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Au nanoparticle in situ decorated RGO nanocomposites for highly
sensitive electrochemical genosensors

Chiara Ingrosso,”® Michela Corricelli, Francesca Bettazzi,” Evgenia Konstantinidou,? Giuseppe V.
Bianco,® Nicoletta Depalo,® Marinella Striccoli,®> Angela Agostiano,®® M. Lucia Curri® and llaria
Palchetti®

A novel hybrid nanocomposite formed by RGO flakes, surface functionalized by 1-pyrene carboxylic acid (PCA), densely and
uniformly in situ decorated by Au NPs, that are concomitantly coordinated by the PCA carboxylic group, and by an aromatic
thiol used as reducing agent in the synthesis, both ensuring, at the same time, a stable non-covalent NPs anchorage to the
RGO flakes, and an efficient interparticle electron coupling along the NPs network onto the RGO, is reported. The obtained
solution processable hybrid material is used to modify Screen-Printed Carbon Electrodes (SPCEs). The hybrid modified SPCEs,
functionalized with a thiolated DNA capture probe, are tested in a streptavidin-alkaline-phosphatase catalyzed assay, for the
detection of the biotinylated miRNA-221, and for its determination in spiked human blood serum samples. The proposed
genosensor demonstrates a high sensitivity (LOD of 0.7 pM), attesting for a performance comparable with the most effective
reported sensors. The enhanced sensitivity is explained in terms of the very fast heterogeneous electron transfer kinetics,
the concomitant decrease of the electron transfer resistance at the electrode/electrolyte interface, the high electroactivity
and the high surface area of the nanostructured hybrid modified SPCEs that provide a convenient platform for nucleic acid

biosensing.

Introduction

Circulating nucleic acids are emerging as novel reliable biomarkers
for early detection of many diseases, including cancer. Developing
point-of-care, precise and rapid methods for their early diagnosis is
an increasingly urgent requirement.! Among the different analytical
methods proposed for point-of-care diagnostics, electrochemical
biosensors are particularly interesting because of their simplicity,
fast response, low detection limit (LOD), low cost and portability of
the instrumentation.?

Nowadays, a vast literature attests for the application of graphene
based electrodes in electrochemical sensing, due to their
electrochemical stability, superior conductivity, high electrocatalytic
activity, large potential window and remarkably fast heterogeneous
electron transfer kinetics for various analytes, along with a good
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biocompatibility and environmental stability.> Due to the high
chemical reactivity endowed by the aromatic platform, graphene is
considered a robust scaffold for manufacturing original and highly
functional hybrid materials with nanoparticles (NPs) and
biomolecules.

Au NPs have been widely demonstrated ideal candidates for
electrochemical (bio)sensing, due to their capability of binding
biomolecules by means of chemical moieties (i.e. =SH, -NH,, -COOH),
the high rate of electron transfer kinetics at the electrode/electrolyte
interface, and the excellent surface redox electrocatalytic activity, all
amenable properties for the specific detection of (bio)molecules.?
The decoration of graphene with metal NPs provides a very large
electrochemically active surface area, and effectively accelerates
electron transfers between electrodes and detection molecules,
leading to a rapid and sensitive current response.> Au NPs decorated
graphene sheets have been proved effective for detecting nucleic
acids by hybridization events upon immobilization of thiol-modified
biomolecules, such as thiol-tethered DNA capture probes.*6
Electrodes, modified with a hybrid material based on Au NPs,
immobilized onto toluidine blue-surface decorated graphene oxide,
have been demonstrated able to perform the electrochemical
detection of multidrug resistance 1 gene by Differential Pulse
Voltammetry (DPV), with a LOD of 2.95 pM.6 GO flakes, surface
decorated with Au NPs, grown in situ by a hydrothermal route, have
been applied for the visible and label-free colorimetric detection of
RNA sequences, with a LOD of 3.2 nM.”
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In this work, a novel hybrid nanocomposite formed of Reduced
Graphene Oxide (RGO) flakes, surface decorated with 3,4-
dimethylbenzenethiol (DMBT)-capped Au NPs, has been prepared in
order to combine the superior properties of the two components in
an original composite, and it has been tested as genosensing
platform.8 RGO is a graphene derivative, that, although presenting
structural defects, shows many of the relevant properties of
graphene, concomitantly permitting its solution processing, both for
fundamental studies and for technological applications.?

The hybrid nanostructures have been synthesized by means of a
flexible in situ Au precursor reduction, which has been carried out in
presence of the aromatic ligand DMBT, and of NaBH4, and by using
1-pyrenecarboxylic acid as linker with the RGO platform.10 The RGO
flakes have been surface functionalized with PCA by means of a non-
covalent approach, which relays on binding PCA on RGO by means of
T-Ttinteractions, for preserving the Csp? structure in RGO, and hence
its peculiar properties.!! PCA behaves as coupling agent between
RGO and the growing NPs, as it is able to anchor to RGO, while its
carboxylic group is available as heteronucleation and coordination
site for the in situ synthesis of the Au NPs, concomitantly enabling
the charge transfer between the hybrid components.810 Finally, the
thiol controls the geometry of the Au NPs, favors their anchorage
onto the flakes thanks to m-m interactions, and, grants Au
interparticle coupling, resulting in a conductive network onto the
flakes.1?

In this work, the colloidal PCA-RGO/Au NPs hybrid nanostructures
have been prepared and characterized and, thanks to their solution
processability, have been used to modify cost-effectively obtained
Screen-Printed Carbon Electrodes (SPCEs). Remarkably, the PCA-
RGO/Au NPs hybrid modified SPCEs can be used as disposable, in
order to avoid fouling of the electroactive surface, and thus, the
need of electrode regeneration. This fact is particularly important
when clinical samples have to be analyzed, in order to avoid the
undesired effect of serum proteins that can be non-specifically
adsorbed on the electrode surface, undermining the sensitivity of
an analytical assay.

The modified SPCEs have been thoroughly investigated, and have
shown, compared to the PCA-RGO modified SPCEs, faster
heterogeneous electron transfer (ET) kinetics at the interphase with
the electrolyte, an increase in the conductivity, and an overall
enhancement of the electrocatalytic properties.

The PCA-RGO/Au NPs modified SPCEs have been tested as sensitive
genosensors of miRNA-221, a non-coding short RNA fragment that
has been proposed as circulating biomarker for many types of
cancer.

Many examples report the use of an enzyme signal-amplification
route of the hybridization reaction for the determination of nucleic
acid tumor markers.’3 The use of enzymes as labels has been
recognized as very successful in bioassays, due to their ability to
convert a single binding event, into multiple detectable molecules,
thus turning into an amplified detection sensitivity and a low LOD.
For instance, determination of miRNA-21 involving a sandwich
hybridization assay onto streptavidin magnetic beads, hybridization
chain reaction amplification and amperometric detection, using
peroxidase as enzymatic label on disposable SPCEs, has been
reported with a dynamic linear range from 0.2 to 5.0 nM and a 60 pM
LOD.13b
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Graphene flakes deposited onto glassy carbon electrodes, coated by
electro-deposited Au NPs, and then, subsequently, by an electro-
polymerized PANI layer, have been found to capture 5-SH and 3’-
biotin labeled DNA probes, for electrochemically detecting BCR/ABL
fusion gene in chronic myelogenous leukemia, by means of a
streptavidin-alkaline phosphatase amplified assay. Oxidation
currents of 1-naphthol, generated upon the hydrolysis of 1-naphthyl
phosphate, have been monitored by DPV with a LOD as low as 2.11
pM.4b

For this purpose, a thiol-tethered DNA-capture probe has been
immobilized onto the PCA-RGO/Au NPs modified SPCEs, and DPV
investigation has evaluated the extent of the hybridization reaction
with a biotinylated target miRNA-221 sequence in spiked human
blood serum samples, through the detection of 1-naphthol, that is
generated by streptavidin-alkaline phosphatase in presence of the 1-
naphthyl phosphate enzymatic substrate.

Here, the manufactured hybrid nanomaterial modified SPCEs have
demonstrated an advantageous electrocatalytic activity for the
detection of the species that are typically involved in enzyme-
amplified bioassays, specifically 1-naphthol, tetramethyl benzidine
and HzOz.

Overall, the analytical performances, the diagnostic feasibility and
reliability of the hybrid nanocomposite modified SPCEs have been
assessed by means of enzyme signal-amplification for the
determination of miRNA-221 in spiked serum samples, resulting in a
remarkably low LOD, comparable with the lowest LODs reported for
state of art sensors.13¢

Results and discussion

Synthesis and characterization of the PCA-RGO/Au NPs hybrid
nanocomposite.

The Au NPs surface modified PCA-RGO flakes have been prepared by
means of the in situ reduction of the HAuCl, x 3H,0 precursor, in
presence of the aromatic 3,4-dimethylbenzenethiol (DMBT) capping
ligand. In the synthesis, the Au(lll) precursor is reduced to Au(l) by
DMBT, and then to Au(0) by NaBH,.1* The Au NPs heteronucleate
and grow at the oxygen containing functionalities of the PCA-RGO
sheets, s and the aromatic DMBT ligand controls the NP morphology
and size distribution during the synthesis, by coordination to the NP
surface,’* and concomitantly, it provides further anchorage of the
NPs to the RGO sheets, by means of m-m interactions, granting
interparticle electronic coupling along the NPs network (Scheme 1).12
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Scheme 1. Sketch of the PCA-RGO/Au NPs hybrid nanostructures and of the electrodes,
based on porous multilayer stacks of PCA-RGO sheets, decorated with the DMBT-coated
Au NPs.

Figure 1(A) shows the Transmission Electron Microscopy (TEM)
micrograph of the achieved PCA-RGO/Au NPs hybrid nanocomposite,
as mainly formed of micro-meter large sheet like structures, coated
by higher contrast round shaped nano-objects, 2.8 + 0.6 nm in mean
diameter. Such a morphology is reasonably accounted for by PCA-
RGO flakes, homogeneously and densely coated by Au NPs, growing
onto the flakes with a uniform morphology and a narrow size
distribution, as assessed by the statistical analysis reported in the
inset of Figure 1(A).
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Fig. 1. (A) TEM micrograph of PCA-RGO/Au NPs flakes. SEM images of (B) bare PCA-RGO
(160.22 X) and (C) PCA-RGO/Au NPs flakes (174.12 X), respectively. (D) UV-Vis absorption
spectrum of 0.15 mg mL* PCA-RGO/Au NPs flakes, 7 x 103 M in Auand 2 mg mL in PCA-
RGO in toluene. (E) Raman spectra of PCA-RGO and PCA-RGO/Au NPs flakes.

The TEM micrograph (Figure 1(A)) shows also higher contrast fine
lines across the surface of the flakes, that can be reasonably ascribed
to folded edges and wrinkles originated from mechanical lattice
deformations likely caused by structural defects,® or by crumpling
up of the flakes, upon deposition onto the TEM grid, after solvent
drying. Finally, high contrast areas can be observed, which may be
likely due to the overlap of few sheets of graphene, and to the self-
assembly of the NPs in porous multilayer stacks, forming by m-nt
interactions among the DMBT ligand molecules coordinating the NP
surface, and with Au NPs serving as nano-spacers between the PCA-
RGO sheets.

The stability of the interactions responsible of the Au NPs
immobilization onto the PCA-RGO flakes is demonstrated by the
capability of the hybrid nanostructures to sustain the precipitation
procedure, described in the Experimental section, implemented to
separate, by centrifugation, the free Au NPs, homonucleated in the
reaction mixture, from the Au NPs heteronucleated on the PCA-RGO
flakes.

A control experiment has been performed to assess the
involvement of the oxygen containing functionalities of the PCA-
RGO flakes on the formation, and then, anchorage of the Au NPs
onto the sheets. In particular, the in situ synthesis of the Au NPs has
been performed onto bare RGO flakes. Figure S1(A) of the
Electronic Supplementary Information (ESI) reports the TEM image
of the achieved RGO flakes after the in situ synthesis, assessing
almost the lack of Au NPs anchored onto the surface of the bare

sheets. This result demonstrates the crucial role of the carboxyl
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functionalities of PCA, in coordinating and hence, anchoring the Au
NPs onto the surface of the flakes. Indeed, the ATR-FTIR
investigation, reported in panel B of Figure S1, demonstrates that
the surface of the RGO flakes is almost deoxygenated by the
reduction process from GO.%7

Figures 1(B)-1(C) report the Scanning Electron Micrographs (SEM) of
the PCA-RGO flakes, collected before and after the decoration with
the Au NPs. The surface morphology of the PCA-RGO flakes presents
low contrast, sheet like structures (panel B), while for the PCA-
RGO/Au NPs samples, a grain-type and bright contrast network of
nano-objects onto the sheet like structures, ascribed to the highly
electron dense Au NPs, are observed.

Figure 1(D) shows the UV-Vis absorption spectrum of the hybrid
nanocomposite which presents an absorption signal at 564 nm, that
can be ascribed to the Localized Surface Plasmon Resonance (LSPR)
peak of the Au NPs.1* Such a band results shifted towards the lower
energy side of the spectrum, with respect to the expected position
in wavelength of the LSPR from Au NPs of comparable size and
shape in solution,!8 likely because of i) a change of the dielectric
constant of the environment of the Au NPs when immobilized onto
the aromatic platform of the PCA-RGO flakes, ii) DMBT mediated
electron coupling interactions among the Au NPs immobilized onto
the platform,2 which is made possible considering the high density
of the NP coverage,?® and iii) PCA and DMBT mediated electron
coupling interactions,**5® and charge transfers at the interface
between the Au NPs and the PCA-RGO flakes.2:13

Finally, in Figure 1(E), the Raman spectrum of the PCA-RGO complex
is compared with that of the hybrid material. Both the spectra show
the typical G and D peaks of RGO. The G peak is related to the bond
stretching of all pairs of C-sp? atoms in both rings and chains.
Conversely, the D peak is due only to the breathing modes of C-sp?
atoms in rings. The D peak is not visible in the Raman spectrum of
perfect graphene, since it derives from a second order Raman
process involving the inelastic and elastic scattering of an electron
with, respectively, a phonon and a defect. The intense D peak is due
to the defects of RGO, eventually comprising ripples, edges, domain
boundaries, and/or impurities, which typically can include oxygen
containing functionalities, as well as, C heteroatoms and
hydrocarbons, in dependence of the synthetic conditions used for
the reduction of GO to RGO.!¢ As it can be noticed, in the Raman
spectrum of the PCA-RGO/Au NP hybrid nanocomposite a broad
background signal originated from the PCA photoluminescence is
observed.?! In addition, the spectrum of the PCA-RGO/Au NP
nanocomposite material shows a lower intensity ratio between the
D and G peaks, that is representative of a less defective material,
having larger domains of conjugated C-sp? atoms,22 with respect to
the PCA-RGO complex. Such an evidence is due to the reduction of
the RGO defects which is provided by NaBH,; and occurs at room
temperature, because catalyzed by the immobilized Au NPs.z
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Morphological and electrochemical characterization of the PCA-
RGO/Au NPs modified electrodes.

Toluene dispersions of the hybrid nanostructures have been drop
cast on Screen-Printed Carbon Electrodes (SPCE), fabricated by using
the procedure reported in [24] and described in the Experimental
Section. The SPCEs are planar strips, based on a carbon working
electrode (3 mm in diameter), a carbon counter electrode and a silver
pseudo-reference electrode.

Figures 2(A)-2(C) report typical SEM micrographs of the
manufactured electrodes, collected at different magnifications. After
drop casting the PCA-RGO toluene dispersion, the surface
morphology of the electrode appears characterized by the presence
of flakes, bright contrast wrinkles and folded edges (Figures 2(D)-
2(F)). Conversely, the surface morphology of the SPCEs after
modification with the PCA-RGO/Au NPs hybrid nanocomposite
accounts for flakes uniformly coating the surface, and bright grain
type structures ascribed to the Au NPs (Figures 2(G)-2(l)).

The SEM investigation shows the high surface area of the hybrid
nanocomposite modified SPCEs, which can be explained by a 2D
nanostructure of randomly organized hybrid flakes, where the Au
NPs may act as nano-spacers between the stacked PCA-RGO sheets
(see Scheme 1), consequently resulting in an increased available
surface area.

Fig. 2. SEM micrographs of SPCEs as bare (A-C), and coated by PCA-RGO (D-F) and PCA-
RGO/Au NPs flakes (G-l), recorded at 5 kV and three increasing magnifications (1.65 kX
(A), 41.78 kX (B), 102.16 kX (C), 1.81 kX (D), 42 kX (E), 101.67 kX (F), 1.64 kX (G), 42.93 kX
(H) and 123 kX (1)).

The SPCEs have been characterized by means of Cyclic Voltammetry
(CV) and Electrochemical Impedance Spectroscopy (EIS), before and
after their modification. Indeed, these techniques provide relevant
information on the kinetic of the electron transfer, the mass
transfer regimen at the interface, the electroactive surface area
and, therefore, they are frequently used for the evaluation of novel
electrode materials.?®
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The CVs of the hybrid modified SPCEs, in 0.5 M H,S04, show a large
anodic wave near + 1.0V, along with a cathodic peak at around + 0.5
V (Figure 3(A)), which is ascribed to the oxidation-reduction of Au,
thus confirming the presence of the Au NPs available for the
electrochemical processes at the electrode surface.
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Fig. 3. CVs of SPCEs, (A) as bare (solid curve) and modified with the PCA-RGO/Au NPs
hybrid nanocomposite in 0.5 M H,SO; at 10 mV s (dashed curve), (B) as bare and
modified by PCA-RGO and PCA-RGO/Au NPs in 0.1 M KCl and 5 mM [Fe(CN)g]3”/4 at 10
mV s, (C) modified by PCA-RGO/Au NPs at different scan rates in 0.1 M KCl and 5 mM
[Fe(CN)g]3/#. (Inset of C) Plots of the anodic (lap) and cathodic (Icp) peak currents vs
square root of scan rate (v1/2). (D) EIS spectra (Nyquist plots) before (®) and after SPCE
modification with (A ) PCA-RGO and (m) PCA-RGO/Au NPs in 5 mM [Fe(CN)g]3/4 and 0.1

M KCl.
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CVs of the SPCEs, either bare and modified with PCA-RGO or PCA-
RGO/Au NPs hybrid nanostructures (Figure 3(B)), have been
recorded in presence of [Fe(CN)e ]3/4, an inner-sphere electroactive
redox probe, known to be very sensitive to the surface chemistry and
structure of the electrode.

Interestingly, in such a condition, the experiments performed on the
PCA-RGO complex and PCA-RGO/Au NPs hybrid modified SPCEs
present a decrease of the AE, value with respect to the bare SPCEs,
which present the couple of quasi-reversible redox peaks typical of
[Fe(CN)s 134 (Figure 3(B)). This evidence accounts for the higher
conductivity and for the enhancement of the electron transfer
capability at the electrode/electrolyte interface, upon the SPCE
surface modification. In addition, the peak current of the PCA-
RGO/Au NPs hybrid modified SPCEs increases with respect to that of
the bare and of the PCA-RGO modified SPCEs (Figure 3(B)),
reasonably for the increase of the electroactive surface area,
attesting for the higher electrochemical reactivity of the hybrid
modified SPCEs.

The values of the electroactive area (Aeie) (Table S1 of the ESI) of both
the bare and PCA-RGO/Au NPs modified SPCEs have been estimated
by using the Randles-Sevcik equation reported in Eq. 1 of the
Experimental Section. The Aee value of the PCA-RGO/Au NPs
modified SPCEs, namely 14 + 2 mm?, almost doubles, in comparison
with the geometric area of the SPCE (7 mm?2).

The apparent heterogeneous electron transfer rate constant (ko),
which is intrinsically dependent on AE, values (where a smaller AE,
value corresponds to a high reversibility of the redox probe, and thus,
to faster heterogeneous electron transfer (ET) kinetics for a given

This journal is © The Royal Society of Chemistry 20xx



electrode material), has been calculated, by using the Nicholson
method,2¢ for quasi-reversible systems (Table S1 of the ESI). The ko
value, namely 9.3 £ 0.7 x 10% cm s, obtained for the hybrid
nanocomposite modified SPCE, is threefold higher than that of the
bare SPCEs, that is 2.7 + 0.5 x 10 cm s 1, thus indicating that the
hybrid nanostructures modification results in an increased
conductivity and faster heterogeneous electron transfer kinetics at
the electrode surface.

The voltammetry peak intensity (Ip) has been monitored as a
function of the scan rate (v), from 20 to 1000 mV s (inset of Figure
3(C)) and the linearity of the plots, of both the anodic and cathodic
peak currents, reported versus the square root of the scan rate,
confirms the diffusion-controlled electron transfer.

EIS has been used to further characterize the modified electrode
surface (Figure 3(D)). The impedance spectra, reported as Nyquist
plots, include a semicircle portion at higher frequencies, where the
diameter of the semi-circle corresponds to the electron transfer
resistance (Ret) at the electrode interface and a linear portion at
lower frequencies, which represents the diffusion process. In
particular, a Ret of ca. 0.520.1 kQ can be estimated for the bare SPCEs,
a Ret Of ca. 0.4+0.1 kQ for the PCA-RGO modified SPCEs, and a much
lower resistance of ca. 0.30 + 0.08 kQ is measured for the electrode
modified with the PCA-RGO/Au NPs hybrid flakes.

This finding can be reasonably accounted for by the high surface area
of the hybrid nanostructures modifying the SPCE, as well as, the
excellent electrical conductivity of the PCA-RGO/Au NPs hybrid
nanocomposite, since it accelerates the electron transfer at the
electrode/electrolyte interface, thus confirming the indication
provided by the CV results.

The electrochemical behaviour of the PCA-RGO/Au NPs hybrid
modified SPCEs has been first assessed towards selected reagents of
electrochemical enzyme-catalyzed assays, namely 1-naphthol,
tetramethylbenzidine (TMB) and H,0,, that are produced by the
reaction catalyzed by Alkaline Phosphatase (AP), Horse Radish
Peroxidase (HRP) and Glucose Oxidase (GOD), respectively. The
results, reported in Figures S2-S3 of the ESI, indicate an enhanced
detection of the oxidized TMB product (TMBox) and H,0,. Such
features can be ascribed to the combination of the high charge
mobility and of the charge sink properties of RGO, the high surface
area and high electroactivity of the Au NPs, which synergistically
contribute to improve the electron transfer kinetics, and the
electrocatalytic activity of the electrodes, towards TMBox reduction
and H,0, oxidation. The PCA-RGO/Au NPs modified SPCE may then
offer an ideal platform for developing peroxidase- and oxidase-based
electrochemical biosensors.

AP is a very popular enzyme that may be exploited for a wide range
of bioassays, due to the intrinsic simplicity of the approach, based on
the detection of one compound that allows conversion of a redox-
inactive reagent, into a redox-detectable product. On the other
hand, 1-naphthyl phosphate is one of the most used substrate of AP
and it is converted in 1-naphthol by enzymatic hydrolysis.?” Thus, CV
has been used to assess the electrochemical performance of the PCA-
RGO/Au NPs modified SPCEs in presence of 1-naphthol. CV scans of
a 500 uM solution of 1-naphthol, in di-ethanol amine buffer (DEA) at
pH 9.6, have been performed on both PCA-RGO/Au NPs modified and
unmodified SPCEs and bare screen-printed Au electrodes (SPGE), in
the potential range of - 0.2- + 0.6 V (Figure 4(A)), keeping constant
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the geometrical area of the electrode (7 mm?2).
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Fig. 4. (A) CVs of 500 uM 1-napthol at PCA-RGO/Au NPs SPCEs, bare SPCEs, SPGEs in DEA
buffer 0.1 M at pH 9.6 and scan rate of 50 mV s™.. (B) CVs of 500 uM 1-napthol at PCA-
RGO/Au NPs SPCEs with different scan rates, from 0.025 to 0.300 V s, (C) Plot of i,, of B
vs. V2 and plot of E,, of 1-napthol vs logv. (D) Plot of the E,, vs the pH obtained from
CVs of 200 uM 1-naphthol in 0.1 M phosphate solution containing 0.1 M KCI supporting
electrolyte, in the -0.2- +0.8 V potential range, at the scan rate of 50 mV sec’.

The PCA-RGO/Au NPs modified SPCEs exhibit the largest current
response, being about 1.5 and 3 times higher than those recorded
for unmodified SPCEs and SPGEs, respectively, with a potential
negatively shifted with respect to the bare SPCEs (about 20 mV) and
SPGEs (about 100 mV) and a response time lower than 20 s (Figure
4(A)). During the reverse scan, no cathodic peak is observed for 1-
naphthol, pointing out the irreversibility of its oxidation process.?”
The PCA-RGO/Au NPs hybrid modified SPCEs clearly favour the 1-
naphthol oxidation, as evident from the increase of the anodic peak
current, and decrease of the overpotential, when compared to the
bare SPCEs and SPGEs. Thus, the PCA-RGO/Au NPs modified SPCEs
have been proved efficient electrocatalyst for accomplishing a
sensitive determination of 1-naphthol.

Then, charge transport characteristics at the modified electrodes
have been investigated by means of CV by performing runs at
increasing scan rates (v) (Figure 4(B)). The oxidation peak potential
has been found to shift towards more positive values when the scan
rate is increased, indicating the kinetic limitation of the
electrochemical reaction. The proportional relationship of the
logarithm of the scan rate (log v) vs the anodic peak potential (Eap)
reported in Figure 4(C), confirms the irreversibility of the redox
process, as the slope is greater than 30 mV per tens.2 Meanwhile,
the plot of the peak current (iap) vs the square root of the scan rate
(v¥2) can be fitted by linear regression, indicating a diffusion-
controlled electrochemical process (Figure 4(C)).

A series of CV runs for the 200 uM 1-naphthol in 0.1 M phosphate
solution, containing 0.1 M KCl (as supporting electrolyte), at
different pH, over the potential -0.2- +0.8 V, and with a scan rate of
50 mV sec?! (Figure 4-panel D), shows that the oxidation peak
potential moves to lower values with increasing the solution pH,
indicating the involvement of protons in the electrochemical
reaction. The plot of E,, vs pH shows a linear trend, fitted by using
the equation E,,=-56 pH + 680, characterized by a slope close to the
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theoretical value derived from Nernst equation, suggesting that the
oxidation process removes one proton per electron.

Differential pulse voltammetry (DPV) experiments performed on 1-
naphthol, in DEA buffer at pH 9.6, have resulted in a defined
oxidation peak (data not shown), and a linear behaviour has been
observed in the investigated concentration range (0.001 — 0.2 mM).
A LOD of 0.2 uM (S/N=3), corresponding to 1 nmol in 150 pl, has been
obtained. Considering that 1 unit of enzyme is able to convert 1 umol
min? of substrate, the PCA-RGO/Au NPs hybrid modified SPCEs
appear useful in the detection of low levels of enzyme. Good
reproducibility has been observed for a concentration of 0.2 mM of
1-naphthol in DEA buffer, with a % RSD of 8 % (n = 5). Therefore, the
hybrid modified SPCEs can effectively be used for the highly sensitive
determination of enzymatically generated 1-naphthol, in an
enzymatic amplified electrochemical bioassay.

Electrochemical genosensing experiments.

Scheme 2 reports a sketch of the proposed enzyme amplified
genosensor assay. The DNA CP has been immobilized on the Au NPs
surface of the hybrid modified SPCEs, via Au-thiol binding. The
chemisorption of thiolated DNA capture probes (CPs) onto the metal
surface leads to the formation of self-organized layers that are
subsequently backfilled with a second shorter alkanethiol, namely 6-
mercapto-1 hexanol (MCH). This treatment aims to remove any
competing nonspecific adsorption of other species and favours the
organization of the DNA strand?® onto the nanoscale domains
provided by the Au NP surface, so that they result not too closely
packed, ultimately limiting steric hindrance and electrostatic
repulsion during the hybridization with the miRNA-221 target.
Preliminary genosensing results indicate the good stability of PCA-
RGO/Au NPs hybrid sensors modified with the mixed monolayer of
thiolated probes and MCH. This allows serial preparation of many
sensors that can be stored until use. Effect of aging time on the
selectivity and sensitivity of the genosensors are still under
investigation.

The DNA CP-functionalized hybrid modified SPCEs have been let to
react with the miRNA-221, and subsequently, they have been
exposed to streptavidin-Alkaline Phosphatase (AP). After incubation
in the 1-naphthyl phosphate substrate, the production of 1-naphthol,
catalyzed by AP, has been detected by monitoring its oxidation peak
current by DPV.

Thiclated DNA CF Alk
Phosphatase

Current (A)

L] *
e o ©
‘:& o Q" o> ."“ po ©

Scheme 2. Sketch of the preparation of the PCA-RGO/Au NPs modified SPCEs for the
electrochemical genosensor assay. (A) Immobilization of the DNA CP on the PCA-RGO/Au
NPs modified SPCEs. (B) Hybridization of the DNA CP with miRNA-221 target. (C)
Exposure of the SPCEs to AP, incubation of the substrate in 1-naphthyl phosphate,
generation of 1-naphthol detected by DPV.

The electron transfer resistance of the genosensor has been
investigated by EIS after each fabrication step, starting from the

6 | J. Name., 2012, 00, 1-3

hybrid nanostructures modified SPCEs. Figure 5(A) displays the
Nyquist plots of the PCA-RGO/Au NPs SPCEs, before and after
modification with CP (PCA-RGO/AuNPs/CP), and after hybridization
with the 10 nM solution of the target (T) miRNA-221 strand (PCA-
RGO/AUNP/CP/T).

1800 1 o

g + PCA-RGO/AuNPs w]B  4eM 07l C el
215001 . PCA-RGO/Au NPSICP e .
€ 1200] * PCA-RGO/AuNPSICPIT b i
3 <10 Tos
£ El
g 00 =B =04
5 5 5
2 s : i = 6 E 0.3
£ R R o 4 002
© 300 ‘—'."‘ - .".IA " s o |
E | R
= et |
500 1000 1500 2000 2500 0 1E-4 1E3 0.01 0.1 1 10 0 1E3 001 o1 |
Real Impedance (Q) CmiRNA (nM) CmiRNA (nM)

Fig. 5. (A) Faradaic impedance spectra (in form of Nyquist plots) in 0.1 M KCl and 5 mM
[Fe(CN)g]3/#(1:1) solution of (m) PCA-RGO/Au NPs SPCEs, (#) DNA CP functionalized
SPCEs (PCA-RGO/AuUNPs/CP) and (A ) PCA-RGO/AuUNPs/CP SPCEs after incubation with
the 10 nM miRNA-221 target (PCA-RGO/Au NPs/CP/T). In (B-C) miRNA-221 calibration
plots in PB, achieved by PCA-RGO/AuNPs SPCEs (B) and bare SPGEs (C). (B-C) The error
bar corresponds to the standard deviation and the vertical bar points at the minimum
concentrated detected value.

The plot concerning the PCA-RGO/Au NPs modified SPCEs is
semicircular in shape, having a Ret of about 0.30 + 0.08 kQ, which
increases up to 0.6 £ 0.1 kQ after CP immobilization (Figure 5(A)), due
to the repulsion of the [Fe(CN)e¢]3/%, caused by the negatively
charged phosphoric acid backbones of the CPs, ultimately inhibiting
electron transfer. An enhancement of the Ret up to 1.2 £ 0.2 kQ is
observed after the hybridization of DNA-CP with the 10 nM solution
of the target miRNA-221, due to an increase of the negative charge,
originated from the double-stranded RNA/DNA formation.

The analytical performance of the modified SPCEs in the assay has
been estimated by performing a calibration experiment. The current
has been found to increase with the target miRNA-221
concentration, from 1 pM to 5 nM (Figure 5(B)) and the LOD has
been determined to be 0.7 pM (0.7 amol in 10 pL), considering the
detection limit as the value of the background signal added of three
times its standard deviation. The limit of quantification (LOQ),
defined as the background signal, plus ten times its standard
deviation, has been evaluated to be 4 pM (Figure 5(B)). A relative
standard deviation of 16% (expressed as the mean of all
concentrations tested) has been obtained. When compared to bare
SPGEs of the same geometrical area, the PCA-RGO/Au NPs hybrid
modified SPCEs have shownd better performance in the lower end
of the concentration range. A LOD and LOQ of 33 pM and 145 pM,
respectively, have been estimated for the bare SPGEs. The LOQ has
been found a factor of ca. 40 lower for the PCA-RGO/Au NPs hybrid
modified SPCEs than for the bare SPGEs (Figure 5(C)).

The PCA-RGO/Au NPs hybrid modified SPCEs have been then
demonstrated to significantly improve the sensitivity of the assay,
obtaining for the minimum detected concentration, a value 50 times
lower than that recorded with the hybrid modified SPGEs (Figure
5(Q)).

The LOD value of the proposed system (0.7 pM) has been found
lower than other LOD values recently reported, still using AP as
enzymatic label and graphene-AuNPs nanocomposites as electrode
modifiers (see Table S2 of the ESI) and comparable with the values
reported for other electrochemical methods for miRNA analysis.13?

The enhanced analytical performance of the hybrid nanostructures
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modified SPCEs are ascribed to the high conductivity of the proposed
hybrid nanocomposite modified electrodes, the fast electron
transfer kinetics, the high electroactivity of the electrode towards 1-
naphthol oxidation and the high electroactive area and morphology3°
of the nanostructured surface.

Indeed, such a morphology offers convenient geometry for the
hybridization process, providing a high extent of the DNA CP
immobilization, and hence amplified hybridization events with the
miRNA target.*

The operational reliability and feasibility of the developed
voltammetric genosensor has been finally assessed. Spiked samples,
prepared by adding different concentrations of miRNA-221 to diluted
human blood serum samples, namely 10 and 100 pM (Figure S4),
were analyzed, and the recovery was demonstrated, though the
values determined, 103% and 117%, respectively, were affected by
unspecific physisorption of serum proteins at the electrode surface.
Overall, the feasibility of the proposed assay for the determination
of miRNA-221 in real biological samples can be safely inferred.

Conclusions

Novel colloidal hybrid nanostructures formed of pyrene-carboxylic
acid (PCA) surface modified RGO flakes, highly densely coated by a
uniform network of thiol-capped Au NPs, PCA-RGO/Au NPs, have
been synthesized. The NPs growth, proceeding by an in situ colloidal
reduction of an Au precursor, in presence of DMBT and of NaBHa,
results in a high control on the NP size and size distribution, notably,
on the overall nanostructured morphology of the final decorated
PCA-RGO flakes, since the aromatic thiol favors the m-it induced Au
NP stacking into assemblies onto the PCA-RGO platform,
concomitantly enabling electron coupling interactions among the Au
NPs. Moreover, PCA acts as linker and coupling agent between the
RGO flakes and the Au NPs, thanks to the m-m interactions of its
aromatic structure with the RGO platform and, concomitantly to its
carboxyl moieties, serving as coordinating active sites for the Au NPs.

These hybrid nanostructures have been applied for the modification
of the SPCEs, resulting in electrodes with an increased electroactive
surface area, a higher electrical conductivity, a faster heterogeneous
electron transfer kinetics at the electrode interface, with an higher
electron transfer constant (Ko = 9.3 £ 0.7 x 10* cm s1) and a
decreased resistance at the electrode-electrolyte interface (Ret =
0.30 £ 0.08 kQ) with respect to the PCA-RGO and pristine SPCEs.

The manufactured colloidal hybrid modified SPCEs have
demonstrated a well-suited platform for developing AP-, HRP- and
GOD-based electrochemical biosensors for enzyme amplified
bioassays. In particular, the platform has been found highly reliable
and sensitive in the AP mediated signal amplification based assay of
the miRNA-221 biomarker, detected in spiked human blood serum
samples, with a LOD of 0.7 pM (7 amol in 10 uL) and an average
percentage standard deviation (RSD) of 13% in a range of 1 — 5000
pM.

Overall, the proposed hybrid nanostructures modified electrodes
hold a great promise in amplifying the transducer sensitivity, opening
the venue to the development of new affinity assays for the
detection of other oligonucleotides and biomolecules, with an
improved sensitivity that could be effectively developed in cost
efficient and sensitive detection systems to be potentially
implemented in point of care devices.

This journal is © The Royal Society of Chemistry 20xx

Experimental section

Materials

Commercial RGO (1.6 nm flakes) was purchased from Graphene
Supermarket. 1-pyrenecarboxylic acid (PCA, 97%), n-methyl-2-
pyrrolidone (NMP, 99%), tetraoctylammonium bromide (TOAB,
99%), hydrogen tetrachloroaurate(lll) trihydrate (HAuCl; x 3H,0,
99.999%), 3,4—-dimethylbenzenethiol (DMBT, 98%), 2-
Phenylethanethiol (98%), sodium borohydride (NaBH4, 99.99%),
toluene, methanol, tris(2-carboxyethyl)phosphine (TCEP), 6-
mercapto-1-hexanol (MCH), streptavidin—alkaline phosphatase
(52890, Strept-AP, 2:1 conjugation stoichiometry),
diethylpyrocarbonate (DEPC), Tris-HCI, 1-naphthyl phosphate,
bovine serum albumin (BSA), diethanolamine (DEA) and human
serum type AB were obtained from  Sigma-Aldrich.
Tetramethylbenzidine (TMB) was purchased from Abraxis. 0.45 um
polyethylene sulphone (PES) syringe filter were obtained from
Sarstedt. Disodium hydrogenphosphate, potassium
hexacyanoferrate (Ill and 1), sulphuric acid, magnesium and
potassium chloride were purchased from Merck. NAP-10 columns of
Sephadex G-25 were obtained from GE Healthcare. MilliQ water
(DEPC treated for RNA analysis) was used throughout the
experimental work.

Synthetic oligonucleotides, namely Probe (DNA-SH, 5’-GAA-ACC-
CAG-CAG-ACAATG-TAG-CT-SH 3‘) and Target (5-AGC-UAC-AUU-
GUC-UGC-UGG-GUUUC-biotin 3’) were purchased from MWG
Biotech AG. The target sequence, corresponding to the mature
miRNA-221, that is a mi-RNA sequence overexpressed in lung and
breast cancers, was chosen as model oligonucleotide. The small RNA
can be terminal conjugated with biotin following the label procedure
reported recently in [31].

Prior to use, the DNA-SH probes were treated with TCEP. This reagent
allows reduction and cleavage of oligo dimers eventually obtained by
oxidative coupling of two DNA-SH molecules (i.e. DNA-SS-DNA). The
lyophilized oligonucleotides were dissolved in a 10 mM Tris-HCI
buffer solution (pH 8.3) containing 10 mM of TCEP. The reaction was
allowed to proceed for 1 hour at room temperature. The thiolated
DNA was then purified by elution through a NAP-10 column of
Sephadex G-25 by using 100 uM Tris buffer, containing 1 uM EDTA.
DNA-SH stock solutions were prepared in the same buffer and stored
frozen.

Synthesis of the PCA-RGO/Au NPs hybrid material. For the
preparation of the PCA-RGO/Au NPs hybrid material, a two-phase
method, used for the synthesis of Au NPs of M. Brust et al.1* was
followed, with minor modifications. In a typical experiment, 15 mg of
the PCA modified RGO powder were dissolved in a solution prepared
by mixing 1.1872 g of TOAB in 35 mL of toluene, and left to stir 30
min. To this solution, 0.1770 g of HAuCl, x 3H,0, dispersed in 15 mL
of milliQ water, were added and left to stir 30 min. After transfer of
the Au precursor from water to toluene, which is assisted by TOAB,
water was removed from the reaction flask, and 60 pl of DMBT were
added, for allowing controlled reduction of Au(lll) to Au(l), and left
to stir for 1 hour. Finally, 0.1892 g of NaBH4 in 12 mL of MilliQ water
were added, and the growth of the Au NPs was allowed to proceed
overnight. The PCA-RGO/Au NPs dispersions were then purified with
methanol by cycles of centrifugation to remove the excess of the
DMBT aromatic ligand. Finally, a separation procedure has been
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carried out to separate homonucleated Au NPs from the PCA-
RGO/Au NPs hybrid flakes, by means of a cycle of centrifuge upon
addition of methanol. The isolated pellet containing the hybrid flakes
was then re-dispersed in toluene for the spectroscopic and
morphological characterization.

Fabrication of the PCA-RGO/Au NPs modified electrodes. With the
exception of carbon screen-printed ink (that was obtained from
DuPont, Italy), materials and procedures to screen-print the
electrode transducers are described in previously published
papers.32.24 Screen-printed carbon electrodes (SPCEs) are a three
electrode electrochemical cell, constituted by a graphite working
electrode (@ = 3.0 mm, Ageom= 7 mm?2), a silver pseudo-reference
electrode and a graphite counter electrode. Screen-printed Au
electrodes (SPGEs) are three electrode electrochemical cells,
constituted by an Au working electrode (@ = 3.0 mm, Ageom= 7 mm?),
a silver pseudo-reference electrode and a graphite counter
electrode. The SPCEs and SPGEs were modified by drop-casting 1 uL
of the PCA-RGO/Au NPs suspensions on the electrode surface.

Hybridization assay. SPCEs surface modified with PCA-RGO/Au NPs
as well as SPGEs were exposed to the capture probe (CP), namely 10
uL of 0.1 uM DNA-SH in 0.5 M phosphate buffer solution at pH 7.4.
Chemisorption onto the electrodes was allowed to proceed
overnight, for 16 hours, storing the electrodes in a Petri dish for
preventing the solution to evaporate. Then, 8 puL of a 1 mM aqueous
solution of MCH was placed onto the probe-modified surface for 30
min for the voltammetric investigation. In the case of EIS
measurements, the MCH concentration was 0.1 mM. Prior to the
hybridization reaction, the PCA-RGO/AuNP/CP modified SPCEs as
well as CP modified SPGEs were washed twice with 15 pL of 0.5 M
phosphate buffer at pH 7.4.

Hybridization experiments were carried out by using the biotinylated
target miRNA-221 sequence in a direct assay format.3%c CP modified
electrodes, were exposed for 20 min to 8 L of the biotinylated target
sequence in 0.5 M phosphate buffer solution at pH 7.4. After
hybridization, the sensors were washed three times with 15 pL of
DEA buffer solution, 0.1 M in diethanolamine, 1 mM in MgCl, and
100 mM in KCl at pH 9.6.

The biotinylated hybrid obtained at the electrode surface was
reacted with 8 pL of a solution containing 0.8 U mL™? of the
streptavidin—alkaline phosphatase conjugate and 10 mg mL-! of BSA
blocking agent in DEA buffer.

After 20 min, the sensors were washed three times with 15 pL of DEA
buffer. The planar electrochemical cell was then incubated with 150
uL of a 1 mg mL1 1-naphthyl phosphate solution in DEA buffer. The
1-naphthol oxidation peak was taken as the analytical signal. After 20
min, the electrochemical signal of the enzymatically produced 1-
naphthol was measured by DPV with a modulation time of 0.05 s, an
interval time of 0.15 s, a step potential of 5 mV, a modulation
amplitude of 70 mV and a potential scan between 0 to 600 mV. All
the results are reported as the mean value of at least three
measurements and the error bars correspond to the standard
deviation.

Human serum spiked samples. Human serum type AB was diluted
1:100 (v/v) in Phosphate Buffer (PB) and filtered by a 0.45 um pore
filter in Polyethersulfone (PES). Spiked samples were prepared by
adding known quantities (10 and 100 nM) of miRNA-221 to diluted
serum.
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Characterization techniques. Steady state UV-Vis absorption
spectroscopic properties of the PCA-RGO/Au NPs hybrid material
were investigated by means of a Cary 5000 (Varian) UV/Vis/NIR
spectrophotometer, at room temperature. Steady state
photoluminescence (PL) spectra were recorded by using a Fluorolog
3 spectrofluorimeter (HORIBA Jobin—Yvon), equipped with double
grating excitation and emission monochromators. All optical
measurements were performed at room temperature.

Raman spectra were collected by using a LabRAM HR Horiba-Jobin
Yvon spectrometer with a 532 nm excitation laser source.
Measurements were carried out under ambient conditions at a low
laser power (1 mW) to avoid laser-induced damage of the sample.
The Raman band recorded from a silicon wafer at 520 cm~1 was used
to calibrate the spectrometer, and accuracy of the spectral
measurement was estimated to be 1 cm.

Mid-infrared spectra were acquired with a Varian 670-IR
spectrometer equipped with a DTGS (deuterated tryglycine sulfate)
detector. The spectral resolution used for all experiments was 4
cm™. For attenuated total reflection (ATR) measurements, the
internal reflection element (IRE) used was a one-bounce 2 mm
diameter diamond microprism. Cast films have been prepared
directly onto the internal reflection element, by depositing the
solution or suspension of interest on the upper face of the diamond
crystal and allowing the solvent to evaporate.

Transmission Electron Microscopy (TEM) analyses were performed
by using a Jeol Jem-1011 microscope, operating at 100 kV and
equipped by a high-contrast objective lens, a W filament as electron
source, and an ultimate point resolution of 0.34 nm. Images were
acquired by a Quemesa Olympus CCD 11 Mp Camera. Samples were
prepared by dipping a 300 mesh amorphous carbon-coated Cu grid
in toluene dispersions of the PCA-RGO/Au NPs and leaving the
solvent to dry. Size statistical analyses of the NP average size and size
distribution were performed by counting 200 nanoparticles by the
freeware Image) analysis program.

Field emission scanning electron microscopy (FE-SEM) was
performed by a Zeiss Sigma microscope, operating in the range of 0-
10 keV, and equipped with an in-lens secondary electron detector
and an INCA Energy Dispersive Spectroscopy (EDS) detector. Samples
were mounted onto stainless-steel sample holders by double-sided
carbon tape and grounded by silver paste.

Topography and phase mode Atomic Force Microscopy (AFM)
measurements were performed in air and at room temperature, by
means of a PSIA XE-100 SPM system operating in tapping mode. A
silicon Scanning Probe Microscope (SPM) sensor for noncontact AFM
(Park Systems), having a spring constant of 42 N m1 and a resonance
frequency of 330 kHz, was used. Micrographs were collected on six
distinct areas of the sample, with a scan size area of 5 um x 5 um, by
sampling the surface at a scan rate between 1.0-0.5 Hz and a
resolution of 256 x 256 pixels. Topography AFM images were
processed by using XEI software to obtain statistical data.

Electrochemical Measurements. The electrochemical
measurements were carried out at room temperature (25 °C), with a
three-electrode system, and an AUTOLAB PGSTAT 10 digital
potentiostat/galvanostat. The GPES 4.9004 software (Eco Chemie
BV, Utrecht, The Netherlands) was used for Cyclic Voltammetry (CV),
Differential Pulse Voltammetry (DPV), Amperometry and Multi-Pulse
Amperometry (MPA). The FRA2 module was used for faradaic
impedance experiments. All potentials were referred to the screen-
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printed silver pseudo-reference electrode and the experiments were
carried out at room temperature.

CV was performed by a planar electrochemical cell covered by 150
uL of an electrolyte solution. When Fe[(CN)g]3/4~ in 0.1 M KCI was
used as redox probe, the potential was scanned from -0.6 V to +0.65
V vs. the Ag/AgCl pseudo-reference electrode. When a solution
containing 0.5 M of H,SO, was used, the potential was scanned from
-0.6 Vto +1.5V, with a scan rate of 10 mV s,

The electroactive areas (Aeie) have been determined by using the
Randles-Sevcik equation for a quasi-reversible system:

lap = (2.69 X 105) AgeCDY/2 n3/2 y 1/2 (1)

where l4p is the anodic peak current, D is the diffusion coefficient of
[Fe(CN)e]*- in solution (6.5 x 10-6 cm2s71), n is the number of electrons
transferred in the redox reaction, v is the potential scan rate (V s1)
and Cis the [Fe(CN)e]* concentration in the bulk solution (mol cm-3).

The amperometric measurements for H,0, detection were
performed at an applied potential of + 0.65 V vs. the Ag/AgCl pseudo-
reference electrode, in 0.05 M phosphate buffer at pH 8.5, under
stirring.

Faradaic impedance measurements were carried out in the presence
of 5 mM [Fe(CN)e]3/4- redox probe (equimolecular mixture in 0.1 M
KCl). A sinusoidal voltage of 10 mV in amplitude (peak-to-peak),
within the frequency range of 100 kHz—10 mHz, was superimposed
to the applied bias potential. The dc potential was set up at the
potential value observed at the Open Circuit Potential (O.C.P.) before
each measurement. Experimental spectra, presented in the form of
complex plane diagrams (i.e. Nyquist plots), were fitted with proper
equivalent circuits by using the FRA2 software 4.9004 (EcoChemie).
Charge transfer resistance values were taken as analytical signals.
The Randles equivalent circuit was successfully applied to fit the

acquired data.
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