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electrochemical sensors due to their combination of well-balanced electrical/electrocatalytic properties and superior

surface-to-volume ratio. In this work, the synthesis and physical characterization of a hybrid conjugate of reduced

graphene oxide and nickel nanoparticles (rGO-Ni NPs) is presented. The conjugate was further deposited onto a glassy

carbon electrode as a nanocomposite film of chitosan and glucose oxidase. The electrochemical response and morphology

of the films were investigated by SEM, CV, and EIS, and their application as a glucose biosensor were explored for the first

time in proof-of-concept tests. The low operating potential along with the good linearity and sensitivity (up to 129 pA-cm

~mM™) found in the sub-millimolar range, suggest potential applications in the self-management of hypoglycemia from

blood samples or in the development of non-invasive assays for body fluids such as saliva, tears, or breath.

Introduction

The disorders of carbohydrate metabolism are often regarded
as the pandemics of the modern times. Only Diabetes Mellitus
affected to 2.8% of the world population in 2000 (figures
which could double by 2030).1 To date, the self-management
of blood glucose levels has been the best proven approach to
delay clinical complications.2 In this sense, different
generations of glucose sensors have been commercially
available since the 60s. Biosensors, which take benefit from
the high specificity of enzymatic processes (catalytic or
enzymatic biosensors: e.g. glucose sensorsa) and molecular
recognition phenomena (affinity biosensors: e.g.
immunosensors,4 DNA/RNA aptasensors,5 or molecularly
imprinted polymerss), have expanded from healthcare to
environmental monitoring, food safety, homeland security,
etc; reaching a predicted market value of $20 billion by 2020.7

Electrochemical sensors present inherent advantages such
as good sensitivity, rapid and reliable response, and no need of
laborious sample pretreatment or labeling. Furthermore, low-
cost miniaturized chips and portable hand-held
electrochemical readers put this technology ahead of their
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competitors for the development of wearable analytical tools
that enable the self-management of different conditions.>®
Despite their excellent selectivity, the sensitivity of biosensors
is often limited by:

(a) Low coverage of biomolecules (enzymes, antibodies,
and so on) immobilized on a 2D supports.

(b) Poor conformational stability of surface-attached
biomolecules.

(c) Insulating or semiconducting nature of the most
common supports (polymers, hydrogels, inorganic scaffolds,
etc).

Nanotechnology has shrunk the dimensions of the main
sensor elements for enhanced signal-to-noise (S/N) ratios.
Nanostructured transducers and/or supporting matrices,
exhibit much higher surface-to-volume ratios to improve the
density of attached biomolecules. Regarding point (b),
covalent immobilization typically leads to low coverage and/or
reduced biological activity (due to the conformational changes
triggered by the coupling chemistries). Oppositely, passive
adsorption improves coverage but makes it harder to control
molecular orientation and the organization of the layers. In
parallel, protein unfolding is favored on many surfaces which
further limits the activity of the attached biomolecules.’

Conductivity enhancers such as redox mediators,10
conductive polymers,11 metal nanoparticles (MNPs),12 and
carbon nanomaterials, have been addressed to solve point (c).
In this sense, carbon nanotubes (CNTs) allowed the direct
electron transfer (ET) between redox enzymes and
electrodes.”® More recently, graphene (an one atom thick 2D
sheet of honeycomb carbon easily prepared from graphite14 or
by vapor depositionls) has also been explored.m’17 Compared
to CNTs, graphene has larger surface area, fewer impurities,
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and superior mechanical and electrical properties.l‘"18 Indeed,
water-processable chemically modified forms of graphene, e.g.
graphene oxide (GO), are obtained in bulk quantities by
functionalization and exfoliation of graphite.

GO has been explored as a membrane material®® and a
mechanical reinforcer.?° Despite its poor electron conductivity,
it presents good electrocatalytic properties21 due to a high
density of functional groups and structural defects.”? After
reduction to rGO, the conductivity is partially restored but,
unavoidably, certain amount of functional groups and defects,
remain in the structure. Therefore, rGO is a better balanced
material for electrochemical applications. More recently,
hybrid conjugates of rGO and metallic/semiconducting NPs
(rGO-MNPs/SNPs) have been explored for energy storage,
catalysis, analysis, and so on.2* 5o far the most investigated
conjugates in electroanalytical applications include MNPs of
Au,23'25 Cu,26'27 and Pt.”® While the use of Ni NPs may bring
similar advantages in terms of surface-to-volume area, Ni is a
cheaper and less toxic metal than the previous. Despite these
advantages, the rGO-Ni hybrid conjugate has been only
explored in a handful of non-enzymatic sensors for the
detection of glucose (and other carbohydrates)”'41 and, to our
best knowledge, no glucose biosensor based on this enhancer
has been demonstrated to date.

In this paper, the synthesis and characterization of a rGO-
Ni NPs conjugate and the preparation of nanocomposite films
with chitosan (a deacetylated derivative of the abundant chitin
polysaccharide which is used in graphene compositesB'Z&43
due to its excellent film forming abilities and
biocompatibility44'45) and glucose oxidase (GOx), is described.
Applications as a glucose biosensor were explored in proof-of-
concept assays mediated by [Fe(CN)6]3'/4' redox probes.46'47
This approach brings the advantages of the enhanced surface
area and balanced electrical/electrochemical properties of the
rGO-Ni NPs conjugate, the excellent biocompatibility and
enhanced density of enzyme molecules accommodated in the
chitosan scaffold, and the excellent selectivity of GOx.

Experimental
Synthesis of the rGO-Ni NPs Conjugate

GO was synthesized from graphite powder through a modified
Hummers method.*® Hybrid sheets of rGO-Ni NPs were grown
in situ as summarized in Scheme 1a. In first place, 100 mL of
GO aqueous dispersion (1 mg-mL'l) were placed in a 4-neck
round bottom flask and 600 mg of nickel chloride hexahydrate
(NiCl,.6H,0, >98%, Sigma-Aldrich) were added. The
temperature was gradually increased to 85 °C and, then, 18 mL
of hydrazine hydrate (N,H,;, 64-65%, reagent grade, Sigma)
were slowly poured. After 25 min stirring in Ar atmosphere,
450 mg of sodium borohydride (NaBH,, 98%, Sigma) were very
slowly added. Finally, 25 mL of 1 M sodium hydroxide (NaOH)
were added and the mixture was stirred for another 150 min.
The product was filtered, washed with ethanol and doubled-
distilled water, and vacuum-dried at 100 °C for 3 h.

Preparation of the rGO-Ni/Chit95/GOx Films

2 | Analyst, 2016, 00, 1-3

The rGO-Ni/Chit95/GOx composite films were deposited
onto a glassy carbon electrode (GCE, Metrohm, 6.1204.300,
area: 0.06 cmz) by sequential drop-casting. Previously, the GCE
was polished with 0.3 um Alumina slurry (Buehler Micropolish
1) and consecutively washed in water, ethanol, and acetone
under sonication. Cyclic voltammetry (CV) in H,SO, 0.5 M was
used to assess the cleanliness of the electrode. Then, it was
modified in three sequential steps (Scheme 1b). In the first, 10
uL of a 1 mg-mL'1 rGO-Ni NPs dispersion in ethanol were
spread on it and air dried. Afterwards, 10 uL of a 5 mg-mL'1
dispersion of chitosan (deacetylated to a degree of DD=95%,
average molecular mass: 150-200 kDa, Primex, Iceland;
hereinafter referred to as Chit95) in acetate buffer 0.1 M (pH
5; AB) were casted. Once dried, 10 uL of a 10 mg-mL'1 solution
of glucose oxidase (from Aspergillus Niger, Fluka; GOx) in 0.05
M phosphate buffer + 0.15 M NaCl (pH 7.3; PBS) were
dropped. To enhance the enzyme loading, GOx was casted
twice. AB and PBS solutions were prepared in ultrapure water
from a Milli-RO 3 Plus system (18.2 MQ-cm resistivity). When
not in use, the stock solutions and modified electrodes were
stored at 4 °C. Films of Chit95, GOx, Chit95/GOx, rGO-Ni NPs,
and rGO-Ni/Chit95 were also prepared, by combinations of the
previous steps, for the sake of comparison.

Methods

Characterization of the Conjugate. The phase purity and
crystalline structure were assessed by X-ray diffraction (XRD,
Cu K, radiation, A=0.15414 nm; 0.02°-min71). Attenuated total
reflectance fourier-transformed infrared (ATR-FTIR) spectra
were recorded in a Bruker Tensor 27. X-ray photoelectron
spectroscopy (XPS) was performed in an ESCALAB 200A
spectrometer (VG Scientific, UK) equipped with an achromatic
Al (K,) X-ray source of 15 kV (300 W) and operated in CAE
mode (20 eV pass energy). The analysis of the spectra was
done with the XPS Peak 4.1 software (Gaussian—Lorentzian
peak shape). For deconvolution, a non-linear least squares
fitting routine (plus Shirley-type background subtraction).
Conventional high-resolution transmission electron
microscopy (HRTEM, LaBg) was used to investigate the
crystallinity and quality of the conjugate.

Characterization of the Composites. Field effect scanning
electron microscopy (FESEM) images were taken for the rGO-
Ni NPs conjugate and the composite films in a FEI Quanta
400FEG Genesis X4M Microscope (CEMUP, Centro de
Materiais da Universidade do Porto) with Energy-dispersive X-
Ray Analysis (EDX). The preparation of the films was followed
by cyclic voltammetry (CV) and electrochemical impedance
impedance spectroscopy (EIS) in pure PBS and PBS + 2 mM
Ks[Fe(CN)g]-3H,0 + 2 mM K;[Fe(CN)g] (Fluka) using a Voltalab
PGZ301 potentiostat (Radiometer Analytical). Pt and Ag wires
were used as counter and pseudo-reference electrodes,
respectively.

CVs were acquired in the range -0.3/+0.6 V at 0.05 Vst
The [Fe(CN)6]4'/3' probes allowed for the internal calibration of
the pseudo-reference electrode and good agreement was
found between the half-wave potential of the probes (E;,,) and

This journal is © The Royal Society of Chemistry 2016
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Scheme 1. (a) Modified Hummers method followed to synthesize the rGO-Ni NPs hybrid conjugate. (b) Artistic illustration showing the different steps applied for the preparation

of a rGO-Ni/Chit95/GOx nanocomposite film onto a clean GCE.

its tabulated standard potential (E°) vs the Ag/AgCl/NaCl
reference. Impedance spectra were taken at E;;, (+0.15 V)
using a sine wave of 10 mV amplitude. The frequency was
decreased from 10* to 10" Hz. Unless otherwise stated, the
spectra were fitted to a R;QR,W Randles-type equivalent
circuit (described in Section S1t). The electrolyte was purged
with N, for 10-15 min before measurements.

Electroanalytical ~ Studies. = GOx-modified electrodes
(GCE/GOx, GCE/Chit95/GOx, and GCE/rGO-Ni/Chit95/GOx)
were interrogated in PBS + 2 mM [Fe(CN)6]3'/4' + 1 mM D-
glucose (Merck). The response and analytical performance of
GCE/rGO-Ni/Chit95/GOx was further investigated within a
range of glucose concentrations ([G]) between 25 uM and 12
mM. CVs and EIS were collected for three electrode replicas.

Results and Discussion

Characterization of the rGO-Ni NPs Conjugate

The XRD patterns of GO and rGO-Ni NPs are shown in Fig 1
(panel a). For GO, a virtually flat diffractogram dominated by
one single spike at 26=11°, which is typically ascribed to its
(001) basal plane,‘lg‘50 was registered (green curve). The d-
spacing was dg=0.81 nm which agrees well with the
interlayer distance in GO (typical values for graphite flakes are
=0.33 nm). Such an increase in the distance between graphitic
sheets indicates a successful introduction of functional groups
and solvent molecules. In big contrast, the diffractogram of
rGO-Ni NPs featured a series of bands at 26>20° (blue curve).

This journal is © The Royal Society of Chemistry 2016

The small band at 23° is due to the (002) crystallographic plane
of rGO.* From its low intensity, it is strongly suggested that
rGO sheets are covered by a different material.

The rest of peaks matched well the typical pattern of Ni
crystals with face centered cubic structure (fcc) [JCPDS card
No. 04-0850]. In this sense, the intense band at 44.4° (ascribed
to diffraction by Ni (111) facets) confirms the good crystallinity
of the grown NPs. Deeper insights on the composition of the
hybrid were obtained by ATR-FTIRS (Fig 1b). The spectrum of
GO exhibited a series of bands (green curve). While the main
of these peaks, registered at 1625 cm™, involves a variety of
possible vibrations (asymmetric stretching in deprotonated
carboxyls, vcoo as; stretching in ketones, vc=o;51 or O-H bending
in adsorbed H,0); the peak at 1730 em™tis precisely ascribed
to symmetric carbonyl stretching in edge carboxyl groups,
VCOOH:

Other bands were also found at 1220 cm™ (C-0-C
asymmetric stretching in epoxides), 1415 cm™ (combined
carbonyl stretching and in-plane C-O-H bending in protonated
carboxyls, vc.on), and the small shoulder at 1810 cm™ (carbonyl
stretching in chloride acids).“'ag'52 For rGO-Ni, significant
absorption only took place at 1595 cm™ which may involve: (1)
largely restored spz—hybridized C=C aromatic vibrations,52 (2)
residual carboxyl or ketone groups (literature has shown that a
complete reduction of GO is difficult to achieve even by high-
temperature annealingsz), or (3) adsorbed H,0. In summary,
not only most of the vibrations related to oxygen-based
functional groups vanished from the spectrum but no new

Analyst, 2016, 00, 1-3 | 3
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Figure 1. XRD patterns (a) and ATR-FTIR spectra (b) obtained for GO (green
curves) and rGO-Ni NPs (blue) powder samples. (c) The C 1s XPS spectrum
measured for rGO-Ni NPs (black) and its corresponding de-convolution
curves (colored).

peaks accounting for distinct functional groups were also
observed. These results strongly support that, through the
described method, a high degree of reduction of the original
GO sheets to rGO was achieved.

This view was additionally confirmed by XPS. Fig 1c depicts
the de-convoluted C 1s core level spectrum of rGO-Ni NPs.
While the major peak at 284.9 eV is attributed to the sp2 c=C
bond (graphitic carbon bonding), the peaks at 286.6 eV and
288.5 eV are assigned to carbon-attached remaining oxygen
functionalities (C-O and C=0, respectively). The morphology of
the conjugate was inspected by SEM (Fig 2a). The image

4 | Analyst, 2016, 00, 1-3

displays bright spherical clusters of particles with size below
the micron which seem deposited onto a surface apparently
covered by 2D sheets of graphene. More details were obtained
with the HRTEM technique. Fig 2b displays a 2D sheet of rGO
decorated with a homogeneous distribution of NPs (5-10 nm
size). Despite the good degree of isolation of the NPs in this
sample, clusters of about 3-5 NPs (size: 15-20 nm) were also
found in this image.

Fabrication of the Composite Films

The buildup process was followed by electrochemical
measurements in PBS (Fig 3). Panel a presents the CVs
registered for bare GCE, GCE/GOx, GCE/Chit95,
GCE/Chit95/GOx, and GCE/rGO-Ni. Interestingly the capacitive
current exhibited by the bare GCE (black solid curve) was
significantly blocked after adsorption of GOx (red solid curve).
The hypothetical unfolding of GOx molecules on GCE to form a
hydrophobic blocking layer, would result in a significant
reduction of the electrode capacitance. Hence, the evidence
points to a poor conformational stability of GOx onto glassy
carbon (GC). In great contrast, the capacitive current of
GCE/Chit95 (green solid curve) overtook that exhibited by the
bare GCE.

The pK, of =NH, groups in chitosan falls around 6.5. Hence,
chitosan exhibits positive charge at pHs ranging from acidic to
neutral. Due to the high DD of Chit95, and because it was
deposited since AB pH 5 (i.e. the pH at the electrode surface
may be slightly inferior to that at the electrolyte),53 it would
not be surprising that it remained partially protonated under
the working conditions (pH 7.3). In such a case, solution anions
(and their associated water molecules) would diffuse within
the biopolymer matrix to keep the electroneutrality. As a
consequence, the capacitance of the electrode should increase
as it is reflected in the recorded CV.

Contrary to behavior of GCE/GOx, the CV of
GCE/Chit95/GOx (green dashed line) presented negligible
changes compared to GCE/Chit95. This may be due to: (1) the
GCE surface is densely covered by Chit95 and no direct
adsorption of GOx onto the GCE surface occurs, or (2) the
biopolymer surface area is much higher than that for
uncovered GCE so that the impact of GOx unfolding on the
average electrochemical response is nearly negligible. In any
case, the result confirms an improved stability of GOx when
supported by Chit95. For GCE/rGO-Ni (blue solid line), a large
increase of the non-faradaic current was noticed throughout
the whole potential range. Moreover, a pair of sharp peaks
were identified at +0.07 and -0.27 V.

The enlarged double layer is typical of graphene-modified
electrodes (and attributed to its high surface-to-volume ratio
and the consequent increase in the amount of storable
interfacial charge). G. Chen et al. reported an analogous pair of
peaks for a magnetically assembled rGO-Ni NPs electrode.®
Despite differences in CV-shape and peak potentials (which
may originate from the different synthesis and electrode
preparation), a broad peak-to-peak potential separation (4E,>
320 mV) was found in both cases. Chen assigned the peaks to
the electroactivity of the NiOOH/Ni(OH), redox pair. Given the

This journal is © The Royal Society of Chemistry 2016
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Figure 2. (a) SEM and (b) HRTEM images taken for the rGO-Ni NPs powder.

absence of redox probes in our experiments, the faradaic
peaks in Fig 3a must be ascribed to the Ni NPs species in the
hybrid conjugate. Further coating of the GCE/rGO-Ni electrode
(black curve in Fig 3b) with Chit95 caused a very slight
decrease of the non-faradaic currents (red curve). However,
the subsequent deposition of GOx (blue curve) resulted in an
important blockage of the faradaic processes. These results
evidence a continuous passivation of the Ni NPs surface after
deposition of the biopolymer and the enzyme layers.

Structure and Composition

The morphology of the rGO-Ni/Chit95/GOx films was
inspected by FESEM. Fig 4a shows a wide view at the borders
of the electrode surface and its housing. The GC surface is
covered by a thick, smooth, and uniform film which looks like a
hydrogel. Over the electrode housing, a cracked region
revealed the polymeric structure of polyether ether ketone
(PEEK) below the detached film. At the right end of the crack,
the film was twisted so that its entire cross-section was
exposed. From this particular feature, the film thickness could
be roughly estimated in 3-4 um. Some microns to the left, a
bunch of graphene sheets appeared wrapped in the film (see a
higher magnification image in the red inset).

Fig 4b shows another snapshot taken at a different location
in which a part of the film was intentionally removed. The
induced step allowed for the direct comparison between the
composite-covered (brighter region on the left) and the bare
GCE surface (right). In the latter, a number of bright features
with island-type morphology were observed in the vicinities of
the induced step. Their closer inspection with higher
magnification (red inset) unveiled individual sheets of rGO (of
about 2 um width) loaded with bright clusters of particles with

This journal is © The Royal Society of Chemistry 2016
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Figure 3. (a) CVs obtained for bare GCE (black solid line), GCE/GOx (red),
GCE/Chit95 (green), GCE/Chit95/GOx (green dashed line), and GCE/rGO-Ni
NPs (blue) in PBS 0.05 M (pH 7.3). (b) Evolution of the CV for GCE/rGO-Ni
NPs (black curve) after its sequential modification to GCE/rGO-Ni/Chit95
(red) and GCE/rGO-Ni/Chit95/GOx (blue). The scan rate was 50 mV-s™ in all
cases.
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size ranging between 20 and 60 nm in (in good agreement with
the shape and size of the few-NP aggregates shown in Fig 2b).

An EDS spectrum taken over one of these islands showed
that these are mainly composed of carbon, oxygen, and nickel
(Fig S31). The absence of N peaks, allowed discarding the
presence of colloidal forms of chitosan. Therefore, the
combination of FESEM and EDS support the observation of
isolated 2D sheets of rGO-Ni NPs. It might be also concluded
that the structure of the composite film consists of a base
layer of the rGO-Ni NPs hybrid covered by chitosan hydrogel
(which contains the GOx). This structure not only agrees with
the changes shown in Fig 3 but also fits the order of assembly
followed in the preparation of the composite.

Stability and Catalytic Activity of GOx

The stability of GOx was investigated by testing its catalytic
activity in presence of glucose. Figure 5 presents the
interrogation tests conducted by CV (panel a) and EIS (panel b)
for bare GCE, GCE/GOx, GCE/Chit95/GOx, and GCE/rGO-
Ni/Chit95/GOx in 1 mM glucose. Blank measurements in its
absence have been also included for comparison purposes. In
the absence of glucose, the adsorption of GOx (red solid curve
in Fig 5a) resulted in a great blockage of the reversible faradaic
processes seen for bare GCE (as also occurred with the
capacitive currents in Fig 3a). Accordingly, the anodic peak
current density (jp,) dropped by almost 0.5 mA-cm? and AE,
grew to 800 mV (see Table 1).

Its corresponding Nyquist plot (red solid curve in Fig 5b)
exhibited a semicircle at high-medium frequencies whose
diameter was, by far, the largest amongst all the investigated
electrodes. In this frequency region, the total impedance is
controlled by the apparent charge transfer resistance (R,) so
that, the wider the observed semicircle registered the higher is
R2.54 Agreeing with this qualitative interpretation, R,
(determined in this case from the fittings to a R;QR, circuit;
section S1t) increased by two orders of magnitude (60.2 kQ)
since the 583 Q2 measured for bare GCE. Hence, both the data
in Fig 5 and Table 1 indicate that the ET is strongly hindered at
the GCE/GOx electrode which, as discussed above, may be due
to the poor conformational stability of GOx onto GCE.

As reported for an anodized carbon electrode,55 the
unfolding of GOx should form a blocking layer on GCE that
seriously limits its charge storage capabilities and the ET
kinetics. In big contrast, a pair of sharp peaks (and current
densities well above those for bare GCE) was observed in the
CV of GCE/Chit95/GOx (green solid line). As shown in Table 1,
Jpa soared to 916 uA-cm'2 and 4E, fell to 88 mV. In line with this
behavior, its Nyquist exhibited a semicircle even narrower
than that exhibited by bare GCE. The very low value of R,
obtained from the fittings, 365 Q, confirmed this view.

Hence, immobilizing GOx on chitosan not only did not block
of the ET processes of the [Fe(CN)G]S'M' species but, oppositely,
they were slightly favored. The main conclusions are:

(1) When supported on chitosan, the conformational
stability of GOx is superior. Chit95 is rich in hydroxyl and amino
groups which interact with the hydrophilic residues in the

6 | Analyst, 2016, 00, 1-3
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Figure 4. (a, b) FESEM images taken at two different locations over the
GCE/rGO-Ni/Chit95/GOx surface. The red insets display areas re-scanned
with higher magnification (the width of the red bar is 2 um in both cases).

outer regions of GOx (protein cores are usually hydrophobic)
to help keeping the biomolecules in its folded state.*>®

(2) The enhanced redox response is consistent with the
enhanced capacitive currents recorded in pure buffer (Fig 3a).
As already discussed, the Chit95 matrix may be partially
charged so that negatively charged anions and redox probes
may be attracted into it and rise their concentrations over
those at the bulk electrolyte (thus, explaining the enhanced
response).

Although the most important enhancement in the ET
occurred after deposition of the Chit95/GOx hydrogel, the
incorporation of rGO-Ni NPs sheets at the base of this
construct gave a further boost (see insets of Fig 5).
Accordingly, jea and AE, improved to 956 p.A~cm'2 and 83 mV,
respectively. Furthermore, the semicircle diameter followed a
concomitant decrease. This was additionally confirmed by a
minimum R, of 335 Q. Hence, due to the synergies described
in the introduction, the GCE/rGO-Ni/Chit95/GOx electrode
exhibited the best electroactivity within the investigated
series.

Not surprisingly, the response of bare GCE and GCE/GOx
was slightly hampered in 1 mM glucose (black and red dashed
lines, respectively). Supporting this view, jp, decreased by a
28% (bare GCE) and 14% (GCE/GOx) compared to the response
in absence of glucose. In good agreement, R, increased by a
360 % and 13%, respectively. These results indicate that:

(1) None of these electrodes exhibited apparent catalytic
activity towards glucose.

(2) Glucose seemed to induce a partial blockage of the ET.

This journal is © The Royal Society of Chemistry 2016
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Figure 5. Redox response registered for bare GCE (black), GCE/GOx (red), GCE/Chit95/GOx (green) and GCE/rGO-Ni/Chit95/GOx electrodes (blue) in PBS 0.05
M (pH 7.3)+2 mM [Fe((:N)s]‘3/'4 + 1 mM D-glucose (dashed lines). The curves in the absence of glucose are also included for comparison (solid lines). (a) CVs
recorded at 50 mV-s™. (b) Nyquist plots collected at 0.15 V (oscillation amplitude: 10 mV). The black inset features an enlargement of the impedance spectra

in the high-medium frequency range. The blue insets display the evolution of 4E, and R,.

Table 1 Anodic peak current densities (jra), peak-to-peak potential
difference (4Ep) and apparent charge transfer resistance (R;) derived from
the responses registered in Figure 5 for GCE/rGO-Ni/Chit95/GOx in the
presence and absence of 1 mM glucose.

Electrode [G]/ Jjea/ MA- AEp/V R2/ k2
mM cm’

Bare GCE 0 0.583 104 0.583
GCE/GOx 0 0.104 800 60.2
GCE/Chit95/GOx 0 0.916 88 0.365
GCE/rGO-Ni/Chit95/GOx 0 0.956 83 0.336
Bare GCE 1 0.418 209 2.68
GCE/GOx 1 0.089 800 68.0
GCE/Chit95/GOx 1 1.023 93 0.363
GCE/rGO-Ni/Chit95/GOx 1 1.047 88 0.353

A reasonable hypothesis to explain these results considers
the blockage of electroactive sites by glucose molecules. The
adsorption of glucose onto carbon materials has been scarcely
ex|:)|ored57'58 and, to our best knowledge, nothing has been
published about its adsorption on GCE. Then, to check this
phenomenon, we took CV and EIS measurements under the
same working conditions within a wide range of glucose
concentrations [G]=0.05-13 mM (Fig S1}). By increasing [G], jpa
declined continuously and R, followed a concomitant increase.
The jpa/R, vs [G] curves clearly resembled to the reported
adsorption isotherms of glucose on mesoporous carbons.”®
From this experiment the maximum coverage of glucose on
GCE was estimated to be below half a monolayer (6;=0.4).

As discussed above, the GCE/GOx electrode must be
blocked by a layer of denaturated enzyme so that any
additional blocking (due to glucose adsorption) would have a
very small impact on the ET (as confirmed in Fig 5). In great
contrast with this behavior, the CVs of GCE/Chit95/GOx and
GCE/rGO-Ni/Chit95/GOx exhibited enhanced peak currents
(green and blue dashed lines in Fig 5a). The integrated anodic

This journal is © The Royal Society of Chemistry 2016

charge (Qy) increased by a 13% and 15%, respectively, but the
values of AE, and R, barely changed. The Nyquist plots for
both electrodes in absence and presence of glucose virtually
overlapped each other. Although no evidence of direct ET from
GOx was found (Fig S2f), the consistently enhanced peak
currents observed for the GOx-modified electrodes may be
attributed to the catalytic activity of the enzyme.
GOx is known to selectively oxidize B-D-glucose to D-
glucono-1,5-lactone as follows:
B-D-Glucose+GOx-FAD->D-glucono-1,5-lactone+GOx-FADH, (1)
In presence of O,, the flavin adenine dinucleotide redox
cofactor (FAD, the initial acceptor of two electrons and two
protons) is regenerated:
GOx-FADH, + O, - GOx-FAD + H,0, (2)
Hydrogen peroxide oxidation, constitutes the detection
principle in “first generation” electrochemical biosensors.
Alternatively, redox mediators have been used as electron
acceptors to reduce their high operating potentials (second
generation). In our experiments, the electrolyte contains no O,
and, thus, the mediator must be the initial electron acceptor:
GOX-FADH,+2[Fe(CN)s]> > GOx-FAD+2[Fe(CN)s] +2H"  (3)
By balancing eq. 1 and 3:
B8-D-Glucose + 2[Fe(CN)5]3' -> D-glucono-1,5-lactone +
2[Fe(CN)sJ"+ 2H" (4)
Therefore, the enzymatic activity of GOx results in an
increased concentration of [Fe(CN)5]4'. As its oxidation to
[Fe(CN)5]3' occurs at the anodic peak, the activity of the
enzyme establishes a feed-back loop due to GOx which results
in enhanced oxidation peaks.

Calibration Curves

Encouraged by these results, the GCE/rGO-Ni/Chit95/GOx
electrode was further interrogated in a wide range of [G]
(0.025-12 mM). Accordingly, the proof-of-concept experiments
were recorded in triplicate (Figs 6, S3f, and S47F). As shown in
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Fig 6a, the CVs did not follow great changes in shape.
However, the peak currents followed a slight but progressive
decrease (red inset). The average jpa Vs [G] plot (blue inset)
confirmed this view and exhibited two linear domains which
were fitted to a couple of straight lines. The widest region, 1-
12 mM, covers normal blood glucose levels in healthy humans
(3.9-6.5 mM) and most cases of hypo and hyperglycemia in
diabetics.

The second is much narrower (0.025-1 mM) but more
sensitive (as inferred from its greater slope). The EIS
interrogation showed a continuous growth of the semicircle
diameter (Fig 6b) upon the increase of [G]. Remarkably, two
identical linear domains were also spotted in the average R, vs
[G] plot (blue inset). The quantitative average data in Table 2
confirms both the decline of j,, and the growth of R,. Both the
CV and EIS calibration is consistent with a progressive
hindering of the ET as the amount of glucose is increased.

Electroanalytical Performance and Detection Mechanism

The average sensitivity of the biosensor in the sub-
millimolar (5,) and millimolar (5,) domains was derived from
the slopes of the fitting curves in Fig 6 (Table 3). Under the
voltammetric determination, these achieved values of $,=68
uA-cm'Z-mM'1 and $,=6 uA-cm'z-mM'l. These data suggest a
superior sensitivity of the biosensor in the sub-millimolar
range. While the sensitivity of the individual GCE/rGO-
Ni/Chit95/GOx electrodes in the millimolar scale (S,) were very
close to S, (c.a. 6-7 uA-cm'z-mM'l), the maximum S, achieved
by the biosensor was about twice the $; (129 uA-cm'z-mM'l). In
good agreement with these findings, the impedimetric
determination showed to be about 15 times more sensitive in
the submillimolar domain (Table 3).

The limits of detection (LOD) were evaluated for both
methods considering a S/N ratio of 3. Thus, minimum values of
390 and 254 pM were obtained from the voltammetric and
impedometric methods, respectively. These results suggest
that the impedometric determination is slightly more sensitive.
Compared to other enzymatic biosensors based on GOx and
graphene-MNPs/SNPs conjugates (e.g. rGO-Cu,27 rGO-Ti02,3O
rGO-Au,23 GO-Pt,28 and rGO-hydroxyapatite;49 2"6™ entries in
Table 4), the GCE/rGO-Ni/Chit95/GOx electrode exhibited the
highest sensitivity (a close performance was only achived by
the GCE/GO-Pt/Chit/GOx sensor).28

The same conclusion was reached by comparison with
other biosensors based on GOx and undecorated forms of
graphene (rGO;43’50 GO;59 and graphene nanosheets, GNS;60
see Table 4). In fact, the best sensitivity attained by these
sensors was 48 uA-cm'Z-mM'1 (GCE/GNS/Nafion/GOx),60 which
is 20 uA-cm'z-mM'1 below the average sensitivity
demonstrated in our results. Non-enzymatic sensors based on
graphene-CuO have also exhibited linear response in the sub-
millimolar range and a better combination of LODs and 5333
The few number of non-enzymatic sensors based on the rGO-
Ni NPs hybrid have presented low LODs (0.1-1 uM).37'41 On the
other hand, while the GCE/rGO-Ni sensors reported by Y.
Zhang39 et al and Z. Wang41 et al exhibited sensitivities around

8 | Analyst, 2016, 00, 1-3

10° uA-cm'Z-mM'l, the other three were less sensitive than the
GCE/rGO-Ni/Chit95/GOx biosensor.

From this broad comparison it is concluded that non-
enzymatic graphene-MNPs/SNPs sensors, which are based on
different working and detection principles and operate at pHs
present enhanced
electroanalytical performance compared to their enzymatic

well above the physiological level,

counterparts. Beyond the good electrocatalytic properties of
MNPs/SNPs, the results unavoidably evoke the idea of a still
limited stability/loading of enzyme in those systems (further
investigation will be required to ascertain this point). In any
case, the presented results demonstrate an important
improvement in the stability of GOx when supported on Chit95
and, as a result, the achieved sensitivities are amongst the
finest reported for glucose biosensors based upon GOx and
graphene. In fact, good responsiveness was not only noticed
for the lowest [G] studied in these experiments (25 uM), which
is close to the detection limit  reported for
GCE/rGO/Chitosan/GOx (20 uM),43 but even at a much lower
[G] of 100 nM as shown in the ESI (Fig S67).

The progressive hindering of the redox response in Fig 6, as
opposed to the enhanced current densities evidenced in Fig 5,
is a clear indication that the activity of GOx is not the only
phenomenon making part of the sensing mechanism. We must
recall that the adsorption of glucose on bare GCE was
demonstrated in Fig S17. Hence, a hybrid enzymatic/non-
enzymatic detection mechanism is proposed to explain the net
response in Fig 6. The progressive blockage of uncovered GCE
surface sites in presence of increasing amounts of glucose
molecules, may counter-balance the enhanced response of the
biosensor due to the activity of GOx. Hence, a net
deterioration of the ET kinetics is observed in the interrogation
tests. Although further research is required to confirm this
point, the behavior in Fig 6 is strongly suggested to be
controlled by the progressive adsorption of glucose (in fact,
the shape of the R,/jps vs [G] plots remind a typical two-step
adsorption isotherm).

Reproducibility, Stability, and Interference Studies

The errors presented in Table 2, correspond to relative
standard deviations (RSD) in the range 4-6%. In good
agreement, the RSD of the jp, registered in 1 mM glucose for
three electrode samples was 4.9%. Taking into account the
variety of synthetic and assembly steps involved in the
preparation of the biosensor, these results evidence a good
degree of reproducibility. The RSD of five consecutive
measurements taken with a freshly prepared electrode fell
below 1.3% (see the curves in Fig S7f) which indicates an
excellent repeatability. The stability of the biosensor towards
continuous cycling was judged upon collecting 100 consecutive
CVs. Although the jp, followed an important decrease, the
biosensor was still operative.

Its durability was evaluated for a period of one month.
After 3 weeks storage, a dramatic decrease of the
electroactivity was observed (Fig S77). At first glance, the
electrode surface looked like cracked and scaly. This evidence
suggests that the drying of the hydrogel film results in a great

This journal is © The Royal Society of Chemistry 2016
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Figure 6. Electrochemical interrogation of the biosensor in the presence of increasing concentrations of glucose [G]: 0.025 (red), 0.050 (green), 0.100 (blue),
0.250 (cyan), 0.500 (magenta), 1 (purple), 3 (orange), 5 (wine), 7(olive), 9 (dark cyan), and 12 mM (grey). (a) CVs recorded at 50 mV-s™. The changes in the

anodic peak are shown with higher detail in the red inset. (b) Nyquist plots collected at +0.15 V and oscillation amplitude of 10 mV. The average changes in
Jjea and R, for three GCE/rGO-Ni/Chit95/GOx electrodes are shown in the blue insets with the corresponding calibration curves. The error bars represent the

standard deviations. The electrolyte was PBS 0.05 M (pH 7.3) + 2 mM Fe(CN)s

loss of performance (indeed, as also seen in the figure, the
situation improved when storage was performed under
appropriate conditions of hydration). Ascorbic acid (AA) and
uric acid (UA) are some of the most important species
interfering in the electrochemical detection of glucose in
plasma samples (although ten times more diluted, these
oxidize in simultaneous with H,0, in first generation
biosensors). To investigate this effect, additional interrogation
tests were conducted in PBS 0.05 M + 2 mM [Fe(CN)6]3'/4' +1
mM glucose after successive additions of AA and UA to
concentrations of 50, 75, and 100 uM (Fig S8+).

The addition of AA, led to total variations in jp, and AEp
within the measurement error (1.7% and 1%, respectively) and
to negligible changes in the Nyquist plots. Oppositely, UA
induced a decrease in jp, of ca. 6.6% and AE, increased more
than 10% (the changes in the Nyquist also became more
evident as seen in the inset of Fig S8b+). These results indicate
that while AA has a negligible effect in the response of the
biosensor, UA poses a significant interference which may
slightly overestimate the analytical signal. Since the oxidation
of AA and UA in bare GCE occurs at £>0.35 V vs Ag/AgCI,61
competitive adsorption is suggested as a possible interference
mechanism.

Conclusions

Sheets of reduced graphene oxide (rGO) decorated with
clusters, or isolated NPs, of Ni were synthesized through the
one-pot reduction of GO and Ni%*, rGO-Ni/Chit95/GOx
nanocomposite films, constituted by a base layer of the
conjugate and a GOx-containing chitosan hydrogel on top,
were deposited onto a GCE. The interrogation of the modified
electrode in dilute glucose solutions demonstrated a
significant activity of the enzyme supported on Chit95. Further
interrogation in a wider range of [G], demonstrated the

This journal is © The Royal Society of Chemistry 2016

3-/4-

Table 2. Average anodic peak current densities (jra) and apparent charge
transfer resistance (R;) plotted in the blue insets of Fig 6. The errors
correspond to the standard deviation of the three experiments.

[G]/ mM Jea/ MA- cm? R,/ k2
0.025 0.73+£0.04 0.97 £ 0.06
0.050 0.73+0.04 1.02 £0.09
0.100 0.72£0.04 1.06 £ 0.05
0.250 0.71+0.03 1.09 £ 0.06
0.500 0.70 £ 0.04 1.12 £0.07
1.000 0.69 £0.03 1.13+£0.07
3.000 0.67 £0.03 1.18 £ 0.07
5.000 0.66 £ 0.03 1.21 +0.06
7.000 0.64 £0.03 1.24 £ 0.06
9.000 0.63+0.03 1.28 £0.07
12.00 0.62 £0.02 1.33+£0.04

Table 3. Parameters obtained by fitting the average data in the blue insets
of Fig 6 to straight lines defined by the equation Y = A + S - [G], with Y being
Jjeaand R, A the y-intercept, and S the slope.

Mode [G] / mM S/ UA- cmZmm™ A /uA-cm'Z R
cv 0.025-1 68 732 0.958
Ccv 1-12 6 694 0.994

[G]/ mM S/ Q2 -mMm* A/Q R
EIS 0.025-1 262 1004 0.925
EIS 1-12 17 1121 0.997

feasibility of the system as a second generation
electrochemical biosensor with good linearity found in the
millimolar and sub-millimolar scales (both under voltammetric
and impedimetric mode). Good reproducibility and short-term
repeatability upon consecutive measurements were also
demonstrated. Tests in presence of AA and UA showed a
negligible effect of the first and a small (and likely
manageable) interference of the latter in the response of the
biosensor. The stability towards continuous cycling and
storage under dry conditions were limited.

Analyst, 2016, 00, 1-3 | 9
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Table 4. Sensitivity (S), limit of detection (LOD), and linear dynamic range (LDR) reported in the literature for the electrochemical detection of glucose using

different graphene-based sensors.

Sensor Type Method S LOD/ umM LDR/ mM Ref.
GCE/rGO-Ni/Chitosan/GOx Eu (&Y 129 pA~cm'2-mM'1 390 0.025-1 This work
EIS 497 Qmm? 254
GCE/rGO-Cu/Nafion/GOx E cv 34 pAcmZimm? 5.00 0.05-12 [27]
GCE/rGO-TiO,/Nafion/GOx E cv 6 pA-cmZmMm’ - Upto8 [30]
GCE/rGO-Hap" /GOXx E cv 17 pAcm®-mm? 30.0 0.1-11 [49]
GCE/GO-Pt/Chitosan/GOx E cA” 113 pAcmzmM? 0.6 0.001-2.25 [28]
Au/rGO-Au/Chitosan/GOx E (&Y% 0.55 |.1A-mM'1 180 2.0-10 [23]
GCE/rGO/Chitosan/GOx E cv 38 pAcmZimm? 20.0 0.08-12 [43]
GCE/rGO/GOx E CA 1.85 pAcm>mM™ - 0.1-27 [50]
GCE/GNS" /Nafion/GOx E cv 48  pA-cmZmMm’? - 0.2-1.4 [60]
Pt/GO/GOx E CA 8 pAcm>mMm* - 0.1-20 [59]
CPES/rGO-Ni NE’ CcA 11 pAcmZimMm? 0.47 0.001-1 137]
AER? /rGO-Ni NE CA 82 pAcmimm? 1.05 0.001-1 [38]
GCE/rGO-Ni NE CA 1020 pA-cm>mM* 0.1 0.002-2.1 [39]
GCE/rGO/PANI" /Ni NE CcA 30 pAcmZmM? 0.1 0.0001-1 [40]
GCE/rGO-Ni NE CA 813 pAcm>mM™ - 0.001-0.110 [41]
GCE/rGO-Cu0 NE CA 2221 pAcm>mm? 0.1 0.0004-3 [33]
GCE/SG'-CuO NE CA 1299 pA-cm*mMm’ 0.08 0.1-10.5 [34]

a D 4 a 3
Enzimatic; ~ Hydroxyapatite; =~ Chronoamperometry; = Graphene Nanosheets; ~ Carbon Paste Electrode; 7 Non-enzymatic; g Anion Exchange Resin

Microspheres; ~ Polyaniline; ! Sulfur-Doped Graphene

In addition to the lower cost and toxicity of Ni, other
advantages include its low operating potential and superior
sensitivity in the submillimolar range (compared to other
reported glucose biosensor based on GOx and graphene-
MNPs/SNPs). The demonstrated performance is well suited for
most of the practical applications of a disposable glucose
sensor (regular self-management tasks or early detection of
hypoglycemia peaks) and suggests potential applications in the
development of non-invasive assays based on more accessible
human sera such as saliva or tears
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