be seen in Figure 2B,C, for all of the assembly steps
studied here (up to 12 layers), the adsorption of PDADMAC
and PSS generates changes in the current in opposite ways,
according to the charge of each polyelectrolyte layer.
Moreover, the amplitude of the current variations caused by
the polyelectrolyte adsorption decreases as the number of layer
increases (and the thickness of the film does) in an identical
fashion for both measurement configurations (see Figure 2C,
bottom). This indicates that the application of the gate
potential would not be affecting the physicochemical aspects of
the LbL assembly, as the readout signals are identical in
relative terms. Furthermore, the time variation of IDS follows
the same kinetic behavior for both gated and nongated setups.
As an example, the normalized current variations for the gated
mode and the open-circuit configuration during the deposition
of the 10th layer (PSS) are shown in Figure 3. It can be seen
that the kinetic responses overlap. This match between the
kinetic profiles obtained with the two configurations is
observed for all the layers studied here (see other curves in
Figure S4). Moreover, it can also be observed that the time
required to achieve the maximum current slightly increases
with the layer number in the same manner for gated and
nongated measurements. The similarities observed when the
polyelectrolyte adsorption is monitored by both gFET
configurations strongly suggest that no gating effects are
operating on the LbL assembly process. This would imply that
the gate potential does not markedly affect the kinetics of the
sensing response when charged macromolecules interact with
the functionalized graphene surface. In addition, we studied
the effect of changing the polyelectrolyte concentration in the
adsorption kinetic profile employing both gFET configura-

Figure 2. (A) Photograph of the FET measurement station Zaphyrus-W10 employed in this work and scheme of a gFET sensor. (B) Relative
changes in the drain-source current (ΔIDS%) for VDS = 50 mV during the assembly of the PDADMAC/PSS multilayer measured with the OC-
gFET (top) and with the EG-FET (bottom) (VG = −250 mV). A linear baseline was subtracted from the original measurements by extrapolating
the linear behavior of the current 2 min before the injection of the polyelectrolyte solution (see original curves in Figures S2B and S3B). (C)
Current change achieved upon polyelectrolyte adsorption as a function of the layer number measured with the OC-gFET (blue) and the EG-gFET
(green) configurations.
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tions. As expected,40 employing a lower polyelectrolyte
concentration (0.01 mg/mL) yielded a slower deposition.
Interestingly, the decrease in the deposition rate is equally
observed by the two gFET configurations. In Figure 3, the
normalized current changes for the deposition of the 10th layer
of PSS from the 0.01 mg/mL solution are compared with the
corresponding changes from the 0.1 mg/mL solution (the
complete study is shown in the Supporting Information).

This match between both device configurations gives further
evidence that introducing a coplanar Ag/AgCl gate electrode
does not modify the kinetic profile of the gFET response, in
contrast with other results obtained for the same assembly
employing a gFET with a PEM-functionalized floating gold
gate, where the EG-gFET kinetic studies mismatched with the
OC-gFET studies.29 In that case, the authors attributed the
delay observed in the EG-gFET response to the formation of a
double layer that modulates the local electric field. In the
present case, this additional contribution to the gFET signal is
not observed. Differences could arise from the fact that the
gate electrode in this work is a true Ag/AgCl reference
electrode that is not functionalized by the PEM deposition.
Moreover, we measured the current between the gate and the
source terminals (IGS) during the assembly and found no
changes in the current as a consequence of polyelectrolyte
adsorption (see Figure S3C), suggesting that the effective
working potential is not affected by modulations on the gate
capacitance and that the IDS response is defined by the
physicochemical aspects of the binding interaction between the

charged macromolecules and the surface. To further explore
these ideas, the capability of the gFET response for monitoring
the LbL assembly is compared with the SPR method in the
next section.
Correlation between the gFET Signal and the Mass

Adsorption. To correlate the gFET response with the mass
adsorption processes, a comparative kinetic analysis of the SPR
and gFET responses was performed. As was shown before, the
EG-gFET and OC-gFET configurations provide the same
kinetic profile for the monitoring of the polyelectrolyte
adsorption during the LbL assembly. Since the EG-gFET has
a better sensitivity due to a greater amplitude of the signal, the
results obtained with this configuration were chosen to
perform a comparison with the SPR results.

It has been proposed that two different kinetic processes are
involved in the adsorption of the polyelectrolyte layers during
LbL assembly.35 The first is associated with a fast adsorption
step, which involves diffusion of the polyelectrolytes from the
bulk to the surface and their adsorption driven by electrostatic
interactions between the oppositely charged chains. The
second involves a slower process, which is characterized by
an internal reorganization of the film that implies the
interdiffusion of polyelectrolyte chains into the PEM. The
characteristic time associated with these processes depends on
the assembly conditions, such as ion strength, polyelectrolyte
concentration and molecular weight, the nature of the
counterions, and the pH, among others.40−44 Within this
model, the mass density adsorbed as a function of time, t, can
be expressed as35

(1 e ) (1 e )t t
1

( / 1)
2

( / 2)= + (1)

where Γ1 and Γ2 represent the maximum mass densities
adsorbed in each process and τ1 and τ2 are the characteristic
times. Moreover, Γ1 + Γ2 = ΓT, where ΓT is the total adsorbed
mass density at equilibrium.

Since the change in the mass surface density is proportional
to the change in the minimum reflectance angle for the SPR
signal (see eq S1), the ΔSPR curves were fitted to a double-
exponential equation (Figure S6), and the fitting parameters
are given in Table S1 in the Supporting Information. In Figure
4A, the τ1 and τ2 values are shown for the different layers
(black stars and circles, respectively). From this analysis it
appears that the first process (which involves the deposition of
the largest amount of polyelectrolyte mass) has τ1 values lower
than 12 s for all layers studied here, in agreement with other
studies.35 The second process, associated with chain rearrange-

Figure 3. Normalized current changes in the gFET current during the
deposition of the 10th layer (PSS) obtained with the OC-gFET
(blue) and the EG-gFET (green) configurations for the assembly
from different polyelectrolyte concentrations.

Figure 4. (A) Fitted τ1 and τ2 values (stars and dots, respectively) for a double-exponential behavior of the SPR and EG-gFET responses. (B)
Relative contributions of the two processes to the total mass density. (C) Normalized SPR responses during PDADMAC layer deposition (circles)
and the fitted exponential curves (lines). The arrow indicates the direction of the increasing number of layers. Inset: the same plots for PSS
adsorption.
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ment and diffusion through the PEM, has larger τ2 values;
therefore, the SPR signal requires a few minutes to reach a
constant value. Moreover, it is observed that the relative
contribution of this second process to the total mass deposited
increases with the layer number (Figure 4B). As a
consequence, a slower deposition is observed as the PEM
thickness increases. For the sake of comparison, Figure 4C
shows normalized SPR sensorgrams for the adsorption of both
PDADMAC and PSS layers during the LbL assembly.

Next, the same analysis was carried out for the LbL assembly
on a gFET monitored using the EG configuration. The values
for the corresponding time constants obtained for a double-
exponential fit are reported in Table S2 in the Supporting
Information. In Figure 4A,B, the τ values and the fraction of
the signal contribution for each process obtained from the EG-
gFET response were added for comparison with those
obtained from the SPR measurements. It can be seen that
the parameters obtained with both techniques are coincident.
When they are taken altogether, these results indicate that the
gFET device is able to monitor both adsorption processes in a
way similar to that of the more complex SPR technique.
Furthermore, in Figure 5, the same kinetic behavior can be
appreciated for the SPR and gFET signals, even when
adsorption takes place at large distances from the electrode.
Note, however, that the absolute mass adsorption cannot be
determined from the gFET measurements, as is possible using
a calibrated SPR setup.

The capability of gated-gFET devices to sense the
adsorption of charged macromolecules beyond the Debye
length has been explained through different mechanisms.45 In
the case of PEM assemblies, it has been proposed that there is
a lower ion concentration inside the film that reduces the
Debye screening, increasing the sensing range by 1 order of
magnitude.25 In the present case, a salt concentration of 0.1 M
yields a Debye length of 0.96 nm in the bulk solution.
However, changes in the current as the charged polymers are
adsorbed can be observed even at ∼20 nm from the surface.
This result can be explained by the lower decay of the electric

potential, ψ, inside the film in comparison with its behavior in
solution (see Scheme 1 in the Supporting Information).

The direct correlation between the SPR signal and the gFET
current response over time shows that, for each polyelectrolyte
layer adsorbed at a certain distance from the electrode surface,
ΔIDS% is proportional to Γ. On the other hand, ΔIDS%
decreases as the distance between the adsorption process and
the graphene surface, x, increases. Both behaviors can be
explained by employing the Debye−Hückel model. As has
been previously shown,25 the decay of the surface potential
inside the film can be accounted for as

x( ) e0
( x/ )= (2)

where ψ0 is the potential at the PEM/solution interface and λ
is the Debye length inside the film. Considering that ΔIDS is
proportional to ΔVCNP, and that ΔVCNP is proportional to the
potential changes on the graphene surface (Δψg),

39 then the
current changes generated by the adsorption of a polyelec-
trolyte layer of mass density Γ at a distance d to the electrode
can be written as

I A e d
DS

( / )= (3)

where A′ is a proportionality constant (see section S.4 in the
Supporting Information). By combining gFET and SPR data,
the ratio ΔIDS/Γ can be computed for each polyelectrolyte
layer. In Figure 6, ln((|ΔIDS|)/Γ) is presented as a function of
the PEM film thickness, d. According to eq 3, the slope of this
plot allows obtaining the effective Debye length inside the LbL
film. From the linear fitting, an average value of λ = 10.3 nm
inside the polymer film was obtained under the experimental
conditions employed in this work. This result is much higher
than the value expected for the bulk solution (0.96 nm), and it
is in excellent agreement with previous works that suggest a 1
order increase in the Debye length when the charges are
separated from the surface by a neutral polyelectrolyte blend
film.25 Notably, the extended length for charge detection found
here reaches the dimensions of many surface architecture
designs for biomolecular recognition,46−49 indicating the
potential of this technology for the study of the kinetics of

Figure 5. (A) Scheme of the SPR measurement setup. (B) Comparison of the ΔSPR curves (black squares) with the EG-gFET signal (green
circles) for the adsorption of PDADMAC (3rd and 11th layers). (C) Scheme of the EG-FET measurement setup.
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binding interactions and the determination of receptor−ligand
affinity constants.

■ CONCLUSIONS
We presented the use and the validation of a gFET setup
design with a coplanar Ag/AgCl gate for monitoring the kinetic
adsorption of charged macromolecules. The coplanar gate
configuration allowed measuring sequential adsorption pro-
cesses by washing out and changing the solutions without
interrupting the current measurement during the LbL
assembly. We employed this procedure to perform a kinetic
study of the gFET signal as polyelectrolyte layers were
adsorbed and found the same kinetic parameters as those
obtained by SPR measurements under the same conditions.
The match between the gFET signal and the SPR measure-
ments has been ascribed to the gate geometry and nature,
which allows the present device to be capable of performing
the very reliable sensing of charged macromolecule adsorption
in real time. In addition, comparative monitoring of the
adsorption process through the different techniques provided
extra information about the gFET sensing system. (i) Charges
can be sensed at distances far beyond the solution Debye
length through a direct electrostatic mechanism. Thus,
polyelectrolyte adsorption could be monitored in real time,
in high ionic strength, by simply applying a constant VDS and
measuring the output current. (ii) As in many field-effect
devices, biasing the gFET through a constant gate potential
amplifies the current response, increasing the sensitivity of the
device while keeping the kinetic response unaltered. (iii) The
changes in IDS caused by the adsorption of each polyelectrolyte
layer are lower as the PEM film thickness increases, and this
can be interpreted by a simple model based on the Debye−
Hückel approximations. The results obtained by combining
SPR and EG-gFET measurements quantitatively support a
theoretical thermodynamic model previously reported25 that
predicted an increase of 1 order of magnitude in Debye length
inside the PEM. Finally, the high reliability of the gFET device
for monitoring macromolecule adsorption kinetics demon-
strated above, even at ionic strengths near to physiological
conditions, together with the low cost of this technology
provides a novel insight for the use of gFET devices as
miniaturized, fast, precise, and exceptionally available tools for

the study of binding interactions and affinity kinetics that could
speed up innovations in the biotechnology field.
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