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ABSTRACT: Both optical and electrochemical graphene-based sensors have
gone through rapid development, reaching high sensitivity at low cost and with
fast response time. However, the complex validating biochemical operations,
needed for their consistent use, currently limits their effective application. We
propose an integration strategy for optoelectrochemical detection that
overcomes previous limitations of these sensors used separately. We develop
an optoelectrochemical sensor for aptamer-mediated protein detection based on
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few-layer graphene immobilization on selectively modified fluorine-doped tin

oxide (FTO) substrates. Our results show that the electrochemical properties of graphene-modified FTO samples are suitable for
complex biological detection due to the stability and inertness of the engineered electrodic interface. In addition, few-layer
immobilization of graphene sheets through electrostatic linkage with an electrochemically grafted FTO surface allows obtaining
an optically accessible and highly conductive platform. As a proof of concept, we used insulin as the target molecule to reveal in
solution. Because of its transparency and low sampling volume (a few microliters), our sensing unit can be easily integrated in
lab-on-a-chip cell culture systems for effectively monitoring subnanomolar concentrations of proteins relevant for biomedical

applications.
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1. INTRODUCTION

Optical and electrochemical biosensor performance has been
extensively optimized both by continuously reducing the
detection limits and by increasing the sensitivity and specificity
of the measurements."”” During the past few years scientists
have focused their attention on developing new biosensing
interfaces for small-molecule and single-molecule detection
systems.>* In this wide context, graphene-based biosensors are
emerging as relevant sensing platforms. Optical and electro-
chemical biosensors based on graphene sheets are increasingly
acquiring scientific and medical interest.®

The functional principle of these optical biosensors is based
on the interference of the radiative emission of a dye-labeled
probe (typically nucleic acids) bound to a graphene surface by
m—n interactions,” resulting in the so-called superquenching
effect.”® Aptamers, increasingly used as probes, are synthetic
low molecular weight nucleic acids whose sequence is selected
to have a high affinity toward a specific chemical species.” They
easily attach on graphene by electrostatic interactions and are
modified without difficulty to be labeled with a fluorophore.
When biological targets present in solution detach the adsorbed
aptamers from the graphene surface, the radiative emission is
restored, resulting in sensitive and specific biosensors. This
significant property of graphene has been used to create highly
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sensitive optical biosensors for biological targets, as reported for
dsDNA,'° thrombin,"" insulin,"> ATP,® ochratoxicin A,'® and
other biomolecules."*™'” However, these systems require rather
complex sample preparation and medium dilution to collect
spectra using laboratory conventional detection equip-
ment.”¥"*7>° Moreover, signal amplification is often required
because of the low concentration of probe released from the
surface to reduce the limit of detection of these optical
systems.12

On the other hand, graphene-based electrochemical bio-
sensors exploit the relevant catalytic properties of graphene.”!
Several such biosensors have already been reported.”* >
Production of graphene thin films requires complex and
expensive chemical vapor deposition (CVD) processes”®” and
also presents limitations as for the type of starting substrate.
Thus, graphene-based sensors are usually engineered starting
from graphene oxide (GO), which has the great advantage of
being water soluble.”* *° GO, because of oxygen defects in the
basal plane, is an insulating material, and a reductive step is
required to achieve an elevated electron mobility within the
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graphene sheets.”’ Among different methodologies, GO layers
obtained by electrochemical reduction (erGO layers) show
higher conductivities and smaller O/C ratios.”” The main
problem related to graphene-based electrochemical biosensors
is their production complexity, both in the case of direct
graphene deposition and when GO is used because a highly
conductive electrodic interface is needed and an ineflicient GO
reduction drastically reduces sensor sensitivity. When an
electrochemically bioactive compound, such as an enzyme, is
integrated into the sensor, also a fast electronic pathway
bridging the enzyme redox center and the underlying electrode
is needed. This requirement does not hold for an aptamer-
based biosensor where only electrodic conductivity is necessary
for high performance. In summary, both electrochemical and
optical graphene-based biosensors present advantages that
make them versatile detection systems for accurate measure-
ments due to high sensitivity and fast response time.'®* In
addition, low fabrication costs can be achieved using GO as the
starting material. However, they require complex validating
biochemical operations that negatively affect their advantageous
use.” Realization of an integrated optoelectrochemical sensing
platform would allow obtaining both an electrochemical and an
optical readout, improving sensing reliability and efficiency by
(i) redundancy of detection, (ii) having internal titrations for
the measurement, (iii) avoiding false positives, and (iv)
internally verifying efficiency of sensor regeneration. Further-
more, an on-chip integration of this dual sensor would allow
avoiding signal amplification by precise volume confinement,
which increases the actual concentration of released fluorescent
aptamers of some orders of magnitude and would make
possible its integration within microfluidic cell culture systems
as a sensing lab-on-a-chip unit. To this aim, optical trans-
parency is highly desirable to preserve accessibility to
observations of the biological systems. To achieve both optical
transparency and electroconductivity, transparent indium-free
conductive substrates—such as fluorine-doped tin oxide
(FTO)—are particularly promising for their increased resist-
ance to chemical corrosion and cost reduction.*® Despite FTO
surface chemical inertia, its functionalization by electrochemical
grafting, controlling both the number and the type of grafted
molecules, has already been reported.>* The grafted monolayer-
like film can be subsequently used as a chemical bridge for
performing GO deposition.

In this work, we developed an on-chip transparent graphene-
based integrated electrochemical and optical biosensing unit. A
few layers of GO sheets were electrostatically immobilized on
an electrochemically grafted FTO (egFTO) surface and then
electrochemically reduced to achieve the required electro-
conductivity. In order to measure the transparency degree of
the electrodes, transmittance at normal incidence was measured
using a J. A. Woollam V-VASE spectroscopic ellipsometer in
the wavelength range of 300—900 nm, by atomic force
microscopy and scanning electron microscopy for characteriz-
ing surface topography, X-ray photoemission spectroscopy and
Raman spectroscopy for characterizing the deposition steps;
and cyclic voltammetry (CV) during substrate fabrication and
characterization. As a proof of concept, insulin was used as the
target molecule, recognized by a fluorescein-modified insulin-
binding aptamer (IBA)." Insulin concentration in solution was
indirectly measured by monitoring the adsorption of IBAs onto
the electrodic surface by two integrated methods (Figure 1):
(1) optically by confocal microscopy or fluorescence spectros-
copy, measuring the increase of fluorescence intensity, and (2)
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Figure 1. Schematic representation of the working principle of the
graphene-based optoelectrochemical sensor. The egFTO + erGO
surface is initially functionalized with fluorescein-labeled insulin-
binding aptamers (IBA), whose fluorescence is quenched due to
energy transfer mechanisms by the graphene layers. In parallel, the
electrochemical surface impedance is measured. Once exposed to an
insulin solution, the aptamer is released from the surface determining a
double effect: an increase in fluorescence emission intensity (a) and a
reduction in electrochemical impedance (b). Scale bar for a, 100 um.
Data points in Nyquist plots in b only represent qualitative trends.

electrochemically by electrochemical impedance spectroscopy
(EIS), monitoring the increase in electrochemical impedance of
a negatively charged redox probe in solution. Subnanomolar
insulin optoelectrochemical detection was achieved in a
microliter-volume solution.

2. EXPERIMENTAL SECTION

2.1. Substrate Preparation. All chemicals and reagents were from
Sigma-Aldrich, Italy, if not differently stated. Prior to modification,
FTO-coated sodalime glass (7—10 €2/sq) was copiously rinsed with
ethanol:Milli-Q-water mixture 1:1 for 15 min and then dried with
nitrogen flux. Clean bare FTO electrodes were treated with UV—
ozone plasma (UV/Ozone ProCleaner, BioForce Nanosciences Inc.,
USA), in order to maximize the number of —OH functions on FTO
surfaces®* for 20 min, followed by acetone and Milli-Q water rinsing
and nitrogen dry. Clean electrodes were stored in a drybox before use.

2.2. Preparation and Characterization of Graphene Oxide.
Preparation of graphene oxide (GO) was performed using a modified
Hummer’s method.***® One gram of ultrapure graphite micrometric
powder (d < 150 um) was slowly added to 25 mL of a 9:1 mixture of
concentrated H,S0,:H;PO, (96% and 65%, respectively) in an ice—
water bath. Then, 3 g of KMnO, was gradually added to the mixture
under vigorous stirring. After 1 h stirring at room temperature, the
mixture was heated to 35 °C for 1 h under sonication. Afterward, slow
addition of S0 mL of deionized water caused an increase in
temperature to about 98 °C. The mixture was maintained at this
temperature for 15—20 min. The reaction ended by adding 140 mL of
deionized water at 60 °C followed by 1 mL of 30% H,O, solution
(Fluka, Italy). After 30 min of stirring and 30 min of sonication, the
yellow solid produced was collected after several cycles of
centrifugation—water washing, obtaining a dispersion of GO in water
with a pH of S.5.

The obtained GO dispersion was characterized by UV—vis, Raman,
and X-ray photoelectron spectroscopies (XPS). Furthermore, the Z
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Figure 2. Fabrication of egFTO + erGO samples. (a) Schematic representation of the fabrication steps of the optoelectrochemical platform: clean
FTO electrodes (Bare FTO) are covalently modified via electrochemical grafting with diazonium molecules (egFTO); then graphene oxide sheets
are electrostatically bound (egFTO + GO) and finally electrochemically reduced by negative biasing (egFTO + erGO). (b) CV showing
electrochemical grafting of FTO electrodes. (Inset) Enlargement of the reductive irreversible peak at 0.3 V. (c) SEM image showing few-layer
deposition of graphene; arrows indicate the presence of graphene wrinkles, suggesting a graphene thin film deposition. (Inset) SEM image of a bare

FTO surface. Scale bar, 600 nm.

potential of the obtained GO dispersions in water (measured by a
Zetasizer (Nano-ZS), Malvern Instruments) was equal to —44.8 mV.

To characterize the lateral dimensions of the GO sheets we
performed SEM measurements on different samples, prepared by
means of anodic electrophoretic deposition (A-EPD) of a few layers of
GO on P:Si (100) single crystal. The lateral distribution of the GO
microflakes was characterized by a very high dispersion, whose sizes
range from 1 to S ym.

2.3. Optoelectrochemical Platform Realization. The grafting
solution (aryldiazonium cations solution) was prepared as follows: 5
mM NaNO, and 1 mM p-phenylendiamine (final concentrations)
were dissolved in a 0.5 M HCI aqueous solution.”” The latter was
stirred for S min in the dark to guarantee formation of products and
then transferred into the electrochemical cell. CV was performed for
creating grafted amine layers on top of FTO surface scanning the
potential cycling in the range 0.5 V: —0.9 V at —0.1 V/s. The obtained
samples (egFTO samples) were vigorously washed with IPA and Milli-
Q water in order to eliminate unwanted absorbed molecules and dried
with nitrogen gas. Acidic water GO solution (pH = 1) was dropped
onto modified FTO substrates for 18 h at room temperature in the
dark. Realized egFTO + GO samples were then rinsed with Milli-Q
water and dried with nitrogen. egFTO + erGO samples were
fabricated by successive electrochemical reduction cycles (S cycles)
in NaCl 0.5 M at 0.1 V/s between —0.1 and —1.2 V in the negative
direction. Finally, samples were rinsed with copious Milli-Q_water,
dried with nitrogen, and stored in a drybox when not in use.

2.4. Raman, XPS, SEM, and AFM Characterization. For Raman
characterization we used a ThermoFisher DXR Raman microscope. All
spectra were recorded with an excitation wavelength of 532 nm (1.5
mW), focused on the sample with a 50X objective (Olympus).

22771

Core level photoemission spectra were taken on a VG ESCALAB
MKII spectrometer using the Mg anode of a conventional non-
monochromatized X-ray source (Ka = 1253.6 eV) and with the
analyzer pass energy set to 20 eV. Measurements were taken at room
temperature (rt) in normal emission. The calibration of the binding
energy (BE) scale was determined using Au 4f as the reference. To
characterize the chemical states of carbon, the C 1s photoemission
lines were separated into individual components (after Shirley
background removal) using a Doniach—Sunic shape for the sp*
component and symmetrical Voigt functions for fitting of the
molecular-like C 1s components (deriving from the C—O functional
groups).

The nano- and microscale characterization morphology of the
materials was performed by scanning electron microscopy (SEM)
using an instrument with a field emission source and equipped with a
GEMINI column in a Zeiss Supra 35VP system. Micrographs have
been taken with an acceleration voltage of 5 kV and using in-lens high-
resolution detection.

Morphological characterization of the sample surfaces was carried
out by AFM (NT-MDT, Russia) in noncontact mode. Phase images
were acquired together with topology recordings to investigate the
distribution of material surface characteristics.

2.5. Electrochemical Measurements. An electrochemical cell
was realized using FTO electrodes as working electrodes (S mm disk),
a Pt counter electrode (Mettler Toledo, Spain), and an Ag/AgCl
saturated reference electrode (Amel Instruments, Italy). Teflon tape
(RS, Italy) was used for insulating electric contacts. Supporting
electrolyte used for measurement was PBS 0.1 M pH 7.4 (PBS,
phosphate buffer saline: 0.1 M K,HPO,, 0.1 M KH,PO,, and 0.15 M
NaCl). The redox probe used was potassium ferrocyanide, 0.5 mM.
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Figure 3. Characterization of Bare FTO, egFTO, and egFTO + erGO samples. (a) Picture of the samples showing the transparency of egFTO +
erGO samples. (b) Transmittance spectra in the visible range acquired by an ellipsometer. (c) Raman spectra of the samples: graphene D band and
G band are visible in the egFTO + erGO sample. (d) Comparison of the photoemission spectra of drop-casted GO and egFTO + erGO samples: the

latter shows a diminution of oxygenated species.

The scan rate was S0 mV/s if not differently stated. Impedance
measurements were recorded using a FRA2 module for frequency
analyzer. Frequency scan range was established between 0.1 Hz and
100 kHz. Fitting of data was performed using NOVA software.

2.6. Confocal Microscopy Fluorescence Analysis. egFTO +
IBA,;, samples were washed with distilled water DNase/RNase free
(Life Technologies, Italy) and covered with insulin 10 g/L (about 2
mM). Images were acquired before and immediately after exposure to
insulin with a Leica TCS SPS confocal microscope (Leica, Germany).
Fluorescein was excited with an argon laser at 488 nm.

2.7. Fluorescence Spectroscopy Analysis. Fluorescence spec-
troscopy was made with a Horiba Jobin Yvon spectrometer using a
customized sample holder. For these measurements, egFTO + erGO
samples were sealed to a microfluidic platform made of PMDS
(polydimethylsiloxane), housing a circular reservoir of 3 mm diameter
and 300 ym in height.

To promote PDMS adhesion on the functionalized surfaces
avoiding any damage, only the PDMS surface was activated in a
plasma cleaner for 20 min, and successively the mold was put in
contact with the surface. The assembly was stored at room
temperature for 24 h before use.

3. RESULTS AND DISCUSSION

3.1. Optoelectrochemical Platform Fabrication. Fab-
rication of the graphene-based substrate for the optoelec-
trochemical biosensor involved the following processes,
schematically represented in Figure 2a: (I) FTO cleaning;
() FTO modification via electrochemical grafting; (III)
electrostatic immobilization of GO on grafted FTO; (IV)
electrochemical reduction of bound GO sheets. All exper-
imental details can be found in the Experimental Section.

Bare FTO samples were electrochemically modified by CV
(Figure 2b). The irreversible peak at 0.3 V is related to the well-
known reductive reaction involving amino groups of the
aryldiazonium compounds formed in solution. Photoemission
characterization confirmed covalent modification of the

electrode and, on successive voltammograms, surface passiva-
tion (data not shown). This finding is similar to other results
reported in the literature for analogous electrodic sys-
tems, 343738

Figure 2c shows a SEM micrograph attesting the surface
modification after the end of the whole procedure. In
comparison to the bare FTO sample (see inset), a quite
homogeneously distributed thin layer of graphene covers the
substrate, as demonstrated by its constant transparency to the
electron beam. Only a few wrinkles typical of GO membrane
are visible; otherwise, the erGO film is rather flat and covers in
a carpeting mode the grainy texture of the substrate with just a
few layers.***

This aspect is at the basis of the optical transparency of the
egFTO + erGO layer, which is needed for achieving a
combined optoelectrochemical detection (Figure 3a). Ellips-
ometry was used for quantitative determination of sample
optical transparency. Specifically, the thickness of the erGO film
on an egFTO-coated slide was obtained by transmittance data
collected by an ellipsometer. The transmittance curves for the
different samples are shown in Figure 3b. As expected, egFTO
and Bare FTO curves are almost superimposable. On the other
hand, the egFTO + erGO sample curve is approximately 3%
lower compared to Bare FTO. Because a single layer of
graphene absorbs a precise quantity of light in vacuum, given by
ma = 2.3%, where  is the fine-structure constant,*' a quasi-
monolayer deposition is achieved in our system. However, GO-
derived oxygen defects may alter the absorption spectra of
graphene®* partially affecting this film thickness estimation.
Therefore, we performed a chemical analysis (XPS and Raman
spectroscopy) to characterize the oxidative amount before and
after the electrochemical reduction step.

Figure 3¢ shows Raman spectra of Bare FTO and egFTO +
erGO. Both spectra have in common the band at about 1100
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cm™), related to glass substrate Si—O stretching vibration.**

The egFTO + erGO sample also presents the graphene D and
G bands, with a D/G intensity ratio and wavenumber similar to
values previously reported for reduced GO thin films obtained
by other reduction techniques.*”*>*® This result confirms the
effective GO reduction by the electrochemical process and its
strong immobilization on the FTO-grafted surface.

In addition, using the intensity ratio of the G band of GO to
the substrate band at 1100 cm™" as an indicator of the graphene
layer thickness, we estimated that 1—2 layers of GO sheets are
deposited, confirming the results deduced by ellipsometry
measurements.

Figure 3d shows the C s photoemission spectra of the
egFTO + erGO sample and a drop-casted GO thin film taken
as reference. Multipeak analysis*” was carried out to identify the
single chemically shifted components associated with different
oxygen defects. Electrochemical reduction caused an important
decrease in the epoxy group content with respect to pristine
GO: the epoxy group component goes from 12.7% in the
pristine GO film to 3.5% in the whole C 1s peak area of the

22773

egFTO + erGO sample. This is in good agreement with the
electrochemical results reported in Figure S1, Supporting
Information, where an intense voltammetric peak is observed
during the first cathodic scan of the electrode that can be
assigned to the reduction of poorly stable epoxy species.*®

The overall conclusion of this part is that a few layers of
erGO sheets were strongly immobilized on modified FTO
samples, with only a 3% diminution of transparency with
respect to the bare electrode, as long as only some oxygen
defects are still remaining after electrochemical reduction of
GO (demonstrated in next section).

We next performed AFM analysis to verify the graphene
homogeneous distribution on sample surface (Figure 4a and
4b). Topography data showed a roughness of 26 nm RMS
(root mean square) for both Bare and erGO-modified FTO
samples (Figure S2, Supporting Information). This result is
consistent with a graphene thin film deposition, as suggested by
previous SEM and transmission data. We also performed AFM
phase imaging, as it is a highly sensitive tool to discriminate
between areas of the sample coated by a very thin graphene

dx.doi.org/10.1021/am506941u | ACS Appl. Mater. Interfaces 2014, 6, 22769—22777
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intensity before and after insulin addition is shown in the two microscope recordings reported as insets. (b) Insulin electrochemical detection in the

picomolar to micromolar range using ferricyanide as redox probe.

layer and unmodified areas, even in the presence of higher
roughness. The phase distribution shows three main peaks at
25°, 50°, and 80° (Figure 4c). The bands centered at about 25°
and 50° can be ascribed to the substrate, with possible organic
contaminations, while the band located at 80° is related to the
egGO layer.

In conclusion, our electrochemical grafting strategy allowed
(a) binding a few layers of GO sheets, (b) producing an
optically transparent graphene-based nanocomposite platform,
and (c) reducing the amount of oxygenated species compared
to drop-casted samples.

3.2. Electrochemical Platform Characterization. Highly
heterogeneous electron transfer kinetics for modified FTO
samples produces a larger variation of impedance when
aptamers are adsorbed to the surface, therefore improving
biosensor sensitivity. Thus, we performed a characterization of
the electrochemical performance of the biosensor starting with
the study of the electrochemical barrier effect toward a redox
probe in solution via CV.

Figure Sa and 5b shows the results of CVs performed in 0.1
M PBS (pH 7.4) at different stages of sensor fabrication. Two
redox probes were used: ferricyanide and
hexaammineruthenium(III), which are negatively and positively
charged, respectively. In the first case, the curve associated with
the bare FTO sample showed high electron transfer rates, with
a quasi-reversible behavior and an approximately 100 mV
difference between faradic peaks. No current was observed after
the electrode was modified with arylamine molecules (egFTO
sample), whereas a restored electron transfer was achieved after
GO was covalently bound to the electrode. However, a less
reversible behavior was established (i.e.,, a peak separation of
about 150 mV) in egFTO + GO sample, probably due to the
presence of oxygenated species in the GO sheets that reduce
electron mobility in the C sp* domains. This result is in
contrast with Wang’s work,> where a glassy carbon electrode
was modified with silanes, but in fair agreement with the recent
work of Haque and co-workers," where GO was electro-
chemically grafted to ITO surfaces. After electrochemical
reduction of GO, the charge transfer kinetics became
comparable to that of Bare FTO samples and the current was
increased. This result demonstrates that (a) most of the
oxygenated species were successfully removed during the
electrochemically reducing step, (b) the transparent graphene
film grafted on top of the FTO surface is highly conductive, (c)
the last reductive step is necessary for the surface to be used as
a highly performing electrochemical sensing system.

CV measurements were also performed with
hexamminoruthenium(III) to study the charge effect of the
redox probe in the electrochemical behavior (Figure Sb). No
variations were noticed in the trend of the blocking effect with
respect to negatively charged redox probe voltammetric analysis
(Figure Sa). This result demonstrates that the barrier effect on
redox probes diffusion is due to steric hindrance and not only
to electrostatic repulsion, confirming a close-packed distribu-
tion of grafted molecules on FTO surface. Thus, either positive
or negative redox probes can be successfully used to
characterize biosensor electrochemical measurements.

Defining the effective potential window that can be used for
measurements is important to avoid contemporary undesired
reactions. In Figure Sc CVs of egFTO + erGO samples at
different scan rates were compared (solid lines), whereas Bare
FTO sample at 100 mV/s is shown for reference (dotted line).
FTO glasses have a complex cathodic behavior due to metal ion
reduction that falls approximately below —0.4 V in PBS 1X.
Also, hydrogen starts to be produced at —1.2 V. The egFTO +
erGO electrode exhibits a wider electrochemical stability
window with respect to bare FTO (Figure Sc). In the former
system, hydrogen evolution is shifted toward a more cathodic
potential (almost 300 mV). Therefore, the egFTO + erGO
system constitutes a suitable electrochemical platform for
detecting complex molecules having biological relevance (such
as proteins or FAD), since it is a stable and inert electrode
characterized by the absence of undesired reactions (such
hydrogen evolution) on a wide potential range.

3.3. Optoelectrochemical Biorecognition. We per-
formed the optoelectrochemical biorecognition of a biologically
relevant protein, insulin, which is involved in glucose
metabolism regulation and related to a severe disease such as
diabetes.® As shown in Figure 1, the sensing element that
confers selectivity to the measurement is a fluorescein-modified
IBA, initially adsorbed on the electrode surface.

First, we studied the kinetics of physical adsorption of IBA
onto the egFTO + erGO sample via EIS (Figure 6a).

The modified Randles equivalent circuit (Figure S3,
Supporting Information) was used, including R,, the constant-
phase element CPE, the Warburg impedance (W), and the
charge-transfer resistance (R). In particular, the R; value
depends on the solution conductivity, while W module results
from the redox probe diffusion through the surface layer. The
CPE instead of the ideal capacitance, Cyq, was used to better
account for the capacitive behavior of the double-layer and the
diffusion contribution.”* R, which models interfacial electron
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Figure 7. Optical biorecognition of insulin performed by fluorescence spectroscopy within a microfluidic platform. (a) Emission spectrum for IBA
free in solution, adsorbed on egFTO + erGO, and detached from the sample surface at an insulin concentration of 2 mM. (b) Monitoring of IBA
adsorption on egFTO + erGO as a function of time: 0 (a), 1 (b), 5 (c), 10 (d), 15 (e), 20 (f), and 30 min (g). (c) Sensor optical response in terms of
fluorescence emission to horse serum and 2 mM insulin addition. Control was given by a phosphate buffer saline solution.

transfer kinetics between the redox probe and the electrode
surface, was considered as a function of IBA adsorption. R
increased for longer IBA immersion times, as measurements
were performed with a negatively charged redox probe,
ferricyanide. The progressive increment of R, value was due
to the electrostatic repulsion between the negatively charged
IBA-modified surface and ferricyanide.*> The contrary would
occur if a positively charged redox probe was used (data not
shown). From data in Figure Sa, the immersion time required
to saturate the surface by the aptamer (calculated as 95% of the
R, plateau value) was approximately 20 min. We verified that
the sensor could be fully regenerated by adding in solution a
large amount of insulin (2 mM), which restores the initial R
value with no aptamer adsorbed on the surface (Figure 6a).

Release of IBA from the surface, as a consequence of insulin
binding, was also qualitatively followed by measuring the
restored fluorescence emission (Figure 6a) through an analysis
performed by confocal fluorescence microscopy. For our
system, the quenching yield of the egFTO + erGO surface
was about 80% (Figure S4, Supporting Information).

Starting from an electrode saturated with the aptamer
(egFTO + erGO + IBA,4, sample), we performed a calibration
curve of the insulin sensor by EIS using a ferrocyanide redox
probe (Figure 6b). As expected, the R value decreased at
increasing insulin concentrations, because a negatively charged
probe was used. The response was linear in the concentration
range of 0.01—500 nM, and a sensitivity of 17 pM™' was
calculated as the slope of the linear regression line. The actual
lowest measured concentration is 0.01 nM, a value at least 1
order of magnitude lower than that in other similar systems that
do not include amplification."”

In order to enhance interface phenomena, the active
optoelectrochemical protein biosensor was integrated in a
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microfluidic environment. Given a microfluidic channel height
of 100 ym and an IBA surface coverage of about 1 nmol/ cm?
the insulin-dependent IBA detachment from the surface
produces its accumulation in solution in the microfluidic
confined environment, with a concentration that can reach
some millimolar. Moreover, use of a customized microfluidic
platform allows regenerating the biosensor simply and rapidly
to perform multiple successive measurements for continuous
monitoring. In Figure 7a emission spectra for different samples
within the microfluidic platform are shown. For optical
quantitative detection of insulin the fluorescence emission
spectra of IBA before and after full detachment (after insulin
addition) from the egFTO + erGO sample surface are shown.
As expected, fluorescence emission intensity increased when
IBA was detached from the surface. The peak position shift in
the aptamer emission spectrum compared to the emission peak
of the reference free IBA in solution could be attributed to
insulin modifying the electronic energy levels of the
fluorophore when binding IBA.

Figure 7b and 7c shows the fluorescence spectra of the
sensor integrated in the microfluidic system. First, IBA
adsorption on egFTO + erGO surface was monitored (Figure
7b). Consistent with the results from the electrochemical data,
surface saturation was achieved in approximately 25 min. Figure
7¢ shows the sensor optical response in terms of fluorescence
emission to horse serum and to a 2 mM insulin addition
(recorded S min after addition). Horse serum insulin
concentration is generally unknown and lot dependent. We
detected the presence of a small amount of insulin in the horse
serum used, producing a slight increase of the emission band
centered at 525 nm. Addition of a 2 mM final insulin
concentration resulted in a strong sensor response.
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Altogether these results showed that (a) egFTO samples are
actually accessible to optical analyses, (b) GO/erGO
modification does not alter the optical transparency if only
few layers are immobilized, and (c) highly sensitive biosensors
can be realized using graphene as a sensing platform within
microfluidic channels.

4. CONCLUSIONS

In this work we showed a new experimental strategy for protein
biorecognition involving combined electrochemical and optical
measurements based on graphene-specific properties. Deep
morphological, chemical, and electrochemical characterization
demonstrated the peculiar features of this optoelectrochemical
platform. In particular, to the best of our knowledge, this is the
first work obtaining the same graphene-modified substrate for
biorecognition having both high electron transfer rates and
optical accessibility. Previously, for high conductivity, a thick
graphene film had to be deposited, compromising optical
transparency. On the other hand, the most used substrates for
fabricating thin-layer graphene-based optically transparent
sensors were glasses or inert transparent materials with limited
electron mobility. We achieved an effective robust modification
of an optically transparent electrode substrate with high-
conductance graphene. Specifically, we were able to immobilize
a few layers of electrochemically reduced graphene oxide sheets
via electrostatic linkage on an electrochemically grafted FTO
surface. This strategy allowed fabrication of a graphene-based
optoelectrochemical sensor able to detect insulin, used as a test
target molecule, at subnanomolar concentrations in a few-
microliter volume solution within microfluidic channels.
Therefore, FTO and graphene were successfully coupled to
develop a high-performance low-cost regenerable protein
sensor for biological applications.
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