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a  b  s  t  r  a  c  t

We  described  a  simple  and  facile  chemical  reduction  strategy  for  the  preparation  of graphene  (GR)-
cobalt  phthalocyanine  (CoPc)  composite  and  explored  it for  the  enzymatic  determination  of glucose.  CoPc
is  an  active  mediator  and  electrocatalysts  for the  immobilization  of  GOx  and  determination  of glucose.
However,  it is  not  stable  on  the  electrode  surface  and  also  suffers  from  lack  of conductivity.  Here,  we have
employed  GR  as  the  suitable  support  to stabilize  CoPc  through  simple  chemical  reduction  method  and  the
resulting  composite  has  been  used  for the  glucose  biosensor  application.  Scanning  electron  microscopy,
X-ray  diffraction  and Energy-dispersive  X-ray  spectroscopy  studies  confirmed  the successful  formation
of  composite.  Direct  electron  transfer  of  glucose  oxidase  (GOx) was  observed  with  well  defined  redox
peaks  at  the  formal  potential  of  −0.44 V.  The  amount  of electroactive  GOx (�  ) and  electron  transfer
rate  constant  (ks)  were  calculated  to be 3.77  × 10−10 mol  cm−2 and  3.57  s−1, respectively.  The  fabricated

m.co
m.cn
mperometry
racticality

amperometric  biosensor  detects  glucose  in  wide  linear  concentration  range  from  10  �M  to 14.8  mM  with
high  sensitivity  of  5.09  �A  mM−1 cm−2.  The  sensor  offered  very  low  detection  limit (LOD)  of  1.6  �M.  In
addition,  practical  feasibility  of the sensor  has  been  explored  in  screen  printing  carbon  electrode  with
accurate  determination  of glucose  present  in  human  blood  serum  and  urine  samples.  Furthermore,  the
sensor  exhibited  appreciable  stability,  repeatability  and  reproducibility  results.

© 2014  Elsevier  Inc.  All  rights  reserved..sp
. Introduction

Graphene (GR), a two dimensionally arranged honeycomb lat-
ice with planar structure has received tremendous attention in the
ecent times attributed to its exceptional physicochemical proper-
ies [1–3]. Graphene oxide (GO), an oxygenated derivative of GR is
n amphiphilic molecule and key precursor for the preparation of
arious GR based composites and nanocomposites [4–7]. GO has

www
he significant advantages such as, inexpensive and simple pro-
uction from graphite, easy processing in aqueous dispersion and
vailable sites for functionalization [8,9]. On the one hand, oxygen

∗ Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
∗∗ Corresponding author. Tel.: +886 2271 2171 2525; fax: +886 02 2731 7117.

E-mail addresses: smchen78@ms15.hinet.net (S.-M. Chen),
s75624@ntut.edu.tw (S.-T. Huang).

ttp://dx.doi.org/10.1016/j.enzmictec.2014.08.009
141-0229/© 2014 Elsevier Inc. All rights reserved.
functionalities of GO act as sites for the chemical functionalization
[10–12]. On the other hand, aromatic islands act as active sites for
the non-covalent functionalization with other aromatic molecules
[3,13]. To date, GR based composites with metal oxides [14], metal
nanoparticles [15] and polymers [16] are the most studied com-
posites for the electrochemical applications. Metal phthalocyanines
(MPcs) are organic macrocyclic molecules with metal atoms at the
centre [17]. MPcs have unique physicochemical properties with
outstanding electronic and optical properties [18]. Owing to their
rich redox chemistry, MPcs are widely used as electrocatalysts and
mediators for the various electrochemical applications [19]. How-
ever, physically adsorbed MPcs on electrode surface are not stable
enough and usually they peel off from the electrode surface [17].

In addition, MPcs own  relatively low conductivity, which reduces
the electronic transfer rate resulting in the poor electrochemical
activity. Therefore, MPcs require suitable support to prepare stable
electrodes and deliver their excellent electrochemical applications

dx.doi.org/10.1016/j.enzmictec.2014.08.009
http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enzmictec.2014.08.009&domain=pdf
mailto:smchen78@ms15.hinet.net
mailto:ws75624@ntut.edu.tw
dx.doi.org/10.1016/j.enzmictec.2014.08.009


crobia

[
r
n

g
l
o
e
l
p
e
t
g
i
D
r
d
p
fl
a
M
a
o
o
k
i
g
o
c
p
[
n
t
b
a
a
a
c
e
c
e
a

2

2

a
S
S
e
f

t
p
t
a
r
w
t
o
f
r
m
r
(
t
m
I
P

m

V. Mani et al. / Enzyme and Mi

20,21]. In the present work, we developed a simple chemical
eduction method to prepare highly stable CoPc at the surface GR
anosheets.

From the medicinal perspective, development of sensitive
lucose biosensors for the accurate determination of blood glucose
evel is of great significance to control the diabetics [22]. Glucose
xidase (GOx) is the most widely employed model enzyme for the
nzymatic determination of glucose [3]. There are two  important
imitations in immobilizing enzymes on the solid electrodes: (1)
oor electrical communication between the active site of the
nzyme and the electrode, and (2) enzyme leaching. To overcome
hese issues, choosing a suitable immobilization matrix with
ood electrical conductivity, stability, and antifouling property
s mandatory to prepare highly efficient glucose biosensors [3].
etermination of glucose via first generation glucose biosensors

equires oxygen as co-substrate [22]. However, it has a major
rawback known as ‘oxygen deficit’, since oxygen may  not be
resent in all the systems and its concentration in biological
uids cannot be fixed [23]. The ‘oxygen deficit’ issue can be
ddressed by replacing oxygen with redox mediators [3,24–29].
Pcs are one of the suitable redox mediators and electrocat-

lysts to mediate the oxidation of glucose attributed to their
utstanding electrochemical and physicochemical properties
f MPcs such as rich redox properties, fast electron transfer
inetics, biocompatibility, high chemical and thermal stabil-
ties [24,30–33]. Some of the reported MPcs based mediated
lucose biosensors include poly(ethylene glycol)/GOx/cobalt
ctaethoxyphthalocyanine [CoPc(OEt)8] [30], ether-linked
obalt(II) phthalocyanine (CoPc)–cobalt(II) tetraphenylporphyrin
entamer [24], polymetallophthalocyanines/polypyrrole-GOx
31], GOx-CoPc-boron doped diamond electrode [32] and
anoscaled CoPc-GOx [33]. Remarkably, CoPc and its deriva-
ives are the most appropriate phthalocyanines for the glucose
iosensor applications. To the best of our knowledge, no report is
vailable in the literature using GR supported CoPc for the medi-
ted glucose biosensor applications. The main aims of this work
re to prepare GR supported CoPc nanocomposite through simple
hemical method and utilize it for the determination of glucose
mploying GOx as the model enzyme. The prepared GR-CoPc/GOx
omposite film modified electrode showed highly enhanced direct
lectron transfer of GOx and exhibited excellent electrocatalytic
bility towards CoPc mediated oxidation of glucose.

. Experimental

.1. Chemicals and apparatus

Graphite (powder, <20 �m),  cobalt (II) phthalocynine (�-form, Dye content 97%)
nd  glucose oxidase (GOx, type x-s from Aspergillus niger) were purchased from
igma–Aldrich and used as received. All the other reagents were purchased from
igma–Aldrich and used without further purification. Prior to each electrochemical
xperiment,  the electrolyte solutions were deoxygenated with pre-purified nitrogen
or 15 min  unless otherwise specified.

All the electrochemical measurements were carried out using CHI 611A elec-
rochemical workstation (CH Instruments Inc., U.S.A). Electrochemical studies were
erformed in a conventional three electrode cell using BAS GCE as a working elec-
rode (area 0.071 cm2), saturated Ag/AgCl (saturated KCl) as a reference electrode
nd Pt wire as a counter electrode. All the electrochemical experiments were car-
ied out at ambient temperature. Amperometric measurements were performed
ith  analytical rotator AFMSRX (PINE instruments, USA) with a rotating disc elec-

rode (RDE) having working area of 0.21 cm2. To demonstrate the practical feasibly
f  the sensor, commercial screen printing carbon electrodes (SPCE) were acquired
rom  Zensor, Taiwan. Scanning electron microscope (SEM) and Energy-dispersive X-
ay (EDX) spectra studies were performed using Hitachi S-3000 H scanning electron
icroscope and HORIBA EMAX X-ACT (Sensor + 24V = 16 W,  resolution at 5.9 keV),

espectively. Atomic force microscopy (AFM) and transmission electron microscopy

www.sp
TEM) images were taken using Being Nano-Instruments CSPM4000 and JEOL 2000
ransmission electron microscope, respectively. UV–vis absorption spectroscopic

easurements  were carried out using Hitachi U-3300 spectrophotometer (EquipNet
nc., USA). Powder X-ray diffraction (XRD) studies were carried out using XPERT-
RO (PANalytical B.V., The Netherlands) diffractometer (Cu K� radiation, k = 1.54 Å).
l Technology 66 (2014) 60–66 61

Electrochemical impedance spectroscopy (EIS) studies were carried out using
EIM6ex ZAHNER (Kroanch, Germany).

2.2. Synthesis of GR-CoPc composite

Graphite  oxide was prepared from graphite by Hummers method [34] and
exfoliated  to graphene oxide (GO) via ultrasonic agitation for 1 h and subsequent
centrifugation  at 3000 RPM for 30 min. 3 ml of CoPc dispersion (4 mg mL−1 in DMF)
was  added to 1 ml  of GO (1 mg mL−1 in DMF) and ultrasonicated for 30 min  to get
homogenous  dispersion of GO-CoPc composite. Then, hydrazine hydrate (0.6 ml,
32.1 mmol) was  added to the dispersion and refluxed for 12 h at 157 ◦C. After com-
pletion of the reduction process, the GR-CoPc composite was separated, washed
with  water and ethanol and dried overnight. Finally the dried GR-CoPc composite
was  redispersed in DMF  (0.5 mg mL−1) and used for all the experiments.

2.3. Preparation of GR-CoPc/GOx modified GCE

GCE surface was cleaned by polishing with 0.05 �m alumina slurry using Buehler
polishing kit. About 6 �L of GR-CoPc composite was drop casted on the pre-cleaned
GCE  and dried at ambient conditions. Subsequently, 5 �l of GOx (10 mg  mL−1) was
drop  casted onto the GR-CoPc composite film modified GCE and dried at room tem-
perature. Then, GR-CoPc/GOx modified GCE (GR-CoPc/GOx/GCE) was gently washed
with water to remove loosely adsorbed GOx. As a control, GR/GOx and CoPc/GOx
modified  GCEs also prepared. For the practicality experiments, GR-CoPc/GOx film
modified SPCE has been prepared by following the similar procedures replacing GCE
with SPCE.

3. Results and discussion

3.1.  Characterization of GR-CoPc composite

3.1.1. SEM and EDX analysis
The SEM image of GR depicts the characteristic sheet like mor-

phology with the presence of numerous foldings, wrinkles and
crumbles on the sheets (Fig. S1A). The composition of the GR has
been obtained from the EDX spectra (Fig. S1B). The thickness of
the GR sheets was found to be 3 to 5 nm calculated from the AFM
and TEM images (Fig. S2). EDX spectra of GR presents the signals
for carbon and oxygen with weight percentages 90.31% and 9.69%,
respectively (inset to Fig. 1B) indicating that the major composi-
tion of GR is carbon while the observed small amount of oxygen
might be due to the presence of residual oxygen functionalities
that may  reside at the edges of the sheets. The SEM image of CoPc
(Fig. 1A) portrays the presence of numerous rod shaped flakes of
CoPc. The EDX spectrum of CoPc (Fig. 1B) shows cobalt, nitrogen
and oxygen signals with weight percentages 55.98%, 35.51% and
8.52%, respectively (inset to Fig. 1B).

The SEM image of GR-CoPc composite (Fig. 1C) shows the attach-
ment of rod shaped CoPc to the both faces of GR sheets. Here, CoPc
function as a spacer, between the GR sheets to fill up the inter-
layer spacing and thereby making both faces of graphene accessible
[35]. EDX of GR-CoPc composite (Fig. 1D) presents signals of car-
bon, nitrogen, oxygen and cobalt with weight percentages 58.11%,
28.98%, 3.98% and 8.93%, respectively (inset to Fig. 1D). The pres-
ence of small amount of oxygen in the EDX profile of GR-CoPc
composite stands for the existence of residual oxygen functionali-
ties present at the GR sheets.

3.1.2.  UV–vis spectroscopy and X-ray diffraction patterns
UV–vis spectroscopy has been carried out to understand the

electronic changes and interactions involved between CoPc and GR.
As shown in the inset to Fig. 2A, the blue coloured dispersion of CoPc
(in DMF) changed to greenish black after the formation of GR-CoPc
composite. The colour change must be ascribed to the substantial
changes in the electronic states of CoPc upon its assembly with GR
sheets. Fig. 2A shows the UV–vis spectra of GR (a), CoPc (b) and

.co
m.cn
GR-CoPc composite (c) in DMF. In the case of CoPc, characteristic
soret band appeared at the wavelength of 332 nm,  whereas Q bands
(responsible for the �–�* transition) appeared at the wavelength of
604 nm and 666 nm.  All the aforementioned peaks were observed in

zhk
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Fig. 1. SEM images of CoPc (A) and GR-CoPc composi

he spectrum of GR-CoPc composite. In addition, all the peaks were
lightly red shifted (Bathochromic shift) with increased absorption
ntensity (hyperchromic effect) indicating the substantial disturb-
nce in the electronic states of CoPc upon association with GR.
here might be electron transfer from the GR to phthalocyanine
ing which lowered the gap between highest occupied molecular
rbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
s a result the peaks are red shifted and absorption intensities are

ncreased. Apparently, this type of electron transfer is due to the
ormation of �–� stacking interaction between aromatic domains
f the GR sheets and peripheral ring of CoPc [21].

Fig. S3 shows the XRD spectra of GR (a) and GR-CoPc composite
b). XRD pattern of GR shows the characteristic diffraction peak at
� of 23.2◦ (0 0 2) with d-spacing of 0.35 nm indicating the graphitic
etwork (curve a). The diffraction peak of GR observed at the 2� of
3.2◦ was extensively broadened in the XRD pattern of GR-CoPc
omposite within 15◦ and 40◦ of the 2� which might be due to the
fficient inhibition of restacking of GR sheets in the composite.

.sp
.1.3.  Electrochemical impedance spectroscopy and cyclic
oltammetry studies

EIS  is an efficient tool to examine the electrical and interfacial
roperties of the various modified films on the electrode surface.

ig. 2. (A) UV–vis spectra of GR (a), CoPc (b) and GR-CoPc (c). (B) EIS spectra of GR (a), CoP
ontaining 5 mM Fe(CN)6

3−/4− . Amplitude: 5 mV,  Frequency: 0.1 Hz to 100 kHz.

www

 EDX spectra of CoPc (C) and GR-CoPc composite (D).

Fig.  2B shows the EIS of GR (a), CoPc (b) and GR-CoPc composite (c)
modified GCEs in 0.1 M KCl containing 5 mM of Fe(CN)6

3−/4−. The
applied amplitude was  5 mV,  while the frequencies are swept from
100 mHz  to 100 kHz. Randles equivalent circuit model has been
used to fit the experimental data where, Rs is electrolyte resistance,
Ret charge transfer resistance, Cdl double layer capacitance and
Zw Warburg impedance (inset to Fig. 2B). EIS measurements were
represented as Nyquist plots, in which semicircles indicates the
parallel combination of electron transfer resistance (Ret) and dou-
ble layer capacitance (Cdl) at the electrode surface resulting from
electrode impedance, while the linear portion represents the diffu-
sion limited process. EIS of GR modified GCE exhibited depressed
semicircle with small diameter due to the great conductivity of
the GR. EIS of CoPc modified GCE exhibited comparatively large
semicircle than GR, whereas EIS of the GR-CoPc composite modi-
fied electrode exhibited lowest semicircle with smallest diameter
attributed to the very low resistance at the composite film modified
electrode. The low resistance at the composite might be ascribed
to the excellent synergy between highly conducting 2D materials,

.co
m.
GR and CoPc.
Electrochemical behaviour of the composite has been studied

by cyclic voltammetry to understand the redox chemistry of the
prepared composite. Fig. 3 shows the cyclic voltammograms (CVs)

c (b) and GR-CoPc composite (c). (B) EIS experiments were performed in 0.1 M KCl
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ig. 3. CVs of CoPc (a) and GR-CoPc (b) films modified GCEs in DMSO/water
olvent  (v/v = 30/70) containing 0.1 M TBAP as the supporting electrolyte. Scan
ate = 50 mV s−1.

t the CoPc (a) and GR-CoPc (b) modified GCEs in DMSO/water
ixture (v/v = 30/70) containing 0.1 M tetrabutylammonium per-

hlorate (TBAP). DMSO/water containing TBAP was chosen as the
upporting electrolyte since electrochemical behaviour of CoPc is
ore predominant in donor solvents [36]. CVs of both CoPc and
R-CoPc modified GCEs exhibited three important characteristic

edox couples of CoPc; (I) the redox pair appeared at the potential
f −0.78 V is related to the phthalocyanine ring based redox pro-
ess [Co(I)PC(−2)]−/[Co(I)PC(−3)]2−, (II) the middle pair appeared
t the potential of −0.42 V is related to the metal based electron
ransfer process, [Co2+PC(−2)]/[Co+PC(−2)]− and (III) the redox pair
ppeared at the potential of +0.80 V corresponds to the metal based
lectron transfer process [Co3+PC(−2)]/[Co2+PC(−2)]−.

.2.  Direct electrochemistry of GOx

Fig. 4A shows the CVs obtained at GR/GOx (a), CoPc/GOx (b)
nd GR-CoPc/GOx (c) film modified GCEs in 0.1 M NaOH at the scan
ate 50 mV  s−1. No noteworthy redox peaks were observed in the
V of CoPc/GOx indicating the absence of direct electron transfer

.sp
etween GOx and electrode surface. GR/GOx/GCE exhibited a fee-
le quasi reversible peaks at the formal potential (E◦′) of −0.414 V,
hile CV of GR-CoPc/GOx/GCE exhibited well defined and highly

nhanced redox peaks at E◦′ of −0.440 V corresponds to the direct

ig. 4. (A) CVs obtained at GR/GOx (a), CoPc/GOx (b) and GR-CoPc/GOx (c) film modified G
aOH  at different scan rates (0.1–1 V s−1). Inset: Plot of Ipa and Ipc versus �.

www
l Technology 66 (2014) 60–66 63

electron  transfer of GOx (FAD/FADH2). The peak-to-peak separation
value (�Ep) of the redox pair at the GR-CoPc/GOx/GCE was calcu-
lated to be 46 mV.  Highly enhanced redox Ip and low �Ep revealed
that GR-CoPc composite is an excellent electrode material for the
immobilization of GOx. This could be ascribed to the large surface
area, high conductivity, good porosity and good biocompatibility of
the GR-CoPc composite.

3.3.  Different scan rate studies at GR-CoPc/GOx/GCE

Fig. 4B portrays the CVs of GR-CoPc/GOx/GCE in 0.1 M NaOH at
different scan rates. Both anodic (Ipa) and cathodic peak currents
(Ipc) increased linearly with scan rates (�) from 0.1 to 1 V s−1. �Ep

value also increases upon increase in scan rates. A plot of Ipa and
Ipc versus � (inset to Fig. 4B) exhibited linear relationship indicated
that the direct electron transfer is a surface confined process. The
corresponding linear regression equations can be expressed as Eqs.
(1) and (2)

For anodic process,  Ipa (�A) = 27.15� (V s−1) − 4.03 (�A) (1)

For cathodic process,  Ipc (�A) = −30.85� (V s−1) − 2.08 (�A)

(2)

The surface coverage of the electroactive GOx (� ) at the GR-CoPc
composite film modified electrode surface (� ) has been calculated
by substituting the slope values of Eqs. (1) and (2) in Eq. (3) [37].

Ip = n2F2�A�

4RT
(3)

where,  � (V s−1) is the scan rate and A (cm2) is the electrode sur-
face area. The constants R, T and F have their usual meanings
(R = 8.314 J k−1 mol−1, T = 298 K, F = 96485 C mol−1). Assuming, the
number of electrons transferred n as 2, the amount of electroac-
tive GOx is calculated to be 3.77 × 10−10 mol cm−2 which is higher
than the theoretical monolayer coverage of GOx. The high surface
coverage of GOx at the composite film modified electrdoe could be
due to the presence of large number of active sites present on the
surface of GR-CoPc/GCE.

The  apparent heterogeneous electron transfer rate constant (ks)
for the direct electron transfer of GOx has been calculated to be
3.57 s−1 by adopting the following Eq. (4) [37].

.co
m.cn
Log Ks =  ̨ log(1 − ˛) + (1 − ˛) log  ̨ − log
RT

nF�

− ˛(1 − ˛)nF�Ep

2.3RT
(4)

CEs in 0.1 M NaOH at the scan rate 50 mV s−1. (B) CVs of GR-CoPc/GOx/GCE in 0.1 M
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Fig. 5. (A) CVs of GR-CoPc/GOx/GCE in N2 saturated 0.1 M NaOH without glucose (a) and with 1 (b), 2 (c), 3 (d), 4 (e) and 5 mM (f) of glucose. (B) Amperometric i–t response
obtained at GR-CoPc/GOx/GCE (Eapp = +0.40 V, rotation rate: 1500 rpm) upon successive addition of 10 �M glucose into continuously stirred 0.1 M NaOH (C) Amperometric i–t
r on su
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esponse obtained at GR-CoPc/GOx/GCE (Eapp = +0.40 V, rotation rate: 1500 rpm) up
nto continuously stirred N2 saturated 0.1 M NaOH. (D) [glucose] versus Ip.

here,  ̨ is the charge transfer coefficient (∼0.5) and the other
arameters stand for the similar meanings explained as in the Eq.
3).

.4. Electrocatalysis of glucose at GR-CoPc/GOx/GCE

Fig. 5A shows the CVs of GR-CoPc/GOx/GCE in the absense (a)
nd presence of 1 mM (b), 2 mM (c), 3 mM (d), 4 mM (e) and 5 mM
f) glucose in 0.1 M NaOH. When 1 mM of glucose was injected into

.sp
he electrolyte, a noticeable anodic peak was observed at the poten-
ial of +0.40 V. A gradual increase in the oxidation peak current
as observed upon further addition of glucose which revealed the

xcellent electrocatalytic activity of the modified electrode towards

able 1
omparison of the electroanalytical parameters obtained at GR-CoPc/GOx with the litera

Electrode Eapp (V)a Linear range (mM) 

CoPc–(CoTPP)4
c +0.4 2–11 

CoTCAPc  SAM-ME-Aud +0.6 0.1–25 

MPS/Os-PVP/GOxe +0.24 0.1–10 

SPCI/CoPc/GOxf +0.50 0.2–5 

Nf/GOx/TiO2/FePc-CNTsg +0.50 0.05–4 

GR-CoPc/GOx +0.40 0.01–14.8 

a Eapp – applied potential.
b LOD – limit of detection.
c CoPc–(CoTPP)4 – cobalt(II) phthalocyanine–cobalt(II) tetra(5-phenoxy-10,15,20-triph
d CoTCAPc SAM-ME-Au – cobalt tetracarboxylic acid phthalocyanine self-assembled m
e MPS/(Os-PVP) – 3-mercapto-1-propan-sulfonic acid sodium salt/Os(bpy)2Cl–poly(4-v
f SPCI–Screen-printing water-based carbon ink.
g Nf/GOx/TiO2/FePc-CNTs – nafion/glucose oxidase/titanium dioxide/iron phthalocyan
h NA – not available.

www
ccessive addition of different concentrations of glucose, 10 �M,  100 �M and 1 mM

CoPc  mediated sensing of glucose. The CoPc mediated oxidation of
glucose can be explained by the following Eqs. (5)–(7) [22].

Glucose + GOx (FAD) → Gluconolactone + GOx (FADH2) (5)

GOx (FADH2) + CoPc2+ → GOx (FAD) + CoPc + 2H+ (6)

CoPc → CoPc2+ + 2e+ (7)

3.5.  Amperometric glucose biosensor

Fig. 5B displays the amperogram obtained at the GR-

.c
CoPc/GOx/GCE towards each sequential additions of glucose
(10 �M)  at regular intervals of 50 s into continuously stirred
0.1 M NaOH. Applied electrode potential (Eapp) was +0.40 V, while
the rotation speed was 1500 RPM. Well defined and prompt

ture reports.

Sensitivity LOD (�M)b Ref.

0.024 �A mM−1 10 24
7.5 nA mM−1 8.4 39
NAh 50 40
1.12 �A mM−1 0.2 41
8.25 �A cm−2 mM−1 30 42
5.09 �A mM−1 cm−2 1.6 This work

enylporphyrin) pentamer.
onolayer-2-mercaptoethanol-gold surface.
inyl)pyridine

ine–carbon nanotubes.
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mperometric response was observed for the each addition of
lucose. Fig. 5C displays the amperogram obtained at the GR-
oPc/GOx/GCE for the addition of gluocse in different concentration
anges (10 �M,  100 �M and 1 mM as indicated by the arrow marks).
he amperometric responses were linearly increased for the each
ddition of glucose in the linear range from 10 �M to 14.8 mM.  A
alibration plot was made between concentration of glucose and
p (Fig. 5D) and the respective linear regression equation can be
xpressed as Eq. (8),

p (�A) = 1.068 [glucose] (�A mM−1) + 1.34 (�A), R2 = 0.990 (8)

Sensitivity  of the sensor has been calculated to be
.09 �A mM−1 cm−2. Limit of detection (LOD) was calculated
o be 1.6 �M using the formula, LOD = 3 sb/S. Here, sb is the
tandard deviation of blank signal and S is the sensitivity of
he sensor [38]. The important analytical parameters such as
OD, linear range and sensitivity obtained at the GR-CoPc/GOx
omposite modified electrode were quite comparable with other
hthalocyanine mediated glucose biosensors [24,39–42] (Table 1).

.6. Stability, repeatability and reproducibility studies

The modified electrode retained 93.14% of its initial response
urrent even after one month of its storage validating the appre-
iable storage stability of the sensor. Only 6% of the initial peak
urrents were loosed even after 200 successive potential scans
evealing the excellent stability of the sensor. The prepared biosen-
or offered good repeatability with an R.S.D of 2.39% for 8 successive
epeated measurements in a single modified electrode. In addition,
he biosensor exhibited good reproducibility with an R.S.D of 2.81%
or 5 individual measurements carried out at five different modified
lectrodes.

.7. Determination of glucose in blood serum and urine samples

The  practical feasibility of the sensor has been assessed in
uman blood serum and spiked urine samples collected from a
ealthy man. The collected blood sample was allowed to clot and
he clot was removed through centrifugation for 15 min  at the
peed of 2000 × g. The blood serum sample separated as super-
atant was stored at the temperature of −20 ◦C. GR-CoPc/GOx film
odified SPCE has been employed for the practicality experiments.

irst, 2 ml  of the serum sample was diluted to 10 ml  by the addition
f 0.1 M NaOH. Then experiments were carried out with the diluted
lood serum sample following the similar experimental conditions
sed for the lab samples. The amount of glucose present in the
erum sample was found to be 5.10 mM adopting standard addi-
ion method and the relative standard deviation (RSD) for three
ndividual measurements was found to be 2.8. The concentration
f glucose present in the blood serum was predetermined to be
.87 mM by the commercial photometric sensor (Roche Cobas c
11 analyzer). Thus, the concentration measured by our deposable
R-CoPc/GOx/SPCE was in good agreement with the commercial
ensor. Therefore, the proposed biosensor can be used for the accu-
ate determination of glucose present in any unknown blood serum
amples. Furthermore, practicality of the biosensor has also been
nvestigated in spiked human urine samples. The urine sample was
ltered with Whatman filter paper and diluted to the ratio of 1: 50
ith the addition of 0.1 M NaOH. Then, known concentrations of

lucose were injected and experiments were carried out adopting

www.sp
imilar procedures used for the lab samples (Table S1). The added
lucose concentrations showed acceptable recoveries from 97% to
03.5% validated the practical feasibility of the proposed sensor
owards determination of glucose in urine samples.

[
[
[
[
[
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4. Conclusions

In summary, we  successfully prepared GR supported CoPc as
composite through simple chemical reduction method and the
composite was characterized by SEM, EDX, UV–vis, XRD, EIS and CV
techniques. Fast direct electron transfer of GOx  was  attained at the
composite film with ks of 3.57 s−1. An amperometric biosensor was
fabricated for the determination of glucose. The biosensor offered
excellent analytical parameters with wide linear range between
10 �M and 14.8 mM and low LOD of 1.6 �M.  The accurate determi-
nation of glucose present in human blood serum and urine samples
revealed the promising practicality of the biosensor. The biosen-
sor possess appreciable stability, repeatability, and reproducibility
towards determination of glucose. The excellent electrocatalytic
ability of the sensor revealed its applicability for the immobilization
of other redox enzymes or proteins and fabrication of biosensors.
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