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a  b  s  t  r  a  c  t

Poly(diallyldimethylammonium  chloride)  functionalized  helical  carbon  nanotubes  (PDDA-HCNTs)  were
successfully  synthesized.  The  resulting  PDDA-HCNTs  composite  has  good  conductivity,  solubility  and  fer-
romagnetic  property.  The  fabricated  HCNTs  could  be  conveniently  separated  and  magnetically  attached
to the  magnetic  electrode  owing  to  their  excellent  magnetic  properties.  An  amperometric  biosensor  was
firstly  developed  based  on  glucose  oxidase  (GOD)  functionalized  PDDA-HCNTs  loaded  on  magnetic  glass
vailable online 21 September 2011

eywords:
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carbon electrode.  The  constructed  biosensor  exhibited  excellent  electrocatalytic  activity  and  stability
for the  detection  of glucose  with  a  linear  range  from  5 to 85  �M and  a low  detection  limit  of  0.72  �M
at  3�.  The  present  work  offers  a  new  avenue  to  broaden  the applications  of  HCNTs  in  electrochemical
biosensors.
iosensor
agnetic electrode

. Introduction

Biosensors have attracted much attention in recent years due
o their potential applications in clinical diagnostics, environmen-
al monitoring, pharmaceuticals, food processing industries, and
ecause of their fast response and ease of operation modes. The
ey step in the development of biosensors is the effective immo-
ilization of enzyme on the electrode surface. Many kinds of
anoparticles such as Ag [1],  Au [2,3], Pt [4],  carbon nanotubes
CNTs) [5–7] and semiconductor (CdSe/ZnS) [8] have been reported
or the immobilization of enzyme in the fabrication of biosensors.
espite many advances in these fields, it is still a challenge to find

ome new materials and methods to improve the simplicity, selec-
ivity, and sensitivity [9].

Helical carbon nanotubes (HCNTs) were first predicted in 1993
y Itoh et al. [10] and were first observed in 1994 by Zhang
t al. [11,12]. Because the HCNTs have a particular 3D-helical
tructure, they have unique characteristics, such as high super-
lastic property [13], high electromagnetic waves absorption [10],
tereospecific nature of magnetoresistance [11], high hydrogen
bsorption [12], etc. Tang et al. reported the synthesis of HCNTs

n the pyrolysis of acetylene at 450 ◦C over Fe nanoparticles gener-
ted by a combined sol–gel/reduction method [14,15]. Compared
ith straight CNTs, the as-prepared HCNTs have a specific helical

∗ Corresponding author. Fax: +86 25 83594976.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).

013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.09.030
© 2011 Elsevier Ltd. All rights reserved.

structure, and more importantly, some ferromagnetic iron species
can be found to be encapsulated in the HCNTs, which may favor
electron transfer and facilitate catalytic activity. However, the
reports on their electrocatalytic characteristic of HCNTs are rather
rare perhaps due to their poor solubility in water.

In this work, PDDA was used to noncovalently functionalize
HCNTs in order to increase the solubility to extend the application
in biosensing. The fabricated PDDA-HCNTs could be conveniently
separated and magnetically loaded on the working electrode owing
to their excellent magnetic properties. In particular, PDDA-HCNTs
provided a positively charged substrate for the immobilization of
low isoelectric point (IEP) enzyme such as glucose oxidase (GOD)
(IEP ≈ 4.2) at the physiological pH of 7.4. Herein, an amperometric
biosensor was developed based on GOD functionalized PDDA-
HCNTs loaded on magnetic glass carbon electrode (MGCE). The
constructed biosensor displayed a fast electron transfer and a good
electrochemistry activity for the detection of glucose with high sta-
bility and low detection limit. Therefore, the present work offers a
new avenue to broaden the applications of HCNTs in electrochem-
ical biosensors.

2. Experimental

2.1. Materials and apparatus
Glucose, glucose oxidase type VII (136,000 units/g, EC 1.1.3.4.
from Aspergillus niger) and PDDA (MW  = 200,000–350,000) were
from Sigma. FeCl2·4H2O, citric acid monohydrate and ethanol were

dx.doi.org/10.1016/j.electacta.2011.09.030
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:jjzhu@nju.edu.cn
dx.doi.org/10.1016/j.electacta.2011.09.030
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rom Nanjing Reagent Co. (Nanjing, China). The electrochemical
mpedance spectroscopy analyses were performed with an Auto-
ab PGSTAT12 (Eco chemie, BV, The Netherlands) and controlled by
PES 4.9 and FRA 4.9 softwares. The electrochemical impedance
pectra were recorded in the frequency range 0.1 ∼ 1.0 × 105 Hz, at
he formal potential of the [Fe(CN)6]3−/4− redox couple and with

 perturbation potential of 5 mV.  Electrochemical measurements
ere performed on a CHI 660D workstation (Shanghai Chenhua,
hina) with a conventional three electrode system comprised of

 platinum wire auxiliary, a saturated calomel reference and the
odified magnetic glass carbon working electrode. Characteristics
ere performed via field-emission scanning electron microscopy

FESEM, HITACHI S4800), high resolution transmission electron
icroscopy (HRTEM, JEOL 2010), zeta potential (�) of HCNTs and

DDA-HCNTs were measured in pure water on a Malven Nano-
 instrument. Magnetic measurements were carried out using a
akeshore 7300 vibrating sample magnetometer (VSM) under a
agnetic field up to 10 kOe.

.2. Typical synthesis of HCNTs

In a typical experiment [14], 0.01 mol  FeCl2·4H2O and 0.015 mol
itric acid monohydrate were dissolved in 100 mL  of ethanol abso-

ute and stirred at 60 ◦C for 6 h. After being dried at 80 ◦C, the xerogel

as heated at 450 ◦C for 3 h in air and turned into ferric oxide.
63 mg  of ferric oxide powder was spread on a ceramic plate, which
as placed in a quartz reaction tube (5 cm inner diameter and 35 cm

Fig. 1. (A) Typical FESEM image of the PDDA-HCNTs, (B) Raman spectra and (C) ma
cta 58 (2011) 179– 183

in length). This assembly was  laid in a stainless steel reaction tube of
5.2 cm inner diameter and 80 cm in length (equipped with temper-
ature and gas-flow controls). Therefore, the iron oxide was reduced
in H2 at 425 ◦C for 4 h, and the acetylene decomposition was  con-
ducted at 475 ◦C for 2 h at atmospheric pressure over the Fe catalyst.
After the system was cooled to room temperature, the as-prepared
sample was obtained.

2.3. Preparation of soluble HCNTs

The HCNTs were functionalized with PDDA according to the fol-
lowing procedures: 5 mg/mL  HCNTs were dispersed into a 0.10%
PDDA aqueous solution containing 0.5 M NaCl and the resulting
dispersion was sonicated for 30 min  to give a homogeneous black
suspension. Residual PDDA polymer was removed by magnetic sep-
aration and the complex was rinsed with water for at least three
times. The collected PDDA-HCNTs were redispersed in water with
mild sonication to produce a stable solution, and then that solution
was sonicated for 5 min  immediately before preparing the films.

2.4. Fabrication of the GOD–PDDA-HCNTs/MGCE biosensor

The MGCE was  first polished with 0.3 and 0.05 �m alumina

slurry, and sonicated in ethanol and water successively. In suc-
cession, the 3 mg/mL  of GOD stock solution (1) was  mixed with
the 4 mg/mL  of PDDA-HCNTs solution (2) (V1:V2 = 2:1) to form
a stabled solution. Finally, 15 �L of mixed solution was  added

gnetization curve of the PDDA-HCNTs. Inset: TEM image of the PDDA-HCNTs.
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Fig. 2. (A) Schematic of glucose detection by electrochemical method using PDDA-
R. Cui et al. / Electrochim

ropwise onto MGCE dried at room temperature and stored at 4 ◦C
efore use. The magnetic electrode eliminates the possible foul-

ng and prevents the leaching of the enzyme. When not in use,
he GOD/PDDA-HCNTs/MGCE biosensor was stored in PBS at 4 ◦C.
he electrochemical experiments were carried with a conventional
hree-electrode configuration.

. Results and discussion

.1. Characterization of PDDA-HCNTs

HCNTs were synthesized in the pyrolysis of acetylene at
75 ◦C over Fe nanoparticles generated by means of a combined
ol–gel/reduction method. The cationic polyelectrolyte PDDA was
sed to noncovalently functionalize HCNTs in order to increase
he solubility to extend the application in biosensing. Since the
repared HCNTs in aqueous solution (pH = 7.0) has a negative �-
otential of −15.1 mV,  the HCNTs are negatively charged and are
lectrostatically attracted to PDDA. The presence of a layer of
dsorbed positively charged PDDA on the HCNTs caused a reversal
n �-potential to positive value (+56.5 mV). The results demon-
trated that PDDA provided a homogeneous distribution of positive
harges on the surface of the HCNTs.

Fig. 1A shows FESEM images of the PDDA-HCNTs. The tubes
ange from 150 to 200 nm in diameter and most tubes are coiled in

 regular and tight fashion with a very short coil pitch. The image
n the inset of Fig. 1A displays typical TEM image of PDDA-HCNTs.
ouble-HCNT structures and the nozzles of the tubes are clearly
isible. The TEM image shows the growth of two  coiled nanotubes
rom a catalyst nanoparticle. The catalyst nanoparticle has a grain
ize of ca. 80 nm and is wrapped by several layers of carbon at
he node. Double-HCNT structures and the nozzles of the tubes are
learly visible.

Fig. 1B shows the Raman spectrum of the as-prepared PDDA-
CNTs sample. Two peaks are observed at ca. 1349.3 and
580.1 cm−1; the former is stronger than the latter. It is well
nown that crystalline graphite (such as highly oriented pyrolitic
raphite) has a characteristic Raman peak at 1580 cm−1 (called
he G-band), whereas disorder in carbon materials gives rise to an
ntense “defect-induced” band at 1350 cm−1 (called the D-band)
16]. For the PDDA-HCNTs, the observation of the D-band as well
s its broad profile (full width at half maximum is 61.0 cm−1) pro-
ides evidence for the presence of disorder and/or distortions in
he sample. Fig. 1C shows the magnetization curve (M − H) for the
DDA-HCNTs sample measured at 300 K. The saturation magneti-
ation (MS) and the coercivity (Hc) of the as-prepared sample are
2.0 emu  g−1and 308.1 Oe, respectively. The result suggested that
he nanomaterials possess excellent magnetic property, which is
n advantage to their bioassay applications.

.2. Direct electrochemistry of GOD immobilized on the
DDA-HCNTs/MGCE

Fig. 2A exhibits the schematic of glucose detection by elec-
rochemical method by using GOD–PDDA-HCNTs modified MGCE.
lectrochemical impedance spectroscopy (EIS) was reported as an
ffective method to monitor the feature of surface allowing the
nderstanding of chemical transformation and processes associ-
ted with the conductive electrode surface. Fig. 2B shows the
yquist plots of EIS for the bare MGCE, PDDA-HCNTs/MGCE and
OD–PDDA-HCNTs/MGCE. At a bare MGCE, the redox process of
he [Fe(CN)6]3−/4− probe showed an electron transfer resistance of
bout 2700 � (curve a); The PDDA-HCNTs modified MGCE showed

 much lower resistance for the redox probe (curve b), implying
hat PDDA-HCNTs were an excellent electric conducting material
HCNTs modified MGCE. (B) EIS of bare (a), PDDA-HCNTs (b), and GOD–PDDA-HCNTs
(c) modified MGCE in 0.10 M KCl containing 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6].

and accelerated the electron transfer. After GOD was coated on the
PDDA-HCNTs/MGCE, the resistance increased dramatically to about
104 � (curve c), suggesting that the bulky GOD  molecules blocked
the electron exchange between the redox probe and electrode sur-
face.

The direct electrochemistry of GOD immobilized on the PDDA-
HCNTs/MGCE and MGCE were investigated. As shown in Fig. 3A,
the cyclic voltammogram (CV) of the PDDA-HCNTs modified MGCE
shows a weak reduction peak at −0.361 V in spite of the unobvious
oxidation peak (curve a). The results can be attributed to ferro-
magnetic iron species encapsulated in the HCNTs. After combining
with GOD, a pair of well-defined, quasireversible redox peaks can
be observed at GOD–PDDA-HCNTs/MGCE at −0.491 V and −0.462 V
(curve b), with a peak-to-peak separation of about 29 mV,  revealing
a fast electron transfer for the GOD FeIII/FeII redox pair. In contrast,
no obvious redox peaks were observed on the GOD/MGCE (curve
c). These results demonstrated that the GOD–PDDA-HCNTs/MGCE
retained high electrocatalytic activity, which attributed to the
excellent conductivity and biocompatibility of PDDA-HCNTs.

The effect of scan rate was  shown in Fig. 3B. With an increasing
scan rate, the redox peak currents increased simultaneously,
accompanied enlarged the peak separation. Moreover, both the
cathodic and anodic peak currents increased linearly with the scan
rate from 50 to 500 mV/s (inset of Fig. 3B), indicating a surface-
controlled quasi-reversible process. According to Faraday’s law,
the surface concentration of electroactive GOD (� *) at GOD–PDDA-
HCNTs/MGCE was  estimated to be 1.36 × 10−10 mol cm−2, which
was much larger than that (2.86 × 10−12 mol cm−2) at the bare
GCE [17]. This indicates that the PDDA-HCNTs modified electrode
is much favorable for the immobilization of GOD because of its
3D-helical structure. PDDA-HCNTs provide a positively charged

substrate for the immobilization of GOD (IEP ≈ 4.2) at the physi-
ological pH of 7.4. Furthermore, GOD functionalized PDDA-HCNTs
hybrids can be magnetically loaded on the magnetic working
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ig. 3. (A) The CVs of different electrodes in nitrogen-saturated 0.1 M PBS (pH 7.0)
OD/MGCE (c). (B) The CVs of GOD–PDDA-HCNTs modified MGCE at scan rate of 50
itrogen-saturated 0.10 M pH 7.0 PBS. Inset: plots of peak currents vs. scan rates.

lectrode, which is not only beneficial the immobilization of
nzymes, but also improve electron shuttle between the redox
ctive sites of enzyme and the electrode.

It is well known that the direct electrochemistry of GOD is a
wo-electron coupled with two-proton reaction, which undergoes

 redox reaction as follows [18]:

OD − FAD + 2e− + 2H+ � GOD − FADH2 (1)

herefore, the pH value of the solution has influence on the electro-
hemical behavior of GOD on the PDDA-HCNTs/MGCE. Fig. 4 shows
he CVs of the GOD–PDDA-HCNTs/MGCE in different pH solutions.
table and well-defined CVs can be observed in the pH range of
.0–8.0. An increase of solution pH caused a negative shift in both
athodic and anodic peak potentials. All changes in voltammetric
eak potentials and currents with pH were reversible. For example,
he CV for the GOD–PDDA-HCNTs/MGCE at pH 8.0 was reproduced
fter immersion in pH 4.0 buffer and then returned to the pH 8.0
uffer. The inset of Fig. 4 shows the effect of solution pH on the for-
al  potential (E0′

) of the GOD–PDDA-HCNTs/MGCE, and it can be
een that the formal potential depends linearly on the pH value in

he range of 4.0–8.0 with a slop of −57.3 mV/pH (R = 0.999), which
s close to the theoretical value of −58.6 mV/pH according to the
eaction shown in Eq. (1).

Fig. 4. The CVs of the GOD–PDDA-HCNTs/MGCE in different pH solutions.
 scan rate of 100 mV/s: PDDA-HCNTs/MGCE (a), GOD–PDDA-HCNTs/MGCE (b) and
00, 150, 200, 250, 300, 350, 400, 450, and 500 mV/s (from inner to outer curve) in

3.3. Electrocatalytical behavior of the GOD–PDDA-HCNTs/MGCE

The effect of the dissolved oxygen on the electrochemical
behavior of the GOD–PDDA-HCNTs/MGCE was  investigated, as
shown in Fig. 5A. Although a pair of well-defined, quasi-reversible
redox peaks is observed in both deoxygenated and air-saturated
PBS (pH 7.0), respectively, the reduction peak current of the
GOD–PDDA-HCNTs/MGCE in air-saturated PBS is larger than that
in deoxygenated PBS and the oxidation peak current is in reverse.
The corresponding results are consistent with the previous reports
[18,19]. It confirms that dioxygen dissolved in the solution is cat-
alytically reduced at the GOD–PDDA-HCNTs/MGCE according to the
following equations [18]:

GOD − FAD + 2e− + 2H+ � GOD − FADH2

GOD − FADH2 + O2 → GOD − FAD + H2O2 (2)

This is a typical EC catalytic process [20], in which oxygen regener-
ate GOD-FAD and enhance the reduction peak current of FAD. When
glucose was added into this system, the reduction peak current
decreased (curve b, Fig. 5A). The glucose restrained the electro-
catalytic reaction due to the enzyme catalyzed reaction between
GOD-FAD and glucose, which diminished the concentration of the
GOD-FAD as shown in Eq. (3):

Glucose + GOD − FAD → Gluconolactone + GOD − FADH2 (3)

With the increasing glucose concentration, the peak current for the
electrocatalytic reduction decreased, producing a glucose biosen-
sor.

Fig. 5 depicts a current–time plot on successive step changes
of glucose concentration at the applied potential of −0.50 V. The
calibration curve for the biosensor under the optimized experimen-
tal conditions is shown in Fig. 5B. The biosensor displayed a linear
response to glucose in the concentration range from 5 �M to 85 �M
(R = 0.9988). The detection limit was estimated to be 0.72 �M at 3�,
which was obviously lower than that of the GOD/CNTs/GCE elec-
trode reported in the literature previously (0.03 mM,  S/N = 3) [21].
Furthermore, the sensitivity of GOD–PDDA-HCNTs/MGCE biosen-
sor was calculated to be 174.0 �A mM−1 cm−2, which was higher
than 13.0, 1.06 and 0.053 �A mM−1 cm−2 for the glucose biosensors
based on nitrogen-doped carbon nanotubes [22], single-walled car-

bon nanohorns [23] and highly ordered mesoporous carbon foams
[24].

To assess the stability of GOD–PDDA-HCNTs/MGCE, the enzyme
electrode was scanned continuously in a nitrogen-saturated PBS.
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ig. 5. (A) The CVs of the GOD–PDDA-HCNTs/MGCE in nitrogen-saturated 0.1 M pH
bsence and (c) presence of 35 �M glucose. Scan rate: 100 mV/s. (B) Typical steady
lucose into air-saturated PBS (pH 7.0). Applied potential: −0.5 V. The inset plot sho

fter scanning for 50 cycles, the redox peak currents were essen-
ially unchanged (by the comparison of the 50th cycle and the 2nd
ycle). The prepared enzyme electrodes were stored in pH 7.0 PBS
t 4 ◦C when it was not in use. The GOD–PDDA-HCNTs/MGCE could
etain 95% of its initial response for glucose by cyclic voltammetry
fter 14-day storage, demonstrating excellent long-term stabil-
ty. As for GOD–PDDA-HCNTs modified non-magnetic GCE, their
esponse decreased to 50% of their initial response after only 3-day
torage. The comparative results demonstrated that GOD–PDDA-
CNTs magnetically loaded on the magnetic GCE could better retain

ts enzymatic stability and bioactivity compared to that immobi-
ized on the non-magnetic GCE. The interference with the response
f GOD–PDDA-HCNTs/MGCE from ascorbic acid (AA) and uric acid
UA) was evaluated in pH 7.0 PBS in the presence of 25 �M glucose.
t was found that the interference from 50 �M AA and UA was neg-
igible. The excellent biosensing performance can be attributed to
he combination of PDDA-HCNTs 3D-helical structure and its fer-
omagnetic property, which not only offered a biocompatible and
table surface for GOD loading, but also provided a sensitive electric
nterface for further biosensing.

. Conclusions

In this work, PDDA-functionalized helical carbon nanotubes
PDDA-HCNTs) with good conductivity, ferromagnetic property,
olubility and biocompatibility were successfully synthesized and
rstly applied in GOD immobilization and biosensor construction.
he results demonstrated that PDDA-HCNTs offered significant
dvantages in facilitating the electron transfer of immobilized
nzymes and improving the biosensing performance of fabri-
ated biosensors. Therefore, the studies have a significant potential
mpact on the selection of biosensing materials and on the design
f electrochemical biosensors.
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