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 i  g  h  l  i  g  h  t  s

A  high  stability,  selectivity,  and  sensi-
tivity  biosensor  for  glucose  detection.
This  sensor  has  intrinsic  hydrogen
peroxide  catalytic  activity.
A  non-destructive  immobilization  is
used  to preserve  high  enzyme  bioac-
tivity.
A  favorable  platform  for  the develop-
ment of oxidase-based  biosensors.

g  r  a  p  h  i  c  a  l  a  b  s  t r  a  c  t

(A)  The  mechanism  of  glucose  detection  by  the  GOD-PBBIns-Gs/Au  electrode.  (B)  A diagram  depicting
the  preparation  of  the GOD-PBBIns-Gs/Au  electrode.  (C)  Photographs  of PBBIns-Gs  (left),  GOD  (middle),
and  PBBIns-Gs  mixed  with  GOD  (right)  in DI water  over  time.
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a  b  s  t  r  a  c  t

A  colloidal  suspension  of  nanostructured  poly(N-butyl  benzimidazole)-graphene  sheets  (PBBIns-Gs)  was
used to modify  a gold  electrode  to form  a three-dimensional  PBBIns-Gs/Au  electrode  that  was  sensitive  to
hydrogen  peroxide  (H2O2) in the  presence  of  acetic  acid  (AcOH).  The  positively  charged  nanostructured
poly(N-butyl  benzimidazole)  (PBBIns)  separated  the  graphene  sheets  (Gs)  and  kept  them  suspended  in
an  aqueous  solution.  Additionally,  graphene  sheets  (Gs)  formed  “diaphragms”  that  intercalated  Gs,  which
separated  PBBIns  to  prevent  tight  packing  and enhanced  the  surface  area. The  PBBIns-Gs/Au  electrode
exhibited  superior  sensitivity  toward  H2O2 relative  to the  PBBIns-modified  Au (PBBIns/Au)  electrode.
Furthermore,  a  high  yield  of  glucose  oxidase  (GOD)  on the PBBIns-Gs  of  52.3  mg  GOD per  1 mg  PBBIns-Gs
was  obtained  from  the  electrostatic  attraction  between  the  positively  charged  PBBIns-Gs  and  negatively
lucose
holine
lectrostatic attraction

charged  GOD.  The  non-destructive  immobilization  of  GOD  on  the  surface  of the  PBBIns-Gs  (GOD-PBBIns-
Gs)  retained  91.5%  and  39.2%  of bioactivity,  respectively,  relative  to free  GOD  for  the  colloidal  suspension
of  the  GOD-PBBIns-Gs  and  its modified  Au  (GOD-PBBIns-Gs/Au)  electrode.  Based  on advantages  including
a negative  working  potential,  high  sensitivity  toward  H2O2, and non-destructive  immobilization,  the
proposed  glucose  biosensor  based  on  an  GOD-PBBIns-Gs/Au  electrode  exhibited  a fast  response  time
(5.6 s),  broad  detection  range  (10 �M to 10 mM),  high  sensitivity  (143.5  �A  mM−1 cm−2) and  selectivity,
and  excellent  stability.  Finally,  a choline  biosensor  was  developed  by dipping  a PBBIns-Gs/Au  electrode
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into  a choline  oxidase  (ChOx)  solution  for enzyme  loading.  The  choline  biosensor  had  a linear  range  of
0.1  �M  to 0.83  mM,  sensitivity  of 494.9  �A mM−1 cm−2, and  detection  limit  of  0.02  �M. The results  of
glucose  and  choline  measurement  indicate  that  the  PBBIns-Gs/Au  electrode  provides  a  useful  platform
for the  development  of  oxidase-based  biosensors.
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. Introduction

Diabetic patients are at increased risk for developing retinopa-
hy, nephropathy, and other complications that directly relate
o blood glucose concentration [1]. Therefore, the development
f a glucose biosensor for clinical application is critical. Biosen-
ors based on electrochemical technology have received increasing
ttention because they are simple to use and highly sensitive for
eal-time detection [2,3]. Glucose oxidase (GOD) has been widely
sed for the fabrication of enzymatic electrodes [4,5]. Because
OD can oxidize glucose to gluconolactone and H2O2 in the pres-
nce of oxygen, glucose measurement has been based on the
etection of released H2O2 or consumed oxygen using electro-
hemical techniques [6,7]. The most commonly used method based
n H2O2 detection is direct electrocatalysis at working potentials
f 0.5–0.7 V [8,9]. However, the high over-potential required gen-
rates a response that interferes with quantification of the analyte
10]. Use of the high selectivity of polyphenylenediamine film with
n anti-interference characteristic may  be a potential strategy [11],
ut this approach usually decreases the reproducibility and sensi-
ivity of the biosensor [12,13]. Recently, many studies have focused
n working at a relatively lower potential to prevent this inter-
erence with techniques including electrochemical deposition of

 dense redox-active Prussian blue (PB) layer or immobilization
f bienzymes (oxidase and peroxidase) simultaneously [14–18].
owever, biosensors based on bienzymes require two expensive
nzymes and issues arise related to competition between the
nzymes.

Additionally, biosensor performance is mainly affected by the
nzyme immobilization. Mediators used for enzyme immobiliza-
ion can improve stability under extreme conditions and are quite
seful for biosensors. Many researchers have attempted to immo-
ilize enzymes by methods including electrostatic interaction with
olyelectrolyte [19,20], entrapment [21,22], electrodeposition [23],
ixing in a carbon composite [24,25], layer-by-layer assembly

26–28], and covalent bonding [29,30]. The electrostatic technique
s widely recognized as an ideal candidate because the bioactiv-
ty of the immobilized enzyme is well preserved. Several studies
ave focused on modifying the substrate surface using plasma
r by mixing with poly(diallyldimethylammonium chloride) to
ransfer the electrostatic charge of the substrate materials to a pos-
tive charge [31,32]. This state provides a favorable condition to
dsorb negatively charged GOD and improves biosensor fabrica-
ion.

Currently, most glucose biosensors based on a polymer-
odified electrode are developed by direct electrocatalysis of H2O2

ecause peroxidase is not present [33,34]. In our previous study,
e found that synthesized poly(N-butyl benzimidazole) (PBBI) was

ensitive to H2O2 in the presence of acetic acid (AcOH) and gener-
ted a response current at negative potentials. The proposed H2O2
ensor exhibited high selectivity and thermal stability. After mod-
fication, the nanostructured PBBI (PBBIns) was dispersed and well
uspended in aqueous solution, which greatly enhanced sensitivity
35]. However, the proton that dissociates from acetic acid would
ccupy the electroactive imine site and decrease sensitivity. This
hortcoming was employed for adsorbing GOD by the electrostatic

ethod to fabricate a glucose biosensor that utilizes the positively

harged protonated imine. Moreover, the incorporated graphene
heets (Gs) were stably suspended within the PBBIns in aqueous
© 2013 Elsevier B.V. All rights reserved.

solution and not packing tightly with each other during the drying
process, which greatly increased the surface area.

2. Experimental

2.1. Chemicals

Isophthaloyl dichloride (98%) was from Acros. 3,3′-
diaminobenzidine tetrahydrochloride hydrate (>97%), glucose
oxidase (GOD, EC 232-601-0) from Aspergillus niger with an activ-
ity of 151 U mg−1, and choline oxidase (ChOx) from Alcaligenes with
an activity of 13 U mg−1 were from Sigma. Polyphosphoric acid,
glucose, choline, and H2O2 (30 wt%) were from Showa. Dimethyl
sulfoxide (DMSO) was  from Tedia. Graphene was purchased from
Strem Chemicals. The hydrogen peroxide assay kit was  from
BioVision. Sodium hydride was  from Fluka and AcOH (99.8%) was
from Scharlau. Deionized (DI) water was  used in all experiments.

2.2. Instrumentation and measurements

Field-emission scanning electron microscopy (FE-SEM) was  per-
formed using a Hitachi S-5000 system. Absorption spectra were
recorded on a PerkinElmer Lambda 800/900 spectrometer. X-ray
diffraction (XRD) patterns were analyzed on a Rigaku D/Max-2B
with nickel-filtered Cu K� radiation at a scanning rate of 2◦/min
from 5◦ to 70◦. Isoelectric point (IEP) and particle size were ana-
lyzed using a Malvern Zetasizer Nano ZS zeta potential analyzer.
Electrochemical measurements were performed on a CHI 660A
electrochemical workstation (CH Instruments, USA) with a three-
electrode system consisting of the modified electrode, a bare Au
electrode, and an Ag/AgCl electrode as the working, counter, and
reference electrodes, respectively. All electrochemical measure-
ments were performed in 40 mL  of 0.2 M phosphate-buffered saline
(PBS, pH 6.4) at 25 ◦C.

2.3. Procedures

2.3.1. Preparation of PBBIns and a colloidal suspension of
PBBIns-Gs

The synthesis of PBBI and preparation of PBBIns have been pre-
viously reported [35]. Briefly, 0.23 g of PBBI dissolved in 10 mL of
DMSO was dropped into a stirring poor solvent consisting of 250 mL
of DI water and 150 mL  of acetone. After high-speed centrifugation
(5500 rpm), the nanoscale precipitate was dispersed into 10 mL of
DI water. The preparation of a colloidal suspension of PBBIns-Gs
was performed as follows: in addition to the above steps, acetic
acid was added to the nanostructure PBBI solution to adjust the
pH from 7.0 to 6.4. After high-speed centrifugation (5500 rpm),
the nanoscale precipitate was washed with 20 mL  of DI water and
precipitated again by high-speed centrifugation. After this pro-
cedure was  repeated three times, the acid-treated PBBIns were
dispersed into 10 mL  of DI water followed by the addition of 2.3 mg
of Gs.

2.3.2. Preparation of PBBIns/Au and PBBIns-Gs/Au electrodes

Two microliters of the dispersed PBBIns and PBBIns-Gs solutions

were dropped onto Au disk electrodes (0.196 cm2) and dried in a
vacuum aspirator at 50 ◦C for 5 h.



H.-C. Chen et al. / Analytica Chimica Acta 792 (2013) 101– 109 103

F nd (c)
e

2
e

t
w
f
t
t
d

2

H
s
p
s

3

3

p
i
t
P
s
d
b
w
s
c
T
f
[
(
a
t
P
i

ig. 1. (A) Particle size spectrum of PBBIns. (B) XRD patterns of (a) Gs, (b) PBBIns, a
lectrodes.

.3.3. Preparation of GOD-PBBIns/Au and GOD-PBBIns-Gs/Au
lectrodes

To prepare the GOD-PBBIns/Au and GOD-PBBIns-Gs/Au elec-
rodes, 50 (L each of the PBBIns and PBBIns-Gs solutions was  mixed
ith 10 mL  of GOD solution (10 mg  mL−1) and incubated at 4 ◦C

or 90 min. The two precipitates were washed with DI water three
imes and re-dispersed in 50 �L of DI water. Next, 2 �L of each solu-
ion was dropped onto the respective Au electrode surfaces and
ried at 4 ◦C for 2 h before measurement.

.3.4. GOD bioactivity assay of GOD-PBBIns and GOD-PBBIns-Gs
The bioactivity assay was based on the concentration of released

2O2 after reaction with 5 mL  of glucose (2 mM)  for 1 min  under
aturated oxygen in PBS (pH 6.4). The quantification of H2O2 was
erformed using a H2O2 assay kit, and H2O2 was detected by mea-
uring the absorbance at 570 nm.

. Results and discussion

.1. Characteristics of PBBIns and PBBIns-Gs

The size distribution of synthesized PBBIns was analyzed by a
article size analyzer and is presented in Fig. 1A. The sharp peak

ndicates a uniform particle size of 90 nm in DI water. However,
he particle shape was not observed in the SEM image (Fig. 1C). The
BBIns were likely formed without a stiff core to maintain their
hape and deformed to a slightly planiform structure during the
rying process. In addition, the heavy packing led to a flatter inner
ottom, which could be improved by the incorporation of Gs that
ould intercalate and separate PBBIns to form a colloidal suspen-

ion of PBBIns-Gs. Moreover, the acid-treated PBBIns with a positive
harge improved Gs suspension and did not precipitate in DI water.
his phenomenon was similar to reports that polyelectrolytes could
acilitate carbon nanotube or Gs suspension in aqueous solution
36,37]. The intercalation was demonstrated by an XRD pattern
Fig. 1B). The diffraction peaks of Gs at 2� = 26.2◦ and 43.5◦ were

ttributed to the graphite-like structure (0 0 2) and (1 0 0), respec-
ively [Fig. 1B(a)] [38]. A broad characteristic peak of amorphous
BBIns appeared at approximately 2� = 22◦ [Fig. 1B(b)]. After mix-
ng, the sharp Gs peak at 26.2◦ decreased and shifted to 25.7◦, and
 PBBIns-Gs. Scanning electron micrographs of (C) PBBIns/Au and (D) PBBIns-Gs/Au

the peak at 43.5◦ disappeared, which implies that the PBBIns served
as placeholders to prevent individual Gs from re-stacking during
the drying process. Therefore, Gs acted as “diaphragms” to prevent
tight packing of the PBBIns. The SEM image of PBBIns-Gs is pre-
sented in Fig. 1D. The “constructed diaphragm” not only displayed
a more three-dimensional surface than PBBIns but also generated
more channels to the inner layers.

3.2. Electrochemical behavior of the PBBIns-Gs/Au electrode

Cyclic voltammograms (CV) of the Gs/Au, PBBIns/Au, and
PBBIns-Gs/Au electrodes were recorded in 0.2 M PBS at pH 6.4
(Fig. 2A). No redox peaks were observed from the Gs/Au electrode
[Fig. 2A(a)]. However, the PBBIns/Au electrode exhibited one pair
of redox peaks at 0.11 V for the oxidative peak and −0.08 V for
the reductive peak with a peak-to-peak separation (�E) of 0.19 V
[Fig. 2A(b)]. These two peaks were attributed to the electrochemi-
cal behavior of an electroactive imine [39,40]. Moreover, after the
addition of Gs, the PBBIns-Gs/Au electrode exhibited a pair of redox
peaks at 0.13 V for the oxidative peak and −0.03 V for the reduc-
tive peak with a �E of 0.16 V [Fig. 2A(c)]. The smaller �E indicated
that the electrochemical behavior became more reversible because
of the enhancement of electron transfer by Gs [36,41]. To further
understand the kinetics of this electron transfer process, the effects
of varying the scan rate (() on the peak currents of the PBBIns-Gs/Au
electrode were evaluated. The peak current increased concomi-
tantly with ( from 0.05 to 0.5 V s−1 (Fig. 2B). Furthermore, the
peak currents of the electroactive imines were proportional to the
square root of the ( (Fig. 2C), which was  a characteristic of the
diffusion-controlled process [40,42]. Additionally, the reduction
and oxidation peak potentials shifted negatively and positively as (
increased. At high scan rates, the surface electrochemical reaction
became irreversible, and the peak potentials were proportional to
the natural logarithm of (: they were Epa = 0.256 + 0.0583 ln ( for the
oxidation potential and Epc = −0.137 − 0.0504 ln ( for the reduction

potential (Fig. 2D). According to Laviron’s equations [43,44]:

 ̨ = ka

(ka − kc)
(1)
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ig. 2. (A) CVs of (a) Gs/Au, (b) PBBIns/Au, and (c) PBBIns-Gs/Au electrodes. (B) CVs of
f  peak current vs. �1/2 for the PBBIns-Gs/Au electrode. (D) Linear relationship of pe
t  pH 6.4 with under saturated nitrogen).

pa = E0′ − RT

(1 − ˛)nF
ln

RTks

(1 − ˛)nF
+ RT

(1 − ˛)nF
ln � (2)

pc = E0′ + RT

˛nF
ln

RTks

˛nF
− RT

˛nF
ln � (3)

here ( is the electron transfer coefficient, ka and kc are the slopes
f Epa and Epc versus ln (, n is the electron transfer number, ks is the
lectron transfer rate constant, F is Faraday’s constant, and E0′

is
he formal potential (i.e., [Epa + Epc]/2), the estimated  ̨ and n val-
es were 0.54 and 0.95, respectively. The electron transfer number,
, was approximately 1.0 and was in accordance with the elec-
rochemical behavior of the imine structure documented in the
iterature. Furthermore, the calculated ks of the PBBIns-Gs/Au elec-
rode was 0.57 s−1, which was greater than the value of 0.36 s−1

btained for the PBBIns/Au electrode and thus demonstrates that
s enhanced the electron transfer and improved the reversibility
f reducing the �E. According to Faraday’s law, Q = nFA� (where Q
s the charge from the anodic peak and A is the surface area of the
lectrode), the surface concentration (� ) of the electroactive imine
as approximately 1.45 × 10−8 mol  cm−2, which was greater than

he value of 9.68 × 10−9 mol  cm−2 observed for the PBBIns/Au elec-
rode and thus indicates that the Gs could generate “diaphragms”
o prevent tight packing of the PBBIns. These “diaphragms” created
hannels that allowed PBS to diffuse freely to the inner layers and
ncreased the surface area.

.3. PBBIns-Gs/Au electrode-based H2O2 biosensor

Previously, it was demonstrated that the imine structure was
ensitive to H2O2 in the presence of AcOH to form N-oxide [35]. In
ddition, this oxide could be reversed electrochemically to gener-

te a current response. Based on this mechanism, the H2O2 sensor
as developed. The PBBIns-Gs/Au electrode was also tested by CV
erformed at pH 6.4 in PBS, which is presented in Fig. 3A. The reduc-
ion current increased and the oxidation current decreased when
s-Gs/Au electrode at scan rates ranging from 0.05 to 0.5 V s−1. (C) Linear relationship
tential vs. ln � for the PBBIns-Gs/Au electrode (these experiments were performed

1 mM H2O2 was  added [Fig. 3A(b)]. At a potential of −0.5 V, the
current increased to 33.2 �A, which was greater than the value of
23.4 �A observed for the PBBIns/Au electrode (Fig. 3A(e) inset). Fur-
thermore, this phenomenon was  more pronounced as the H2O2
concentration was  increased to 2 mM [Fig. 3A(c)]. These data imply
that the PBBIns-Gs/Au electrode is highly sensitive to H2O2.

Therefore, the performance of the H2O2 sensor based on a
PBBIns-Gs/Au electrode was studied by injecting it with different
H2O2 concentrations. Fig. 3B depicts the amperometric responses
of the modified electrode during successive addition of H2O2 into a
continuously stirred PBS solution (stirring rate 400 rpm, pH 6.4)
at an applied potential of −0.5 V. The sensor displayed a rapid
and sensitive response to H2O2 and achieved 95% of the steady-
state current within 4.7 s, which indicates that the PBBIns-Gs/Au
electrode had good electrocatalytic reduction and fast electron
exchange behavior. The response to H2O2 was linear from 6.25 �M
to 15.0 mM with a sensitivity of 855.8 �A mM−1 cm−2 (Fig. 3C). The
detection limit was estimated to be 2.3 �M with a signal-to-noise
ratio of 3 (S N−1 = 3). The sensor’s performance was better than that
of the PBBIns/Au electrode, most likely because of the increased
electron transfer and surface area provided by Gs. In addition, the
highly sensitive PBBIns-Gs/Au electrode-based H2O2 sensor has
potential in the development of a glucose biosensor.

3.4. GOD immobilization and bioactivity assay

The PBBIns-Gs/Au electrode offers amperometric potential for
the analytical detection of H2O2. This electrode could be used to
fabricate a glucose biosensor that utilizes the detection mecha-
nism presented in Fig. 4A because H2O2 would be released during
the reaction of glucose with glucose oxidase. Although the detec-
tion process was performed in the presence of AcOH, which would

also occupy a proportion of the imine sites and decrease sensor

performance, the positively charged protonated imine ( ) was
suitable for the immobilization of GOD by electrostatic attraction
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Fig. 3. (A) CVs of the PBBIns-Gs/Au electrode in the (a) absence and presence of (b) 1 mM and (c) 2 mM H2O2. Inset: CVs of the PBBIns/Au electrode in the (d) absence and
(e)  presence of 1 mM H2O2. (B) Current–time plot of the PBBIns-Gs/Au electrode after successive addition of H2O2 at increasing concentrations. (C) Linear dependence of the
response currents on H2O2 concentration (n = 5).

Fig. 4. (A) The mechanism of glucose detection by the GOD-PBBIns-Gs/Au electrode. (B) A diagram depicting the preparation of the GOD-PBBIns-Gs/Au electrode. (C)
Photographs of PBBIns-Gs (left), GOD (middle), and PBBIns-Gs mixed with GOD (right) in DI water over time.
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ig. 5. (A) Absorption spectra of different GOD concentrations in DI water (inset: lin
f  immobilized GOD in the colloidal suspensions of (a) PBBIns-Gs and (b) PBBIns.

Fig. 4B). The isoelectric point (IEP) results indicate that the PBBIns-
s charge converted from a positive charge (38.1 mV)  to a highly
egative charge (−17.5 mV), which demonstrates that sufficient
OD enzymes were attracted and immobilized on the PBBIns-
s surface to successfully form the GOD-PBBIns-Gs complex. This
henomenon is clearly depicted in the photographs presented in
ig. 4C. The colloidal PBBIns-Gs could be suspended in DI water
ecause of the acid-treated PBBIns-Gs that provided a positive
harge from the protonated imine [Fig. 4C(a)]. Additionally, GOD
as soluble in DI water and exhibited a yellow color. After mixing
ith GOD for 15 min, some species in solution had the appearance

f cotton wool [Fig. 4C(b)]. Furthermore, these species precipitated
t the bottom after 90 min  and the solution was nearly colorless,
hich indicates that GOD was captured by PBBIns and served as a

inkage within the PBBIns-Gs complex [Fig. 4C(c)].
In developing a glucose biosensor, the quantity and bioactivity of

mmobilized GOD are important factors for biosensor performance.
o investigate the loading quantity of GOD, the absorption spectra
f GOD in DI water were analyzed and are presented in Fig. 5A. A
lear absorption peak was observed at 277 nm,  and its intensity was
roportional to the quantity of GOD. Therefore, the loading quan-
ity of GOD on the PBBIns-Gs electrode could be estimated from
he GOD remaining in the DI water. The loading quantity increased
ith time and was highest at 90 min, after which it equilibrated

Fig. 5B). The amount of GOD adsorbed was 1109.7 U (52.3 mg)
er mg  of PBBIns-Gs and was almost the same as the amount of
BBIns adsorbed (51.6 mg  of GOD per mg  of PBBIns), which indi-
ates that Gs did not affect the electrostatic adsorption. The loading
apacity was significantly higher than that for wet anion exchange
esin (1.05 mg  g−1) because of the strong electrostatic attraction
nd nanostructure of PBBIns-Gs [45]. Furthermore, the immobi-
ization technique preserved the bioactivity of GOD as expected.

 hydrogen peroxide assay kit was used to assay the H2O2 con-
entration at a wavelength of 570 nm.  After GOD-PBBIns-Gs was
njected into 5 mL  of 2 mM glucose under saturated oxygen for

 min, the amount of released H2O2 was measured and compared to
he amount of free GOD. The immobilized GOD maintained 91.5%
elative bioactivity, which indicates that electrostatic adsorption
id not destroy or inactivate the enzyme. After the colloid suspen-
ion of GOD-PBBIns-Gs was deposited on the Au electrode surface
nd dried at 4 ◦C for 2 h to prepare the GOD-PBBIns-Gs/Au elec-
rode, the free and immobilized enzymes retained 39.2% and 42.8%
ioactivity, respectively. After rinsing with DI water for 30 s, no
bsorption peak was observed at 277 nm,  which indicates that
he electrostatic interaction between the PBBIns-Gs and GOD was
trong and stable. Therefore, the bioactivity of GOD from the GOD-

BBIns-Gs/Au electrode was calculated at 20 U, which was higher
han the value of 10.7 U observed for the GOD-PBBIns/Au elec-
rode. This result confirms the generation of “diaphragms” within
he Gs that permit diffusion of glucose to the inner layers for
ependence of absorption intensity vs. bioactivity units at 277 nm). (B) The quantity

reaction with GOD in the absence of electronic influence from
Gs.

3.5. GOD-PBBIns-Gs/Au electrode-based glucose biosensor

Similar to the H2O2 detection methods, the electrochemical
behavior of the GOD-PBBIns-Gs/Au electrode was studied by CVs
at pH 6.4 under saturated oxygen (Fig. 6A). In the presence of
5 mM glucose, the reduction peak current increased as the oxi-
dation peak current decreased; the electrochemical behavior was
consistent with that of the PBBIns-Gs/Au electrode in H2O2 solu-
tion, which suggests that the glucose detection is feasible. Fig. 6B
depicts the current-time curve for the successive addition of glu-
cose at pH 6.4. To prevent possible interference from oxygen, a
working potential of −0.3 V was  chosen for glucose determination.
In contrast to the currents observed for the GOD-PBBIns/Au elec-
trode [Fig. 6B(b)], large stepwise currents were observed for the
GOD-PBBIns-Gs/Au electrode [Fig. 6B(a)], which demonstrates that
the GOD immobilized on the PBBIns-Gs had strong catalytic activity
toward glucose. In contrast, no signal was  observed based on the
PBBI-Gs/Au electrode, meaning that glucose could not be catalyzed
in the absence of GOD. The time required to reach a 95% response
was less than 5.6 s. The corresponding calibration curve for glucose
was linear from 10 �M to 10 mM  with a relatively high sensitivity
of 143.5 �A mM−1 cm−2 (Fig. 6B, inset). The uniform response time
for each stepwise current and the linear dependence on glucose
concentration demonstrate that the immobilized GOD  was stable
and did not detach from the PBBIns-Gs during detection. More-
over, relative to the GOD-PBBIns/Au electrode (Table 1), the glucose
biosensor based on the GOD-PBBIns-Gs/Au electrode exhibited
high performance with regard to sensitivity, detection range, and
response time because of the increased surface area and electron
transfer provided by Gs. The apparent Michaelis–Menten constant
(Kapp

m ) for the GOD-substrate kinetics of the glucose-detecting GOD-
PBBIns-Gs/Au electrode can be obtained from the Lineweaver–Burk
equation [46]:

1
ISS

=
(

Kapp
m

Imax

)(
1
C

)
+ 1

Imax
(4)

The Kapp
m value for the GOD-PBBIns-Gs/Au electrode esti-

mated from Fig. 6C was 0.54 mM,  which was lower than that
obtained in the covalent bonding (GOD/BSA/GNPs-Pb NWs/Pt elec-
trode, 4.85 mM)  and entrapped (Ti/NPAu/PB/GOx, 2.1 mM)  enzyme
immobilization methods [21,47]. The lower value indicates that
GOD immobilized on the PBBIns-Gs/Au electrode retained its bioac-

tivity and exhibited high biological affinity toward glucose, which
was attributed to the non-destructive immobilization and electro-
static attraction. Relative to previous glucose biosensor reports,
the GOD-PBBIns-Gs/Au electrode exhibited better sensitivity and
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ig. 6. (A) CVs of the GOD-PBBIns-Gs/Au electrode in the (a) absence and (b) pre
BBIns/Au, and (c) PBBIns-Gs/Au electrodes after the successive addition of gluco
lucose concentrations (n = 5). (C) Lineweaver–Burk plots for the (a) GOD-PBBIns-G

esponse time as well as high biological affinity, most likely because
f its high sensitivity toward released H2O2, superior loading of
OD, and favorable bioactivity. Additionally, it has been reported

hat GOD maintains optimal bioactivity at pH 6.0, which is similar
o the value of pH 6.4 used in this study [48].

.6. Reproducibility and selectivity of the glucose biosensor

The reproducibility of the glucose biosensor was  investigated by
easuring 1 mM glucose five times; the relative standard deviation

RSD) was 4.5%, which indicates that the biosensor measurements
re reproducible. As expected, neither ascorbic acid (AA, 1 mM)  nor
ric acid (UA, 1 mM)  interfered with the response current for 1 mM
lucose. Moreover, the response current did not change in the pres-
nce of bovine serum albumin (BSA, 100 nM), which indicates that
he biosensor is highly selective (Fig. 7A). Furthermore, the thermal
tability of the H2O2 PBBI/Au sensor-based electrode was excellent
n previous reports [35]. The main factor that influenced the sta-
ility of the glucose biosensor was GOD bioactivity. To investigate

ong-term stability, the GOD-PBBIns-Gs/Au electrode with 20 U of
OD was stored at 4 ◦C in PBS for 10 days. The electrode retained

pproximately 92.3% of bioactivity relative to the initial electrode
Fig. 7B). This result demonstrates that the glucose biosensor main-
ained stability, most likely because the nanostructures of PBBIns
nd Gs provided a suitable nano-environment for GOD.

able 1
nalytical properties of different glucose biosensors.

Sensitivity (�A mM−1 cm−2) Linear ra

GOD/PdNPs/CS-GR – 0.001–1.
Au-PANI-(CS-CNTs)-GOD – 1.0–20.0
pCoTTP-SWNTs-Nafion-GOD 16.57 Up to 1 

PTMSPA/HRP-GOx 5.1 1.0–20.0
GOD-PBBIns/Au 40.6 0.0125–7
GOD-PBBIns-Gs/Au 143.5 0.01–10.

–) Data not available.
 of 5 mM glucose. (B) Current–time plots of the (a) GOD-PBBIns-Gs/Au, (b) GOD-
increasing concentrations. Inset: The linear dependence of response currents vs.
nd (b) GOD-PBBIns/Au electrodes.

3.7. Potential application in a choline biosensor

To further illustrate the advantages of the PBBIns-Gs/Au
electrode in oxidase-based amperometric biosensors, a similar
procedure was employed for choline detection, where H2O2 was
produced during the choline–choline oxidase (ChOx) reaction.

Choline + O2
ChOx−→betaine aldehyde + H2O2

In contrast to GOD-PBBIns-Gs/Au electrode preparation, in
which GOD-PBBIns-Gs was prepared prior to addition to the Au
electrode, the PBBIns-Gs/Au electrode was  constructed and then
dipped into a ChOx solution for 30 min  for adsorption of ChOx.
After the free enzyme was washed off, the ChOx-PBBIns-Gs/Au
electrode was used for choline determination. Fig. 8A illustrates
the chronoamperometric response of the ChOx-PBBIns-Gs/Au elec-
trode to various choline concentrations at pH 6.4. Under an applied
potential of −0.5 V and in an unstirred system, the reduction cur-
rent increased with time and stabilized with an increase in choline
concentration in which the current did not response without ChOx.
Fig. 8B depicts the calibration curve of the current response to
choline concentration based on the probe of the ChOx-PBBIns-
Gs/Au electrode. This electrode exhibited a linear range from

0.1 �M to 0.83 mM with a sensitivity of 494.9 �A mM−1 cm−2. The
detection limit was  estimated to be 0.02 �M (S N−1 = 3). These data
indicate that the development of a choline biosensor is feasible
through immobilization ChOx on the PBBIns-Gs/Au electrode.

nge (mM)  Response time (s) Kapp
m (mM) Ref.

0 10.0 1.2 [49]
 8.0 5.35 [50]

15.0 0.98 [51]
 7.0 5.76 [52]
.5 6.9 1.24 This study

0 5.6 0.54 This study
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Fig. 7. (A) Effects of interfering species on the response currents of the GOD-PBBIns-Gs/Au electrode in 1 mM glucose. (B) Stability and bioactivity of the GOD-PBBIns-Gs/Au
electrode stored at 4 ◦C in PBS over time.
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BBIns-Gs/Au electrode (n = 5).

. Conclusions

A colloidal suspension of PBBIns-Gs was used for oxidase load-
ng in the development of a biosensor based on the release of

2O2. The intercalation between Gs and acid-treated PBBIns sep-
rated PBBIns and Gs simultaneously, which generated numerous
hannels and pores for H2O2 diffusion and resulted in enhanced
erformance of the H2O2 sensor relative to the sensor in the
bsence of Gs. In addition, positively charged PBBIns not only made
he colloidal composite disperse well in DI water, which is a suit-
ble environment for the enzyme, but also attracted the negative
harge of GOD or ChOx directly via electrostatic interactions. More-
ver, the non-destructive immobilization preserved high enzyme
ioactivity. These advantages provide a favorable platform for the
evelopment of oxidase-based biosensors.
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