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The ionic screening and the response of non-specific molecules are great challenges of biosensors based
on field-effect transistors (FETs). In this work, we report the construction of graphene based transistors
modified with mesoporous silica thin films (MTF-GFETs) and the unique (bio)sensing properties that arise
from their synergy. The developed method allows the preparation of mesoporous thin films free of
fissures, with an easily tunable thickness, and prepared on graphene-surfaces, preserving their electronic
properties. The MTF-GFETs show good sensing capacity to small probes that diffuse inside the mesopores
and reach the graphene semiconductor channel such as H*, OH~, dopamine and H,O,. Interestingly,
MTF-GFETs display a greater electrostatic gating response in terms of amplitude and sensing range com-
pared to bare-GFETs for charged macromolecules that infiltrate the pores. For example, for polyelectro-
lytes and proteins of low MW, the amplitude increases almost 100% and the sensing range extends more
than one order of magnitude. Moreover, these devices show a size-excluded electrostatic gating response
given by the pore size. These features are even displayed at physiological ionic strength. Finally, a devel-
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oped thermodynamic model evidences that the amplification and extended field-effect properties arise
from the decrease of free ions inside the MTFs due to the entropy loss of confining ions in the mesopores.
Our results demonstrate that the synergistic coupling of mesoporous films with FETs leads to nanofiltered,

rsc.li/nanoscale amplified and extended field-effect sensing (NAEXFES).

talized."® Despite all these advantages, the use of nano-
material-based FETs for sensing in aqueous biological

Introduction

Field-effect transistor (FET) biosensors based on nano-
materials such as silicon nanowires," conducting polymers®
and graphene® offer outstanding capabilities for label-free
high-sensitivity detection of biological species. In the last
decade, great progress has been made for scalable fabrication
of nanomaterial-based FET sensors.””’ These devices show
high sensitivity to diverse crucial biomarkers such as small
biomolecules,®® proteins,'® antigens™* and peptides,"> among
others. Interestingly, FETs can be designed in miniaturized
and wireless format, and their output signal can be easily digi-
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samples is still behind expectations. These sensors are primar-
ily sensitive to the electrostatic potential induced by charged
biomolecules adsorbed onto the semiconducting transistor
channel or the gate electrode. Mobile ions present in the
sample can effectively screen this electrostatic potential.**™® If
the distance between the captured target biomolecule and the
FET surface is larger than the electrostatic screening length
(i.e., the Debye length, '), then, the sensor may become
insensitive to this binding event.'” Because x~* is below 1 nm
under physiological conditions, there is a distance mismatch
between the range of FET interfacial sensing and the size of
most analytes.

To overcome this limitation, several strategies have been
employed. For instance, a two-step method comprising an
initial desalting step followed by protein detection in low ionic
strength solution was reported.'® This method allowed for
efficient detection; however, the desalting step is not suitable
for on-site and rapid detection. A high-frequency measurement
method that can be applied to biological receptors was also
reported.’®*® While the sensitivity was indeed increased by
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fading away the electric double-layer, the core problem of the
electrostatic screening of the biomolecule charge still per-
sisted. Lieber and co-workers reported that the effective screen-
ing length in the immediate proximity of the FET surface can
be increased by the co-immobilization of the biorecognition
element with a poly(ethylene glycol) layer.*"** Despite the
potential of this approach,> the PEGylation of some nano-
materials can be a challenging task. For example, the immobil-
ization of macromolecules on graphene is commonly realized
by the use of monopyrenes (attached to graphene by weak n-x
interaction) presenting reactive pending groups (e.g., -COOH,
-NH,, -NHS) to avoid the disruption of the graphene aromatic
chemical structure. Although the monopyrene linkers can
efficiently retain some biomolecules,"** they are susceptive to
desorption if highly charged or hydrophilic molecules are
bound.*?’

It is imperative to design versatile and robust interfacial
strategies for on-site diagnostics that solve the problem of the
mismatch between the Debye length and the reach of the bio-
marker-recognition element and, simultaneously, restrict the
adsorption of non-relevant molecules that are present in bio-
logical samples. In this respect, mesoporous thin films (MTFs)
present great potential because they contain ordered and
monodisperse pore sizes in the range of 2-50 nm, so that the
size filtration limit for non-specific molecules can be
tuned.?®*? Since mesopores present confined spaces of nearly
molecular dimensions, the physical and chemical properties
of the solution and chemical species inside the pores markedly
differ from those exhibited in bulk. Of major interest is to
incorporate two phenomena that these materials display into
field-effect sensing devices. First, the concentration of counter-
ion species inside charged MTFs (e.g. silica and titania films)
drops considerably due to surface electrostatic repulsion, also
known as Donnan potential exclusion.**™*° This effect can be
huge when the Debye length is larger than the pore size.
Furthermore, there is a marked decrease of the electrolyte per-
mittivity inside mesopores.*’ Both features may be harnessed
to increase the surface potential change amplitude at the semi-
conducting/conducting interfaces of FET devices.

The present work reports the construction of silica meso-
porous thin films on reduced graphene oxide field-effect tran-
sistors (MTF-GFETs) with a specific design that combines the
confined space properties of mesoporous materials with the
advantages of FET sensors. To achieve that goal, firstly, the
MTF coating and molding agent extraction steps are optimized
to yield films free of fissures, and preserve the electronic pro-
perties of graphene. Complete structural characterization of
the resulting MTFs prepared on reduced graphene oxide is per-
formed. The film thickness, pore diameter distribution, poro-
sity and pore-to-pore distance are obtained by ellipsometry,
scanning electron microscopy (SEM), X-ray reflectivity (XRR)
and grazing-incidence small-angle X-ray scattering (GISAXS),
respectively. The electrolyte-gated transfer characteristic is
studied by field-effect measurements. On the one hand, the
interfacial sensing capacity of MTF-GFETS is evaluated by the
use of small probes that can diffuse inside the mesopores
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such as H', OH™, dopamine and H,0,. On the other hand,
polyelectrolytes and proteins of low and high molecular weight
(that adsorb inside or outside the pores, respectively) are used
to demonstrate the coupling of the MTF size-exclusion feature
to the electrostatic gating GFET response. We find that
MTF-GFETs display real-time nanofiltration properties and a
marked amplified and extended response for charged mole-
cules that adsorbed inside the pores. Finally, a thermodynamic
model that describes the distribution of free ions and the
Debye screening length inside the silica pores is derived to
understand the interesting observations that result from
MTF-GFETs.

Experimental section
Reagents

Linear polyethylenimine of 2.5 kDa (product number, 764604)
and 10 kDa (product number, 765090), dopamine hydro-
chloride, tetraethoxysilane (TEOS), absolute ethanol, HEPES,
and (3-aminopropyl)triethoxysilane (APTES) were purchased
from Sigma Aldrich. Poly(4-styrene sulfonic acid sodium salt)
of 12 kDa was purchased from Polymer Source Inc. H,O,, HCI,
NaOH, KCl, NaCl, AcH, and AcNa were purchased from
Anhedra. Lysozyme from chicken egg white (L6876, Sigma-
Aldrich) was dialyzed with an Amicon centrifugal filtration
tube (cut off = 10 kDa) before its use. Ultrapure water (18 MQ
em ™) was used for the preparation of the solutions.

Reduced graphene oxide field-effect transistors (GFETSs)

Reduced graphene oxide (rGO) field-effect transistors were pre-
pared as we reported in previous works.*'* The rGO acted as
the transistor channel and an Ag/AgCl electrode was used as a
gate. Liquid-gated GFET measurements were carried out using
a batch-cell (from Micrux Technologies). For the FET transfer
curves, the current between the source and drain electrodes
(Ips) was measured as a function of the gate potential (Vi)
while the potential between the drain and the source (Vps) was
fixed at 100 mV. Electrical measurements were performed by
means of a Zaphyrus-W10 FET measurement station (GISENS
BIOTECH, Argentina).

Preparation of mesoporous thin films (MTF)

Silica mesoporous thin films were prepared on GFETs with a
similar procedure as explained previously.”> The preparation
protocol comprises the following steps: (i) the precursor solu-
tion was prepared by mixing, under continuous stirring, prehy-
drolyzed Si(OEt), (TEOS), molding agent, absolute ethanol and
acidic water. The prehydrolyzed TEOS was prepared as
explained before.”> A triblock molding agent PNIPAM-b-
P'butylacrylate-b-PNIPAM (M, = 18 500 Da), polymerized in our
laboratory,** was used to fabricate MTF with a pore diameter
of approximately 18 nm. The following final composition was
used to obtain films without cracks: 1 TEOS: 0.004 PNIPAM-b-
P‘BA-b-PNIPAM : 40 EtOH : 10 H,0:0.01 HCI (molar ratio); (ii)
the precursor solution was deposited on the semiconductor
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channel and/or the gate electrode of the FETs using the spin-
coating technique. Different angular speeds (ranging from
1000 to 3000 RPM) for 10 minutes were used to achieve
different MTF thicknesses (ranging from 100 to 300 nm); (iii)
the molding agents were extracted by calcination at 360 °C for
1 hour under an atmosphere of N,. This protocol allows the
extraction of the molding agent from the MTF without dete-
riorating the electrical properties of the semiconductor
material.

Grazing-incidence small-angle X-ray scattering (GISAXS)

GISAXS and XRR measurements were performed with a Xeuss
1.0 (Xenocs, France) setup. The wavelength of the X-ray micro-
focus source was 0.15419 nm and the scattered beam was
detected using a Pilatus 100 K (DECTRIS Ltd, pixel size of
0.172 mm x 0.172 mm) detector at a distance of 2500 mm
from the sample. Mesoporous thin films were prepared on
rGO-modified Si (100) wafers. To achieve that, Si wafers were
modified with a 2% APTES ethanolic solution for 1 h and,
then, GO was adsorbed and chemically reduced as described
in previous works.>® The critical angle for total reflection of
the MTF (a. ymrr) Was obtained by XRR measured at 0% relative
humidity (RH). Critical angles were obtained from the critical
momentum transfer, ¢, by the equation g. = 4z sin(a.)/A. The
porosity was deduced from a. mrr as described by Gibaud and
co-workers.*

In order to maximize the GISAXS information coming from
the internal film structure, an incident angle of a; = 0.15° was
chosen, between the critical angle for total reflection of the
mesoporous film, a. yrr = 0.147°, and the critical angle of the
Si substrate, a.s; = 0.226°. To obtain the pore center-to-center
distance (Dp_p,), the GISAXS scattering pattern was cut along g,
(out-of-plane), and its intensity profile was analysed by fitting
to Gaussian functions so that the peak position (g,) of the pre-
dominant structure can be determined.*®*” Then, the follow-
ing equation was used:***°

2n
qPZT

<sin(a,-) + \/sin2 (acmrr) + [Dm—l + 4/sin’(a;) — sin® (Gc,MTF):|2>
b-p
(1)

where A is the wavelength of the beam, «; is the incidence
angle of the X-ray beam with respect to the film surface, and m
is the order of the reflection. FITGISAXS software was used for
data analysis.”®

Ellipsometry

Ellipsometric measurements were performed with an a-SE
ellipsometer (from Woollam Co. Inc.) and using Si wafer sub-
strates modified with rGO. A multilayer Cauchy model taking
into account the layers of different materials was used (see
Table S17). To obtain the thickness and/or the optical para-
meters for each Cauchy layer, ellipsometric measurements
were performed after each modification step and fitted with
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the CompleteEASE software.”® Then, mesoporous thin films
were prepared on rGO-modified Si and the MTF thickness was
estimated using a Bruggeman effective medium approximation
with a fitting model with two components: void and silica.>”
The “goodness” of the fits was evaluated on the basis of the
mean squared error (MSE).

Scanning electron microscopy

Scanning electron microscopy (SEM) images were recorded in
order to study the mesoporous thin film modification of rGO
substrates and rGO-FETs. A SUPRA 40 Field Emission
Scanning Electron Microscope (Zeiss) was used.

Evaluation of the nanofiltration property of MTF-GFETs

The nanofiltration capacity of mesoporous thin films prepared
on rGO-FETs was studied by using molecules of different sizes.
To evaluate the diffusion of molecules into the MTF and their
arrival to the sensorial graphene surface, the MTF-GFET elec-
tronic properties were studied in the presence of different
small ions and molecules: (i) H'; (ii) dopamine and (iii) hydro-
gen peroxide (H,0,). On the other hand, to prove the size
exclusion MTF properties, polyelectrolytes (PEs) of different
molecular weights were used: 2.5 kDa and 10 kDa polyethyl-
enimine (PEI), and 12 kDa poly(sodium 4-styrenesulfonate)
(PSS). Moreover, to monitor step-by-step the loading of the
pores, MTF-GFETs were modified with PEI and PSS by using
the layer-by-layer nanoconstruction technique. Briefly, the sub-
strates were incubated alternately in 2 mg ml~" PEI and 2 mg
ml ™" PSS. The PE aqueous solutions were prepared in the pres-
ence of 0.5 M KCI at pH 8 (adjusted with KOH). After incubat-
ing the substrates in the respective polyelectrolyte solution for
25 min, they were rinsed with deionized water and dried with
N,. For the assembly of polyelectrolytes onto the bare gra-
phene, the rGO surfaces were first modified with sodium 1-pyr-
enesulfonate to obtain a negatively charged basic layer as
reported previously.'® In this process, the pyrene groups attach
to graphene through n-n interactions whereas the oppositely
positioned sulfonate groups form a negatively charged
surface.® The electronic response of MTF-GFET was also
studied after the incubation of the sensors in 2 mg ml™" lyso-
zyme (MW = 14.3 kDa, pI = 11.3), a protein smaller than the
pore size, for 20 minutes in 25 mM AcH/AcNa buffer and
115 mM NacCl.

Calculation of the free ion distribution inside the MTF by a
thermodynamic model

To investigate the distribution of ions inside the silica nano-
pores, we apply a recently developed thermodynamic theory.>?
The system we model consists of a thin film of silica having a
pore of radius R = 10 nm connecting two regions of an
aqueous solution that contains water, hydroxyl ions, hydro-
nium ions and KCI assumed to be completely dissociated into
potassium cations and chloride anions. Solution species are
excluded from the solid material, which has relative dielectric
permittivity ¢ = 3.9. The thickness of the silica film (or the
pore depth) is Ag,. The center of the pore sets the origin of
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our cylindrical coordinate system. The upper (z = Ag/2 and r
> R) and bottom surfaces of the silica film are planar while the
pore surface (—Zgm/2 < z < hgim/2 and r = R) is cylindrical. On
these solution-exposed surfaces the charge density is ¢ = 4.5 x
107 C m™>.>* There is symmetry over the z-axis, and we also
impose reflection symmetry with respect to the z = 0 plane.
Thus, we will only present results for a position (r,z) such that
z > 0. The film thickness is sufficiently large so that near the
center of the pore the density of each solution species only
depends on the radial coordinate.

Next, we briefly describe the theoretical approach, while the
full description can be found in the literature.”® The
Helmbholtz free energy of the system is:

F=—TS; + Ug

where T is the temperature and S, is the translational entropy
of solution species, which also includes the self-energies of
these molecules; Uy is the electrostatic energy. These contri-
butions to the free energy can be expressed in terms of (i) the
local densities of the solution species and (ii) the electrostatic
potential. Minimization of the appropriate thermodynamic
potential with respect to these functions (i and ii) yields expli-
cit expressions for the densities in terms of two interaction
potentials, the osmotic pressure and the electrostatic potential.
The extremum of the free energy with respect to the electro-
static potential yields the Poisson equation in different regions

Paper

of space as well as the boundary conditions at the charged
silica surfaces. The interaction potentials can be obtained
through solving the Poisson equation and the incompressibil-
ity constraint, which requires every element of volume in the
solution to be fully occupied by some of the chemical species.
This last constraint incorporates the steric interactions
between molecules at the excluded-volume level. Once these
interaction potentials are numerically calculated at each point
in space, the local densities of all solution species can be
derived from the minimized thermodynamic potential.

Results and discussion
Characterization of mesoporous thin films (MTF) on rGO

Mesoporous thin films (MTF) were prepared on rGO-FETs as
illustrated in Fig. 1a and d. PNIPAM-b-P'BA-b-PNIPAM, a tri-
block polymer, was used as the mesogenic agent of the meso-
porous architecture, and TEOS as the silica precursor. Thus,
MTFs of a large pore diameter with well-connected pores were
obtained. Scanning electron microscopy (SEM) studies were
performed for the characterization of GFETs before (Fig. 1a-
top) and after the MTF deposition (Fig. 1a-bottom). The pore
size distribution was obtained from the SEM image (Fig. 1b)
and an in-plane pore size (D) of 17.9 nm was estimated. The
sol-gel formulation was optimized to obtain MTF films (see
the side view SEM image in Fig. Slat) on rGO surfaces with
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(a) Schematic of the mesoporous thin film (MTF) preparation on a reduced graphene oxide field-effect transistor (GFET). Scanning electron

micrograph (SEM) of a GFET before and after the MTF preparation made of PNIPAM-b-P'BA-b-PNIPAM as the mesogenic agent, and TEOS as the
silica precursor. (b) Magnified top-view SEM image of a MTF-GFET and it respective pore diameter distribution. (c) GISAXS pattern of a MTF prepared
on rGO (left) and out-of-plane intensity profile (right). Sample-to-detector distance: 2500 mm, wavelength: 0.15419 nm, angle of incidence: 0.15°.
(d) Schematic of the measuring configuration for an electrolyte-gated MTF-GFET. Transfer characteristics of a bare GFET (red line) and a MTF-GFET

(blue line) measured in 2 mM KCl and 0.1 mM HEPES pH 7.0 solution.
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good film adhesion (see the adhesion test in Fig. S1bf) and
without the appearance of fissures in the MTFs. It is worth
noting that a complete MTF covering of semiconductor sur-
faces is a crucial feature for the presence of nanofiltered and
extended field-effect sensing properties. On the other hand,
MTFs with fissures, which can be observed for inaccurate for-
mulations (Fig. Slcf), may display deficient sensing
properties.

The internal structure of MTFs prepared on rGO surfaces
was studied by grazing-incidence small-angle X-ray scattering
(GISAXS). The GISAXS scattering pattern and its profile along
the ¢, axis (out-of-plane) are presented in Fig. 1c. The pore
center-to-center (D) distance was obtained from the Bragg
diffraction peak of the out-of-plane profile and calculated
using eqn (1).***” The MTF displayed a Bragg diffraction peak
at g, = 0.305 nm™ ", evidencing a D,_, of 24.4 nm. A second and
less intense diffraction peak is presented at g, = 0.65 nm™" evi-
dencing an interpore (neck-to-pore) characteristic spacing of
10.4 nm. Spectroscopic ellipsometry has been used to deter-
mine the MTF thickness (Fig. S21), which can be controlled by
adjusting the angular velocity of the spin-coting preparation.
For example, MTF prepared on rGO surfaces at angular speeds
of 1000, 2000 and 4000 rpm displayed thicknesses of 250, 207
and 135 nm, respectively (Fig. 2a). The percentage residual

(a)

MTF thickness (nm)

(b) . :
1 1
~ i
S 0.1+ E
2 3 ;
= ] ]
S 0.015 3
S ; ]
m - E
0.0014 \q
001 002 003 004  0.05
q (A"
Fig. 2 (a) MTF thickness, measured by ellipsometry, as a function of the

spin-coating angular speed. The multilayer model used for fitting the
ellipsometric results is detailed in the ESL{ (b) XRR data corresponding
to the MTF on rGO. In order to obtain accurate density values, measure-
ments were performed under low-humidity conditions by using a con-
tinuous flow of dry nitrogen. The critical momentum transfer, q, is indi-
cated for the MTF and the Si wafer substrate.

19102 | Nanoscale, 2021, 13,19098-19108

Nanoscale

porosity after thermal treatment at 360 °C under a N, atmo-
sphere was obtained by XRR (Fig. 2b), and a value of 56 + 3%
was estimated.

Field-effect characterization of MTF-modified graphene field-
effect transistors (MTF-GFETs)

The field-effect properties of rGO-FETs with an electrolyte-
gated configuration were studied. As can be appreciated in
Fig. 1d, upon the MTF coating, the transfer characteristics
(Ins—Vs plot) of the transistor resulted in a higher transconduc-
tance and a shift of the charge neutrality point potential (Veyp,
also referred to as the Dirac point) to more positive Vg poten-
tial. The increase of the transconductance (or the charge
carrier mobility) may be related to the calcination treatment,
as was described previously for high temperature annealing of
rGO FETs.”>*® On the other hand, the Vcnp shift could be
yielded by the electrostatic gating induced by the silica MTF
negative charge.”” It should be highlighted that the extraction
of the molding agent from mesoporous films was carried out
without deterioration of the rGO electrical properties. As can
be appreciated in the literature, the extraction of MTF molding
agents is normally carried out at temperatures between 400
and 500 °C.>*”® High temperature treatments of FETs may
result in a worsening of electrical properties of the semi-
conductor materials, in particular if conducting polymers or
semiconducting small molecules are used.’>*® We overcome
this problem with a double-approach: (i) the use of graphene,
a material with great chemical stability, for the transistor
channel; (ii) the calcination at lower temperatures (360 °C) in a
N, atmosphere to avoid the rGO oxidation.

MTF-GFET response to small molecules

Owing to their defective structure and the remaining func-
tional groups of reduced-graphene oxide, rGO-FETs are advan-
tageous for pH sensing.®>®"®> The FET transfer characteristic
dependency on the pH value is caused mainly by the changes
in the surface charge density by the protonation or deprotona-
tion of the remaining functional groups at the rGO surface
and below it, such as -OH and -COOH groups from rGO, and
-Si0, and -NH, from the glass substrate modified with
APTES.**** This inherent property of rGO-FETs is an interest-
ing tool that can be used to study the interface between rGO
and MTF. In particular, it may shed light on the nature of the
electrolyte solution inside the MTF pores that is in intimate
contact with the rGO.

The transfer characteristics of the transistors were studied
in a liquid-gated configuration under different pH values.
Fig. 3b shows the Ins-Vs curves of a MTF-GFET in solutions
with constant ionic strength and pH ranging from 2 to 8.
Whereas the hole and electron transconductance remained
almost unchanged, a significant shift of the charge neutrality
point (Vonp) to more positive Vg upon increasing the pH value
was observed. A pH sensitivity of 44.3 mV per pH (R = 0.975)
was estimated, in concordance to those reported for bare
GFETs.*>*% The pH response for MTF-GFETs evidences that
part of the rGO is in contact with the electrolyte solution

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Illustration of small probe infiltration inside the mesoporous
film prepared on a GFET (b) Ips—Vg curves for a MTF-GFET at pH values
ranging from 2 to 8. (c) Comparison of the Ips response (at a Vg =
—400 mV) as a function of pH for a GFET before (red) and after (blue)
being modified with a silica MTF. (d) Transfer characteristic for a
MTF-GFET at different dopamine (DA) concentrations (from O to
100 pM). (e) AVcnp for a bare-GFET (red) and a MTF-GFET (blue) as a
function of DA concentration. Experiments were carried out in PBS x1
buffer (pH 7.4, ionic strength 140 mM) using an Au-gate also modified
with MTF.

inside the MTF pores, a requirement for high output field-
effect sensing. Fig. 3¢ compares the pH response for a GFET
before and after being coated with a MTF. An increase in sensi-
tivity to pH variation and an improvement in linearity can be
seen for the case of the GFET coated with MTF. These results
proved that rGO-FETs do not lose their interfacial sensing fea-
tures after MTF coating.

Dopamine, a biomarker that plays an important role in the
functions of the central nervous system which can be detected

This journal is © The Royal Society of Chemistry 2021
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by GFETs,® was also used to evaluate the MTF-GFET response
in physiological-like solutions. For this purpose, Au floating-
gate GFET sensors were measured in the presence of different
concentrations of dopamine (DA). Fig. 3d shows the Ins-Vg
curves for a MTF-GFET measured at 0, 10 and 100 pM DA pre-
pared in PBS. As can be seen, the transfer characteristic plots
show a shift of Venp towards more negative Vi potentials as
the dopamine concentration increases (Fig. 3e). The response
of the device with an Au-gate electrode is due to the electro-
chemical reaction of DA at the gate, i.e. the DA electro-oxi-
dation to o-dopaminequinone, yielding large Vcnp shifts.®®®”
As was previously described,®® the electrochemical reaction of
DA at the Au-gate electrode decreases the potential drop at the
interface because of the faradaic current. Consequently, the
voltage applied on the electrolyte/graphene interface is
increased, which leads to the increase of the effective gate
voltage applied on the GFET and the shift of the Ips—V curve
to a lower Vi. From our results, it can be inferred that dopa-
mine diffuses along the mesopore channels allowing detection
by the gate of the transistor.

Finally, the electrochemical response of the MTF-GFET
sensors was studied in electrolytic solutions in the absence
and the presence of H,0, (Fig. S3-left}). The transfer character-
istic curves show a non-significant variation of the Venp, but a
change in transconductance of the hole branch. This response
is evidenced as a decrease of Ips upon increasing the H,O,
concentration in real-time measurements, i.e. with fixed poten-
tials Vg = —400 mV and Vpg = 100 mV (Fig. S3-rightt). These
results are in agreement with GFET responses previously
reported by other authors.®® From these results it is demon-
strated that small compounds such as protons, hydroxyl, DA
and H,O, diffuse through the mesoporous film and can be
detected by the gate or rGO channel transistor.

Nanofiltered, amplified and extended field-effect sensing
(NAEXFES) with MTF-GFETs

Mesoporous films can avoid the entrance of molecules by size
exclusion in the size range of 2-50 nm, depending on the pore
diameter.>>*' Therefore, when MTFs are prepared on the
GFETs, real-time nanofiltration properties may be shown. To
demonstrate this point, the adsorption of polyanions and poly-
cations of different molecular weight (MW) inside the MTFs
was used as a study model. To do so, MTF-GFETs were modi-
fied with 2.5 kDa PEI and 12 kDa PSS (termed, lowest MW
PEs) or 10 kDa PEI and 12 kDa PSS (termed, highest MW PEs)
by the layer-by-layer (LbL) adsorption technique. As previously
described,®® two different scenarios of modification are
observed depending on the PE molecular weights. On the one
hand, by using the lowest MW PEs, the polyelectrolytes are
able to infiltrate inside the pores. On the other hand, by using
the highest MW PEs, the modification occurs only on the exter-
nal surface of the mesoporous film. Based on these scenarios,
three systems were studied to prove the MTF-GFET nanofil-
tered sensing behaviour: (i) as a control experiment, PEI/PSS
multilayer assemblies were constructed on a bare GFET
(Fig. 4a); (ii) high MW PEI/PSS multilayer assemblies were pre-
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pared on MTF-GFETs (Fig. 4b); (iii) low MW PEI/PSS multilayer
assemblies were prepared inside MTF-GFETs (Fig. 4c).

After cycling incubation of GFETs in the polyelectrolyte solu-
tions for 25 min (each cycle), they were rinsed with deionized
water and dried with N, and I,s-V; measurements were carried
out at 2 mM KCI. The assembly of a positively charged PEI layer
onto the bare GFET resulted in a Vgnp shift to a more negative
gate voltage. In contrast, the subsequent negatively charged PSS
layer displaced Venp to @ more positive gate voltage. An expla-
nation has been described in previous works, which ascribe this
field-effect behavior to the induction of negative (positive)
charges on graphene induced by the adsorption of positively
(negatively) charged macromolecules."*'®>” Dirac point shifts
of approximately —100 mV and +75 mV were recorded after the
polycation and the polyanion were adsorbed, respectively. For
the first 4 bilayers, the shift of Vonp was almost completely
reversible after each layer. This is due to the well-known charge
overcompensation behavior of polyelectrolyte LbL assemblies.”®
These results are in agreement with PDADMAC/PSS LbL assem-
blies reported previously.'*"®

If high MW PEI/PSS multilayer assemblies are prepared
with the MTF-GFETs (Fig. 4b), small Viyp variations are dis-
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played. These observations evidence the exclusion of high MW
macromolecules provided by the mesoporous film, which are
in concordance with optical wave spectroscopy (OWS) results
as previously reported.® Interestingly, for assemblies capable
of infiltrating the porous matrix (i.e., by using the PEs of
lowest MW), two stages of behavior are observed (Fig. 4c). The
first one (up to the fourth layer) presents large AVonp values
after each PE layer assembly. This stage coincides with the
adsorption of the PEs inside the pores, as reported previously
by OWS.* Furthermore, since the AVyp responses are higher
than those obtained for bare GFETs (see Fig. 4a and c), it can
be inferred that an amplified sensing is presented for charged
macromolecules that adsorb inside MTF-GFETs. The second
one (above the fourth layer) involves an important diminution
of Venp shifts and occurred after the MTF pore were completely
filled and, thus, PEs could only adsorb on the outer MTF
surface. It should be noted that after the pores are completely
filled, an abrupt increase of the distance between the outer-
most polyelectrolyte layer and the graphene surface takes
place. Nevertheless, the Vonp oscillations did not turn off com-
pletely once the MTF was completely filled. This means that
these field-effect devices can still sense surface charge changes
at a distance of 250 nm, more than 35 times higher than the
Debye length of the electrolyte used (i.e., 6.8 nm), evidencing
an important extension of the field-effect.

The polyelectrolyte responses for MTF-GFETs prepared with
mesoporous films of different thicknesses were studied. For
each system, an average AVcnp was calculated for the LbL
modification before (considering the second layers) and after
(considering the sixth layers) the complete loading of the
pores (observed consistently after the deposition of the fourth
layer). Fig. 5a shows the drop in AVcyp after filling the pores as
a function of the MTF thicknesses. It is clear that the thicker
the MTF film, the higher the drop in AVcyp value, suggesting
that as the MTF film gets thicker, the amplification and exten-
sion of the field-effect get more pronounced.

To assess the MTF-GFET response for the infiltration of pro-
teins, we used lysozyme (Lyz), a small positively charged
protein (MW = 14.3 kDa and IP = 11) prone to be adsorbed
inside mesoporous silica.”"”* Transfer characteristic curves for
GFETs with and without MTFs (ie., positive and control
systems) were recorded at 140 mM ionic strength before and
after incubating in a lysozyme solution (Fig. 5b and Fig. S4,}
respectively). A small Vonp change of approximately —6 mV was
obtained for the bare GFET, probably due to the use of an
almost physiological ionic strength with a Debye screening
length <1 nm, smaller than the protein size (lysozyme dia-
meter ~3-4 nm). On the other hand, MTF-GETs displayed a
Venp shift of —12.5 mV after lysozyme incubation. Therefore,
as for low MW polyelectrolytes, a nanofiltered, amplified and
extended field-effect sensing (NAEXFES) was observed when an
MTF is coupled to GFETs, as depicted in Fig. 5c.

Thermodynamic model

To shed light on the properties of amplification and extension
of the field-effect that originates from coupling a mesoporous

This journal is © The Royal Society of Chemistry 2021
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film to field-effect devices, a thermodynamic model to
describe the distribution of ions inside the silica mesopores
was derived. The ionic strength in the vicinity of and inside a
silica nanopore, with a pore radius of 10 nm, in the presence
of 2 and 100 mM KClI electrolyte solutions is shown in Fig. 6a
and Fig. S5,f respectively. To calculate these results we have
considered the ionic strength of free ions (Iz), namely, the
local concentration excess of potassium counterions is con-
sidered bound to the surface to render electroneutrality
(Fig. S61). At 2 mM KCl, the ionic strength inside the pore
drops to 0.47 mM at the pore center and 0.03 mM at the
internal pore wall. This effect results from the entropy loss of
confining the ions inside the pore, as the local (solution)

This journal is © The Royal Society of Chemistry 2021
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nate r. Three positions are marked with black dots: the center of the
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center, z = external film surface). I at the center of the pore (b) and the
internal wall (c) as a function of the bulk ionic strength for silica pores of
diameters ranging from 4 to 30 nm. /¢ at the intact surface is indepen-
dent of pore size.

volume is largely occupied by bound potassium ions. As can
be seen in Fig. 6b and c, the effect becomes stronger as the
nanopore radius decreases, but becomes weaker as the bulk
ionic density increases. Although the effect strongly decreased
at the center of the pore (r = 0) for bulk salt concentration
larger than 100 mM, it remains significant at the inner cylind-
rical pore wall (Fig. 6a and Fig. S57).
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From these results it is evident that the effective Debye
length (") inside the pores is higher than that of the bulk
solution. For instance, at 2 mM KCI, ™" is 6.8 nm for the bulk
solution, while it is 14 nm at the center of the pore and
55.5 nm at the inner pore wall. This increase of the effective
Debye screening length inside the pores obtained by our
thermodynamic model explains the extended field-effect prop-
erty observed for MTF-GFETs. Moreover, to give a qualitative
understanding of the amplification effect, the Grahame
equation that relates the surface charge density (o) to surface
potential (y;) for charged surfaces in electrolyte solutions can
be used.” Rearranging the Grahame equation, and consider-
ing a symmetric valency electrolyte, provides the following
expression for the surface potential at the graphene surface:”

Zka . o

VRS oz arcsmh(i\/m)

where e is the elementary charge, ¢, is the permittivity of free
space, ¢ is the relative permittivity of the medium, z is the
valence of the electrolyte ions (of symmetric valence), n is the
number density of electrolyte in the medium (ie., in the bulk
solution or inside the mesopore), k;, is the Boltzmann constant
and T is the temperature. Since the decrease of electrolyte ions
yields larger s, it is inferred that the amplification sensing effect
observed in the field-effect measurements derives from the dim-
inution of free ions inside the pores. Although ¢, changes were
not taken into account in our thermodynamic model, a decrease
of this value inside the pores, as reported in previous literature,*"
may also favor the amplification sensing effect.

Conclusion

In summary, silica mesoporous thin films were prepared on
graphene-based FETs for electrolyte-gated measurements. The
MTF coating and molding agent extraction steps were opti-
mized to yield MTF-GFETs free of fissures, and preserve the
electronic properties of graphene. By the use of small probes
(H', OH™, dopamine and H,0,), that can diffuse inside the
mesopores, it was evidenced that the interfacial sensing
capacity of the graphene-based FETs remained after being
coated with MTFs. Moreover, MTF-GFETs showed a greater
electrostatic gating response (than the bare-GFETs) for poly-
electrolytes and proteins of low MW that could enter the pore,
but smaller electrostatic gating for macromolecules of high
MW that were size-excluded and only adsorbed onto the MTF
external surface. Therefore, our results evidence that unique
properties such as size-exclusion filtration, signal amplifica-
tion and extension of the field-effect are seen for field-effect
devices modified with porous membranes. Finally, a thermo-
dynamic model that describes the distribution of free ions
inside the silica pores indicated that amplification and
extended field-effect properties arise from the decrease of free
ions (i.e., the increase of the Debye screening length) inside
the MTFs due to the entropy loss of confining the ions inside
the pore. We believe that this combination of dielectric meso-
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porous materials and field-effect devices that lead to nanofil-
tered, amplified and extended field-effect sensing (NAEXFES)
will have profound implications in the fields of whole biologi-
cal sample biosensing without the use of purification or
sample treatments.
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