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Biopolymer pectin stabilized gold nanoparticles were prepared at graphene and multiwalled carbon
nanotubes (GR-MWNTs/AuNPs) and employed for the determination of glucose. The formation of GR-
MWNTs/AuNPs was confirmed by scanning electron microscopy, X-ray diffraction, UV-vis and FTIR
spectroscopy methods. Glucose oxidase (GOx) was successfully immobilized on GR-MWNTs/AuNPs film
and direct electron transfer of GOx was investigated. GOx exhibits highly enhanced redox peaks with
formal potential of —0.40V (vs. Ag/AgCl). The amount of electroactive GOx and electron transfer rate
constant were found to be 10.5 x 10~ molcm—2 and 3.36s~!, respectively, which were significantly
larger than the previous reports. The fabricated amperometric glucose biosensor sensitively detects glu-
cose and showed two linear ranges: (1) 10 wM - 2 mM with LOD of 4.1 uM, (2) 2 mM - 5.2 mM with LOD
of 0.95 mM. The comparison of the biosensor performance with reported sensors reveals the significant
improvement in overall sensor performance. Moreover, the biosensor exhibited appreciable stability,
repeatability, reproducibility and practicality. The other advantages of the fabricated biosensor are sim-
ple and green fabrication approach, roughed and stable electrode surface, fast in sensing and highly
reproducible.
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1. Introduction

The development of efficient glucose biosensors for the sensi-
tive determination of blood glucose level is significantly important
[1,2]. Electrochemical biosensors are the most preferable meth-
ods for the determination of blood glucose due to their simplicity,
sensitivity, portability, and direct use in point-of-care assays [3,4].
Glucose oxidase (GOx) is the model enzyme employed for the
enzymatic determination of glucose [5]. However, there are two
important limitations in immobilizing GOx on solid electrodes: (1)
poor electrical communication between active site of GOx and elec-
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trode surface, and (2) enzyme leaching [6,7]. The preparation of
suitable electrode matrix is significantly important to overcome
these issues [3,7]. Nonetheless, the electrode matrix should not
alter the mechanical stability and catalytic ability of GOx [4,8]. A
wide variety of electrode materials including polymers [9], sol-
gel [10], mesoporous silica [11], metal nanoparticles [12], carbon
nanotubes [13] and graphene based nanomaterials [14,15] have
been reported in the past years. Recently, carbon nanomaterials
such as multiwalled carbon nanotubes (MWNTs) and graphene
(GR) are proved as promising electrode materials for fabrication of
electrochemical biosensors attributed to their large surface area,
high conductivity, and good catalytic ability [8]. Designing GR
based nanocomposites for the development of glucose biosensors
is continuous research interest in our research group [3,6,8,16-18].
Herein, we described a simple electrochemical approach for the
preparation of gold nanoparticles (AuNPs) at pectin scaffold and
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Scheme 1. Schematic representation for the fabrication of GR-MWNTs/AuNPs/GOx film modified GCE.

GR-MWNTs (GR-MWNTs/AuNPs). MWNTs own high mechanical
strength, excellent conductivity, antifouling properties and shown
great glucose sensing ability [8]. Green agents stabilized AuNPs
have been widely used for the fabrication of biosensors ascribed to
their long-term stability, solubility, less toxicity and amphiphilicity.

The main aim of this work is to develop a sensitive glucose
biosensor based on GR-MWNTs/AuNPs. The GR-MWNTs/AuNPs
was prepared through easily adoptable electrodeposition method.
The GR-MWNTSs/AuNPs/GOx film exhibits excellent electrocatalytic
ability for the determination of glucose and displayed wide lin-
ear range, low limit of detection and high sensitivity. The glucose
biosensing performance of the GR-MWNTs/AuNPs/GOx is quite
comparable to the previously reported glucose biosensors. The
other advantages of the biosensor are simple and green fabrication
approach, roughed and stable electrode surface, fast in sensing and
highly reproducible.

2. Experimental
2.1. Chemicals and apparatus

Graphite (powder, <20wm), MWNTs (bundled>95%,
0.D x LD x length of 7-15nm x 3-6nm x 0.5-200 wm), pectin
(from citrus peel), HAuCly, GOx (type x-s, Aspergillus niger) and all
the other reagents were purchased from Sigma-Aldrich and used
as received. All the electrochemical measurements were carried
out using CHI 611A electrochemical work station (CH Instruments,
Inc., U.S.A) at ambient temperature. Electrochemical studies were
performed in a conventional three electrode cell using modified
glassy carbon electrode (GCE) (Bioanalytical Systems, Inc., USA) as
a working electrode (area 0.071 cm?), saturated Ag|AgCl (saturated
KCl) as a reference electrode and Pt wire as a counter electrode.
Prior to each electrochemical experiment, the electrolyte solutions
were deoxygenated with pre-purified nitrogen for 15 min unless
otherwise specified. The supporting electrolyte used for the elec-
trochemical studies was 0.1 M phosphate buffer (pH 7) prepared
from sodium dihydrogen phosphate and disodium hydrogen
phosphate. To perform different pH study, 0.1 M acetate buffer
from acetic acid and sodium acetate (for pH 3 and 5), and 0.1 M
Tris-buffered saline (TBS) from tris and sodium chloride (for pH 9)
were prepared.

Amperometric measurements were performed with analytical
rotator AFMSRX (PINE instruments, USA) with a rotating disc elec-
trode (RDE) having working area of 0.21 cm?2. Scanning electron
microscopy (SEM) and UV-vis absorption spectroscopic measure-
ments were performed using Hitachi S-3000H scanning electron
microscope and Hitachi U-3300 spectrophotometer (EquipNet,
Inc., USA). Powder X-ray diffraction (XRD) and Attenuated total
reflectance-FT-IR (ATR-FTIR) spectroscopy studies were carried out
using XPERT-PRO (PANalytical B.V., The Netherlands) diffractome-

ter (Cu Ka radiation, k=1.54 A) and Perkin-Elmer IR spectrometer
respectively.

2.2. Synthesis of GR-MWNTs/AuNPs and immobilization of GOx

Graphite oxide was prepared from graphite by Hummers
method [19] and exfoliated to graphene oxide (GO) via ultrasonic
agitation. 10mg MWNTs were added in 5mL of GO (1 mgmL-1)
and ultrasonicated for 2h to get GO-MWNTs [20]: The com-
posite was washed (water and ethanol), dried and redispersed
in water (0.5mgmL-1). GCE surface was cleaned by polishing
with 0.05pum alumina slurry using Buehler polishing kit. 5L
GO-MWNTs was drop cast on the pre-cleaned GCE and dried at
ambient conditions. Subsequently, GO-MWNTs modified electrode
was transferred to an electrochemical cell containing 5 mL of KNO3
(0.1 M) with pectin (3mgmL-!) and HAuCly (0.3mgmL-1). 10
consecutive cyclic voltammograms were swept at a scan rate of
50mVs~!. The potential range was+1.40V to -1.40V [21]. During
electrochemical cycling, GO was reduced to GR [3]. Simultaneously,
pectin stabilized Au3* ions were reduced and electrodeposited
on GR-MWNTs. The as-prepared GR-MWNTs/AuNPs film was
rinsed with water and dried. 5 pL GOx (10mg mL-!) was drop
cast onto GR-MWNTs/AuNPs film and dried at room tempera-
ture (Scheme 1). GR-MWNTs/AuNPs/GOx film modified electrode
was gently washed with water and dried. As control, AuNPs/GOx,
MWNTs/AuNP/GOx and GR/AuNPs/GOx electrodes were prepared.

3. Results and discussion
3.1. Characterization of GR-MWNTs/AuNPs

SEM image of GR portrays characteristic wrinkled thin sheet like
morphology with foldings and crumbles (Fig. S1A). The SEM image
of GR-MWNTSs shows thin GR sheets along with tubular networks
of MWNTs (Fig. S1B) [22]. The SEM image of GR-MWNTs/AuNPs
(Fig. 1A) depicts uniform decoration of pectin stabilized AuNP at
GR-MWNTs. The particle sizes are ranging between 15nm and
70nm. Fig. 1B displays UV-Vis spectra of pectin (curve a) and
GR-MWNTs/AuNPs (curve b). The spectrum of pectin presents a
sharp absorption peak at 291 nm and a shoulder at 380 nm which
were arose due to the presence of free carboxyl group. How-
ever, these absorption peaks were disappeared in the spectrum
of GR-MWNTs/AuNPs indicating that these free carboxyl groups
are committed to accommodate AuNPs. At the same time, a new
absorption peak was observed at 562 nm which is assigned to
the AuNPs. ATR-FTIR spectrum of pectin (curve a, Fig. 1C) shows
well-defined peaks at the wavenumbers of 3615, 2980, 1789 and
1616 cm™! corresponding to —OH, —CH3, —COOCH3 and C=0 func-
tionalities, respectively. However, all these peaks were disappeared
in the spectrum of GR-MWNTs/AuNPs (curve b, Fig. 1C) indicating
the removal of oxygen functionalities during reduction. The obser-
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Fig. 1. (A) SEM image of GR-MWNTs/AuNPs; UV-vis (B) and ATR-FTIR (C) spectra of pectin (a) and GR-MWNTs/AuNPs (b); (D) XRD patterns of bare ITO (a) and GR-

MWNTSs/AuNPs (b).

vation of four diffraction peaks at 26 angles of 38.3°, 44.46°, 64.78°
and 77.96° were assigned to (111),(200),(220)and (31 1) reflec-
tions of face-centered cubic structure of AuNPs, respectively (JCPDS,
card no. 04-0784) (Fig. 1D) [23].

3.2. Direct electron transfer of GOx

Fig. 2A presents the cyclic voltammograms of AuNPs/GOx
(a) MWNTs/AuNPs/GOx (b), GR/AuNPs/GOx (c), GR-MWNTs/GOx
(d) and GR-MWNTs/ AuNPs/GOx (e) films modified GCEs in
phosphate buffer (pH 7) at the scan rate of 50 mVs~'. The
AuNPs/GOx film has not exhibited any redox peaks indicat-
ing its impotence to mediate the direct electron transfer of
GOx. The redox peaks of GOx observed at all other electrodes
denote direct electron transfer of FAD/FADH,. Electrochemical
parameters of the redox couple, such as formal potential (E°’),
anodic peak current density (jpa), cathodic peak current den-
sity (jpc), and peak potential separation value (AEp) are given in
Table S1. The direct electron transfer ability of these modified
electrodes follows; MWNTs/AuNPs/GOx< GR/AuNPs/GOx< GR-
MWNTs/GOx< GR-MWNTs/AuNPs/GOx. GR-MWNTs/AuNPs/GOx
film exhibits maximum direct electron transfer ability than other
electrodes which is evident from its low AE, and greatly enhanced
peak currents (jpa and jpc). The excellent electron transfer ability
of the film should be attributed to its large surface area, high con-
ductivity, high porosity and biocompatibility. GR-MWNTSs possess
high edge density due to its three dimensional hierarchical net-
work which provides large surface area and high conductivity. In
addition, there is good synergy between GR and MWNTs. The GR-
MWNTSs/GOx exhibits comparatively less electron transfer ability

than the GR-MWNTs/AuNPs/GOx which revealed the significant
contribution of AuNPs to improve the direct electron transfer abil-
ity. 200 consecutive CVs are carried out in phosphate buffer (pH
7) in order to investigate stability of GR-MWNTs/AuNPs/GOx film
modified electrode; The electrode was retained 96.16% of its initial
response currents (Ipa and Ipc) even after 200 successive cycles (Fig.
S2). Besides, the electrode was retained 95.74% of its initial peak
currents (Ipa and Ip¢) even after one month storage time indicating
the good stability of the developed modified electrode.

Fig. 2B presents cyclic voltammograms of GR-
MWNTs/AuNPs/GOx in phosphate buffer (pH 7) at different
scan rates (100 to 1000mVs~1). Both I, and Iy of the redox
couple increases as scan rates increases (v). A plot of Ip; and Ipc
vs. v exhibits good linearity with slope of 277.2 pA. (Vs~1)-1
and -280.5 pA. (Vs~1)~1 respectively, indicating surface confined
process (inset to Fig. 2B). The surface coverage of GOx (I") at
GR-MWNTs/AuNPs film was calculated using Eq. (1) [24].

P n2F2yAl’

P 4RT (1)

Here, v (Vs~1), A (cm?2) and n (=2) are referring scan rate, electrode
surface area and number of electrons transferred. The constantsR, T
and F are representing their usual meanings (R=8.314J K- mol-1,
T=298K, F=96485Cmol~1). The value of I" is calculated to be
1.05 x 10~2 mol cm~2 which is significantly higher than previously
reported electrodes; reduced GO-MWNTSs (3.58 x 10-19 mol cm~2)
[3], GR-cobalt phthalocyanines (3.77 x 10~ molcm~2) [16] and
reduced GO (1.22x107'9molcm=2) [6]. The apparent het-
erogeneous electron transfer rate constant (ks) of GOx at
GR-MWNTs/AuNPs film was calculated using Eq. (2) (where,
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Fig. 2. (A) Cyclic voltammograms obtained at AuNPs/GOx (a) MWNTs/AuNPs/GOx
(b) GR/AuNPs/GOx (c), GR-MWNTs/GOx (d) and GR-MWNTs/AuNPs/GOx (e) films
modified GCE in phosphate buffer (pH 7) at the scan rate of 50 mVs~'. (B) Cyclic
voltammograms obtained at GR-MWNTs/AuNPs/GOx in phosphate buffer (pH 7) at
different scan rates (100-1000 mVs~1). Inset: Plot of I, and I Vs. v, Ipa /A =277.2
v[Vs~1-33.81/uA; Ipc/A =-280.51/Vs~1-30.23/pA.

AE,>100mV) [24],

Logks = alog(1-a) + (1-a)loga -log(RT/nFv)
-a(1-a)nFAE,/2.3RT (2)

here, a is the charge transfer coefficient (~0.5), while all other
parameters stands for similar meanings explained in Eq. (1). The
value of ks is calculated to be 3.36 s~1, which is significantly greater
than those reported for GOx immobilized on boron-doped CNTs
(1.56s71) [25], GOXx-GR-chitosan (2.83s71) [26], gelatin-MWNTs
(1.08s71) [8], CNTs-gold colloid (1.01s~1) [27], MWNTs-chitosan
(1.08s71) [28], and single-walled CNTs-chitosan modified elec-
trode (3.0s~1) [29].

Effect of electrolyte pH on the direct electron transfer of GOx was
investigated in different pH ranging from 3 to 9 (Fig. 3A). Despite
GOx presents sharp redox peaks in all pH, it has the tendency to
denature atlow and high pH values [30]. At pH 7, GOx exhibits max-
imum redox peak currents. The plot between E°’ and pH exhibits
good linearity (Fig. 3B) with slope of -52 mV/pH. The slope value
is close to the theoretical value of — 58.6 mV/pH accounted for a
reversible reaction involving equal numbers of protons and elec-
trons [3].

Current

EIN(vs.Ag|AgCl)
0.6
B R2=0.9815
>
~ 03
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0 5 10
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Fig. 3. (A) Cyclic voltammograms obtained at GR-MWNTs/AuNPs/GOx film modi-
fied electrode in phosphate buffer with different pH ranging from 3 to 9. (B) Plot of
E°’ vs. pH; E°'[V =-52 (mV/pH) -0.0331.

3.3. Electrocatalysis and determination of glucose

Fig. S3 displays the «cyclic voltammograms of GR-
MWNTs/AuNPs/GOx film modified GCE in nitrogen (a), air (b)
and oxygen (c) saturated phosphate buffer (pH 7). In the oxygen
saturated condition, the electrode presents a sharp increase in
the jpc which should be ascribed to the excellent oxygen reduc-
tion reaction (ORR) ability of the electrode. Fig. 4A presents the
voltammograms of GR-MWNTs/AuNPs/GOx in oxygen saturated
phosphate buffer (pH 7) containing different concentration of
glucose. A sharp decrease in j,c was observed upon injection
of glucose which is due to the consumption of oxygen required
for GOx catalyzed oxidation of glucose [3]. The concentration
of glucose dependent linear plot displays good linearity in the
concentration range of 1-7 mM (Fig. 4B).

Fig. 5A displays the amperogram of GR-MWNTs/AuNPs/GOx
film modified RDE for various concentration of glucose (10,100
and 1000 wM). Aliquots of glucose were injected at 50s regular
intervals into continuously stirred phosphate buffer (pH 7). The
applied electrode potential (Eapp) was hold at -0.44V, while rota-
tion speed was fixed at 1500 rpm. Rapid and well defined responses
were observed for each addition. The amperometric responses
are linearly increased in the concentration range of 10 wM-2 mM
(Fig. 5B). A plot between [glucose] and I, exhibits good linearity
with slope of 0.146 uA mM~!. Sensitivity of the biosensor was
calculated to be 0.695 wA mM~! cm~2, while detection limit was
calculated as 4.1 .M (S/N=3). Asecond linear range was observed in
the concentration range of 2-5.2 mM with slope of 0.050 pA mM-!
(Fig. 5C). Sensitivity and detection limit at this linear range were
0.2380 pAmM~! cm~2 and 0.95mM respectively. The important
analytical parameters such as detection limit, linear range and sen-
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Fig. 4. (A) Cyclic voltammograms obtained at GR-MWNTs/AuNPs/GOxX film in oxy-
gen saturated phosphate buffer (pH 7) in the absence (a) and presence of glucose
(b to h; each addition of 1mM glucose). (B) Plot of I, vs. [glucose]; I,/wA=0.341
[glucose]/pAmM~! +0.1825.

sitivity were compared with reported glucose biosensors (Table S2).
As seen from the table, the described film exhibited significantly
improved sensing ability than the previously reported carbon nano-
materials based glucose biosensors.

3.4. Stability, repeatability, reproducibility and practicality

To investigate storage stability of the biosensor, its response
current to detect glucose (3 mM) was monitored every day. The
biosensor was retained 94.37% of its initial response current even
after two months storage period which indicates its good stor-
age stability. The electrode was stored at 4°C when not in use.
Only 5.3% of the initial response current (to detect 3 mM glucose)
was loosed even after 300 successive scans, revealing the excellent
stability of the sensor. The biosensor exhibits good repeatabil-
ity (seven repeated measurements) and reproducibility (seven
individual measurements) with an R.S.D of 1.86% and 2.37%, respec-
tively.

Practical feasibility of the biosensor has been assessed in human
serum sample collected from a healthy man. The blood was allowed
to clot and the clot was removed through centrifugation for 15 min
at speed of 2000 x g. The serum sample separated as clear super-
natant was stored at —20 °C. 2 mL of the serum was diluted to 10 mL
by adding phosphate buffer (pH 7). The concentration of glucose
presentin serum was predetermined to be 4.98 mM by photometric
sensor (Roche Cobas ¢ 111 analyzer). The concentration of glu-
cose present in serum was determined to be 5.16 mM (R.S.D =2.47,
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Fig. 5. (A) Amperometric response obtained at GR-MWNTs/AuNPs/GOx electrode
for successive addition of glucose (10 M, 100 uM and 1mM) into continu-
ously stirred oxygen saturated phosphate buffer (pH 7). Epp=-0.44V, Rotation
rate = 1500 rpm (B) Plot of I, vs [glucose]; I,/iA =0.146 [glucose]/pAM~! +7.78.(C)
Plot of I, vs. [glucose]; I,/A=0.050 [glucose]/nA mM~! +39.69.

3 measurements) by GR-MWNTs/AuNPs/GOx film modified elec-
trode. The concentration measured by our biosensor is in good
agreement with commercial sensor certifying the accuracy of the
developed modified electrode. Therefore, the biosensor holds great
promise for the determination of glucose present in clinical sam-
ples.

4. Conclusions

In summary, we successfully prepared GR-MWNTs/AuNPs film
and characterized by various analytical, spectral and electrochem-
ical methods. GOx was successfully immoblized at this film. The
value of I" and ks were estimated to be 10.51 x 10~1° mol cm—2
and 3.36s~1, respectively, which were significantly higher than the
previous reports. The glucose biosensor detects glucose via GOx
mediated oxidation and exhibits excellent electrocatalytic param-
eters. Two linear ranges were observed; (1) 10 uM-2mM with
LOD and sensitivity of 4.1 uM and 0.695 pAmM~! cm~2, respec-
tively, (2) 2mM-5.2mM with LOD and sensitivity of 0.95mM
and 0.2380 pAmM~! cm~2. The analytical parameters were quite
comparable to the previous reports. The accurate determina-
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tion of glucose present in human serum sample, revealed its
promising practicality. The biosensor attained appreciable stability,
repeatability, and reproducibility. The simple preparation proto-
cols, biocompatibility and electrocatalytic ability of the electrode
revealed its potential applications in immobilization of enzymes
and fabrication of biosensors.
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