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1. Introduction

Since the first discovery in 1991 (Iijima, 1991), carbon nanotubes
(CNTs) have attracted great research interest due to their high
surface area, excellent electrical conductivity and unique chem-
ical properties (Rao et al., 2001; Baughman et al., 2002). These
remarkable properties make CNTs good candidates for nanoelec-
tronic devices (Fuhrer et al., 2000), electron field emission sources
(Fan et al., 1999), scanning probes (Wong et al., 1998) and espe-
cially biosensors (Wang et al., 2003b; Joshi et al., 2005; Huang
et al., 2006). The structure of CNTs can be thought of conceptu-
ally as “rolled-up” sheets of graphite: a single rolled up graphene
sheet forms single-wall carbon nanotubes (SWNTs), while several
sheets of graphite rolled into concentric tubes form multi-wall car-
bon nanotubes (MWNTs). Recently, the combination of MWNTs
and glucose oxidase (GOx) is receiving considerable interest. Many
studies have proven that MWNTs are very suitable matrices to trap
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(MWNTs) functionalized with amino groups were prepared via silane
ltrimethoxysilane (APS) as a silane-coupling agent. The resultant amino
were applied to construct glucose biosensors with IO4

−-oxidized glucose
rough the layer-by-layer (LBL) covalent self-assembly method without any
microscopy (SEM) indicated that the assembled AMWNTs were almost in
e nanotubes, and the surface density increased uniformly with the number

the analysis of voltammetric signals, a linear increment of the coverage
d. The resulting biosensor showed excellent catalytic activity towards the
ygen at low overvoltage, based on which glucose concentration was mon-
e electrode exhibited good electrocatalytic response towards the glucose
ith the number of GOx/AMWNTs bilayers, suggesting that the analytical
and detection limit of the glucose biosensors could be tuned to the desired

of deposited GOx/AMWNTs bilayers. The biosensor constructed with four
ed high sensitivity of 7.46 �A mM−1 cm−2 and the detection limit of 8.0 �M,
0 s. Because of relative low applied potential, the interference from other
was minimized, which improved the selectivity of the biosensors. Further-
ctrodes also showed remarkable stability due to the covalent interaction

s.
© 2008 Elsevier B.V. All rights reserved.
GOx for glucose biosensors with fast response time, high sensi-
tivity, and great versatility (Wang and Musameh, 2003a; Joshi et
al., 2005; Deng et al., 2007). Different approaches, such as physical
direct adsorption of GOx on MWNTs (Guan et al., 2005), encapsu-
lation (Salimi et al., 2004) and entrapment (Wang and Musameh,
2005) have been used to construct MWNTs/GOx biosensors. How-
ever, the drawback to these methods is non-uniform adsorption
and GOx leaching from the films. Thus, the most important issues
for preparing MWNTs/GOx biosensor should be mild conditions to
functionalize MWNTs and a high efficiency to immobilize large
quantities of GOx. Layer-by-layer (LBL) self-assembly based on
electrostatic interaction has emerged as the most popular and ver-
satile approach for the fabrication of organized multilayer films
(Decher, 1997; Jiang and Tsukruk, 2006). It is a simple way to
produce fundamentally and practically interesting multilayer films
with unique mechanical properties and precise control over film
composition and thickness, which opens many new opportuni-
ties for us to achieve the ideal model surface whose properties
are controllable (Olek et al., 2004). Recently, this technique has
found wide applications in preparation of MWNTs/GOx multilayer
biosensors. For instance, Khor’ group constructed MWNTs/GOx
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multilayer films through alternative electrostatic interaction of the
positively charged PDDA with the oppositely charged MWNTs and
GOx (Yan et al., 2007). Zhao and Ju (2006) also fabricated LBL films
via the alternate deposition of PDDA-wrapped MWNTs and GOx on
the Au electrodes. Despite successful fabrication has been realized,
the driven force in those LBL assembly processes is electrostatic
interaction, which certainly leads to the poor stability and the lim-
ited application. Besides, the polyelectrolytes employed to combine
MWNTs with GOx increase the distance between the FAD center
of GOx and nanotubes, which results in reduced electron-transfer
rate and thus the poor analytical properties. To overcome these
drawbacks, directly LBL covalent attachment of GOx on MWNTs
without any cross-linker for fabricating multilayer films is a prac-
tical method.

In this paper, we report the chemical modification of
MWNTs by covalent bonding of an amino terminated silane
(3-aminopropyltrimethoxysilane, APS) onto activated carbon nan-
otubes. By using silane-coupling chemistry, the amino terminated
MWNTs (AMWNTs) maintained the carbon skeleton structure,
while grafting new functional groups. To our knowledge, only one
study has been reported on the silane treatment of MWNTs with
APS, but no function of the system was addressed (Shanmugharaj
et al., 2007). Here we applied such AMWNTs to the construction of
glucose biosensors. LBL method was employed for direct attach-
ment of IO4

−-oxidized glucose oxidase (IO4
−-oxidized GOx) on

the AMWNTs, based on the covalent Schiff-base bonding between
the aldehyde groups of IO4

−-oxidized GOx and amino groups of
AMWNTs. In this way, the polyelectrolytes and cross-linkers (e.g.
glutaraldehyde) were avoided, and the thickness of multilayer
films was in nanometer. The resulting electrode showed a porous
structure and exhibited outstanding bioelectrocatalytic response
to the oxidation of glucose. The AMWNTs involved can not only
adsorb GOx without loss of biological activity but also facilitate
the electron-transfer. Furthermore, the obtained biosensor had an
excellent stability because of covalent interlayer bonding. The opti-
mization and advantages of such GOx/AMWNTs biosensors are
reported in the following sections.

2. Experimental

2.1. Reagents

Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus niger,
100 U mg−1) was purchased from Amersco. 3-Aminopropyltrime-

thoxysilane (APS, 99%), cystamine dihydrochloride (CA) and fer-
rocenemethanol were obtained from Aldrich. Multi-wall carbon
nanotubes (MWNTs, >95%, 10–30 nm diameter) came from Shen-
zhen Nanotech Port Ltd. Co. (Shenzhen, China). The other chemicals
were of analytical grade and were used as supplied. All the solutions
were prepared using doubly distilled water. 0.1 M phosphate buffer
solutions (PBS, pH 6.82) were employed as supporting electrolyte.

To oxidize carbohydrate groups to the aldehydes on the
peripheral surface of GOx, we followed a methodology already
demonstrated by Zaborsky and Ogletree (1974), the details of which
were described in our previous publications (Sun et al., 2007).

2.2. Instrumentation

Scanning electron microscope (SEM, SHIMADZU SSX-550) was
used for imaging the morphology of the multilayer films.

A CHI 660B workstation was used to collect electrochem-
ical data. Experiments were performed at room temperature
(25 ± 1 ◦C), in a conventional three-electrode system with 2.0-mm-
diameter Au modified working electrode, a platinum wire as the
auxiliary electrode, and a saturated calomel electrode (SCE) ref-
ectronics 24 (2008) 22–28 23

erence electrode. All of the potentials were reported versus this
reference. The amperometric experiments were carried out in a
gently stirred, air-saturated, 0.1 M PBS. The desired potential was
applied, and the background current was allowed to decay to a con-
stant level. The glucose stock solutions were prepared with 0.1 M
PBS and were allowed to mutarotate overnight before use. Unless
pointed out, the experiments were carried out in air-saturated solu-
tions. An anaerobic condition was obtained by purging the solution
with a high purity nitrogen gas for 20 min prior to the experiment
and by maintaining a positive pressure of nitrogen during the exper-
iment. All presented experimental results were the mean of at least
three identically prepared electrodes, if not otherwise mentioned.

2.3. Silanization of MWNTs with APS

The process started by oxidizing as received MWNTs in 10 M
H2SO4 containing 0.04 g mL−1 K2Cr2O7 for 30 min at 80 ◦C. The
aim of this treatment was to create oxygen-containing groups on
nanotubes and also to remove the graphitic impurities that were
present along with the MWNTs (Ravindran et al., 2003). After oxi-
dation, the mixture was diluted with water to about three times of
its original volume and subjected to high-speed centrifugal sedi-
mentation to separate the oxidized MWNTs powder (abbreviated
as OMWNTs). The powder was washed with distilled water until no
residual acid was present and then dried in a vacuum oven at 80 ◦C
for 4 h.

To functionalize the OMWNTs with silane-coupling agents,
Shanmugharaj et al. (2007) added APS into the OMWNTs aqueous
solution and stirred for 30 min at 80 ◦C. However, it is well known
that in water the organosilane hydrolyzes very quickly to form a
trisilanol, which will cause the self-aggregation of trisilanol rather
than reacting with the hydroxyl groups on OMWNTs. Hence, we
carried out such coupling process in the ethanol solution, which
resulted in complete modification and higher yield. In detail, 10 mg
OMWNTs were dispersed by ultrasonication in 20 mL of ethanol.
Then 1.0 mL of 1.0 wt% APS ethanol solution was added and stirred
for 12 h at 40 ◦C for silanization. The amount of APS used was 1:1
in weight with respect to the OMWNTs. Thereafter, the resultant
amino terminated MWNTs were washed with water three times
by resuspension/centrifugation to ensure removal of excessive APS.
Scheme 1A schematically illustrates the procedure for the silaniza-
tion of MWNTs.

2.4. Preparation of GOx/AMWNTs multilayer films on the Au

electrode

The Au electrode (electrode area 0.032 cm2) was first abraded
with finer grades of SiC paper and polished to a mirror-like sur-
face with 1.0-, 0.3- and 0.05-�m �-Al2O3 powder on microcloth
pads, followed by rinsing with water and ethanol and briefly clean-
ing in an ultrasonic bath. The layer forming process started with
the introduction of amine functionalities on the Au surface by
dipping a clean Au electrode into an aqueous solution of cys-
tamine (10 mg mL−1) in darkness for 2 h. After thiol adsorption,
LBL assembly of GOx/AMWNTs was conducted by alternatively dip-
ping the modified electrode into the IO4

−-oxidized GOx solution
and the above AMWNTs solution each for 1 h. After each dipping
step, the electrode was carefully washed with distilled water for
three times to remove the excess of assembling materials and
then dried with nitrogen. This sequence was repeated until the
desired GOx/AMWNTs bilayer number was obtained. The modified
electrode was denoted as Au/CA/(GOx/AMWNTs)n. The assembly
process was shown in Scheme 1B. As a control, the multilayer film
using OMWNTs was also fabricated under identical conditions. The
resulting electrode was abbreviated to Au/CA/(GOx/OMWNTs)n.



24 Y. Sun et al. / Biosensors and Bioelectronics 24 (2008) 22–28

nd OM
Scheme 1. (A) Processes of interaction between aminosilane a

For SEM characterization, a silicon wafer was first cleaned in
a fresh piranha solution (v/v = 3:7, 30% H2O2/98% H2SO4) and then

thoroughly rinsed with distilled water. The pretreated silicon wafer
was placed in a 1% anhydrous toluene solution of APS for 7 min to
introduce amino groups. The GOx/AMWNTs multilayer films were
then constructed on the silicon wafer by the same procedures as
those on the Au electrodes.

3. Results and discussion

3.1. LBL covalent assembly of GOx/AMWNTs multilayer films

Different from other groups’ samples in which the nanotubes
and enzymes were commonly cast or pasted on the electrode sur-
faces (Zhang and Gorski, 2005; Chen and Dong, 2007), here we used
LBL covalent self-assembly technique to fabricate GOx/AMWNTs
multilayer films. The buildup of such supramolecular architecture
was constructed as outlined in Scheme 1B. Initially, a base layer
of cystamine was chemisorbed on the Au electrode surface via
thiol end groups and exposed an array of amino groups towards
the solution. Then IO4

−-oxidized GOx molecules were covalently
attached to cystamine modified electrode through the formation of
Schiff base. Likewise, AMWNTs were linked to IO4

−-oxidized GOx

Fig. 1. Representative SEM images of (a) (GOx/AMWNTs)1, (b) (GOx/AM
WNTs. (B) Stepwise assembly of the Au/CA/(GOx/AMWNTs)n .

in the same way. The key to this process is the formation of Schiff
base between aldehyde groups of IO4

−-oxidized GOx and amino

groups of cystamine and AMWNTs. The sequential repetition of the
deposition of IO4

−-oxidized GOx and AMWNTs produced homo-
geneously and stably nanometer-scaled multilayer films with the
desired number of GOx/AMWNTs bilayers.

3.2. Characterization of GOx/AMWNTs multilayer films

The assembly and morphology of the GOx/AMWNTs multilayers
on a silicon wafer were characterized by SEM. As shown in Fig. 1,
randomly oriented AMWNTs covered the entire surface of the sil-
icon wafer. The density of AMWNTs in the first layer was rather
small (Fig. 1a) and the nanotubes coverage clearly increased with
increasing the number of film assembling (Fig. 1b and c), suggest-
ing the sequential deposition of the AMWNTs onto the substrate.
Thus, one may expect to obtain a homogeneous, porous, and three-
dimensional GOx/AMWNTs multilayer film with a large surface
area provided the assembly procedure was repeated many times. In
addition, a close inspection of the AMWNTs grown on the substrate
revealed that the AMWNTs, 0.5–1.0 �m in length and 20–80 nm
in diameter were most well distributed on the surface, and that
most of the anchored AMWNTs were in a form of small bundles or

WNTs)2, and (c) (GOx/AMWNTs)4 assembled on a silicon wafer.
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Fig. 2. Cyclic voltammograms of the GOx/AMWNTs multilayer electrodes in the
presence of 0.25 mM ferrocenemethanol and 20 mM glucose: (a) zero, (b) one, (c)
two, (d) three and (e) four bilayers. Inset: catalytic current versus the number of
GOx/AMWNTs bilayers. Error bars have been deduced from measurements in trip-
licate. Scan rate: 5 mV s−1.

single tubes. This is different from the results of the modified elec-
trode prepared by other methods such as cast coating, mixing CNTs
with carbon paste that CNTs existed in the form of agglomerates
or indiscernible nanotubes bundles (Luo et al., 2001). Such small
bundles and single tubes are believed to be very attractive for the
development of glucose biosensor since most of the well-dispersed
nanotubes are electrochemically accessible and consequently can
be readily and totally used as electrochemical sensing unit. On the
other hand, the larger accessible surface area allows more enzyme
immobilization compared with that with big bundles of MWNTs,
which yields a higher ratio of signal-to-noise for electrochemical
determination of glucose. Due to the small particle size (diame-
ter 4–5 nm), the adsorption of GOx onto the AMWNTs cannot be
inferred directly from the SEM images. However, from the results
of the following electrochemical measurements, it is clear that GOx
molecules were present along with the deposited AMWNTs.

The above LBL covalent attachment process was also confirmed
by electrocatalytic oxidation of glucose. In the presence of arti-
ficial redox mediator (ferrocenemethanol), GOx involved in the
multilayer films can electrocatalyze the oxidation of glucose that

is expressed as follows (Bourdillon et al., 1993):

Fc � Fc+ + e (1)

where GOx (FADH2) and GOx (FAD) represent reduced and oxi-
dized forms of GOx, Fc and Fc+ are the reduced and oxidized forms
of ferrocenyl mediator, and G and GL are �-d-glucose and glucose-
d-lactone, respectively. Reaction (1) takes place at the Au electrode
surface, charge transport between suitable ferrocene sites through
AMWNTs that are in contact with the underlying electrode. The
ping-pong enzyme kinetics of GOx are described by reactions (2)
and (3). As the potential increases the Fc is oxidized to Fc+, and we
observe a catalytic current for the oxidation of glucose. Fig. 2 shows
the cyclic voltammetric responses obtained from the Au electrodes
modified with different numbers of GOx/AMWNTs bilayers in the
presence of 20 mM glucose and 0.25 mM ferrocenemethanol. At
a bare Au electrode, a pair of well-reversible redox wave with
ectronics 24 (2008) 22–28 25

peak potential separation of 0.06 V was observed (Fig. 2a), which
was characteristic of one-electron reversible redox reaction of
Fc+/Fc. When a significant amount of active enzyme was covalently
attached to the electrodes, well-defined sigmoidal catalytic waves
were observed, with an obvious increase in anodic current and an
almost complete disappearance of the cathodic current (Fig. 2b–e).
As the number of bilayers increased, the electrocatalytic current
also enhanced, and that the anodic current showed an almost linear
relationship with the number of deposited GOx/AMWNTs bilay-
ers (Inset of Fig. 2). Thus, it is thought that each bilayer contains
the same amount of active enzyme, and the GOx/AMWNTs mul-
tilayer films are constructed in a uniform growth process, which
is well consistent with the SEM results. For comparison, OMWNTs
were used instead of AMWNTs for constructing multilayer films.
As expected, the electrocatalytic current of the resulting films did
not show any enhancement with the increasing number of bilayers
(data not shown). This suggested that the multilayer films contain-
ing GOx and carbon nanotubes could only be formed successfully
through covalent Schiff-base bonding.

In the absence of mass transport limitations, plateau current
from the ferrocenemethanol-mediated CVs Ip, is expected to obey
the following equation (Anicet et al., 1998):

1
Ip

= 1
2FS�ET

(
1

k3[Fc]
+ 1

k2
+ 1

kred[G]

)
(4)

where F is the Faraday ’s constant, S is the electrode area,
� ET is the surface concentration of enzyme, [Fc] is the medi-
ator concentration, [G] is the glucose concentration in the
solution, and kred = k1k2/(k−1 + k2). Ip was measured from the
background-corrected current value by subtracting the glucose-
free current to glucose-contain current at a potential of 0.28 V.
On the basis of the equation and the known rate constant val-
ues (k2 = 700 s−1, k3 = 1.2 × 107 M−1 s−1, kred = 1.1 × 104 M−1 s−1)
(Ehret et al., 1997; Brillas et al., 1997), the surface concentration
of GOx deposited at the enzyme electrode was determined,
which was 1.29 × 10−12 mol cm−2 for the Au/CA/(GOx/AMWNTs)1
and increased to 2.63, 3.99 and 5.30 × 10−12 mol cm−2 for
the Au/CA/(GOx/AMWNTs)2, Au/CA/(GOx/AMWNTs)3 and
Au/CA/(GOx/AMWNTs)4, respectively. It can be seen that � ET
was linearly dependent on the number of bilayers, and the incre-
ment of the amount of GOx (� E) per GOx/AMWNTs bilayer was
1.34 × 10−12 mol cm−2, which was 2-fold higher than that of the
multilayer films containing silica nanoparticles and GOx reported
in our previous work (Sun et al., 2006). Such a clear increase in

the � E value should not be attributed just to the extra active
surface area provided by AMWNTs. Actually, the AMWNTs play

a dual significant role in both the enzyme immobilization and
the transduction events, namely, as carriers for GOx to provide a
suitable microenvironment to retain the GOx activity and as a trans-
ducer for amplifying the electrochemical signal of the product of
the enzymatic reaction, since carbon nanotubes could promote the
electron-transfer at the electrochemical interface and may serve as
excellent transducers for biosensors (Wang et al., 2003a; Hrapovic
et al., 2004). It has been suggested that GOx becomes partially
unfolded when associated with CNTs (Liu et al., 2004). This will
reduce the tunneling distance of the optimum electron-transfer
pathway from the isoalloxazine group in the GOx to a cystamine
residue C 164 at the enzyme surface (Alvarez-lcaza et al., 1995),
which allows for improved access to the FAD centers by the Fc redox
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Fig. 3. Typical cyclic voltammograms obtained at Au/CA/(GOx/AMWNTs)4 (a, c) and
bare Au electrodes (b) in 0.1 M PBS saturated with N2 (dotted lines) or air (solid lines).
Scan rate: 10 mV s−1.

centers. Furthermore, the covalent LBL method we used can provide
a tridimensional conductive and porous structure that was con-
firmed by SEM images. Such porous films would allow the enzyme
substrates to enter into the films more easily and have more chance
to react with all of the proteins in the films, thus significantly
improving the catalytic efficiency compared with the reported val-
ues. The facts mentioned above further confirm that the multilayer
structure involving AMWNTs and GOx has been formed in a spa-
tially ordered and uniform manner, which offers the possibility of
conveniently controlling the active enzyme loading via adjusting
the number of the GOx/AMWNTs bilayers attached.

3.3. Electrocatalytic reduction of O2 at GOx/AMWNTs multilayer
electrodes

The need for oxygen reduction at catalytic surfaces has been
recognized in fuel cells, batteries, and many other electronic
applications (Bard and Faulkner, 1980). Hence, oxygen reduc-
tion at nanotube surfaces is of great interest. Fig. 3 depicts
cyclic voltammograms for dissolved oxygen reduction at the
Au/CA/(GOx/AMWNTs)4 and bare Au electrodes in 0.1 M PBS. When
the Au/CA/(GOx/AMWNTs)4 was in N2-saturated solution, no redox

peak in the potential range 0.2 to −0.8 V were observed (curve
a). While in the presence of O2, a remarkable catalytic reduc-
tion peak appeared at −0.28 V (curve c), which was documented
to be a two-electron reduction process to produce hydrogen per-
oxide (Eq. (5)) (Bockris and Srinivasan, 1969; Bard and Faulkner,
1980). As a control, the reduction of oxygen on the bare Au elec-
trode resulted in an ill-defined peak at about −0.55 V with smaller
current, shown in Fig. 3b. Compared with the bare electrode, the
Au/CA/(GOx/AMWNTs)4 not only improves the reduction currents
of O2 but also decreases the overvoltage by at least 0.28 V, which
indicates a more facile reaction occurring at the multilayer films.
This result is consistent with literature for other CNTs modified
electrode (Britto et al., 1999; Dai and Shiu, 2004), demonstrating
that the present strategy of using the covalent functionalization
does not affect the inherent electrochemical properties of CNTs, and
CNTs retain excellent electrocatalytic ability towards reduction of
O2. The larger lowering of the overvoltage observed in the presence
of CNTs is attributed to the oxide defects on the tube sidewalls and
ends which can be involved in the redox reaction and makes CNTs
more hydrophilic so that the sample can contact the surface better
(Zhang et al., 2004).
Fig. 4. Amperometric responses of Au/CA/(GOx/AMWNTs)4 electrode at an applied
potential of −0.3 V to successive addition of glucose in a stirred 0.1 M PBS in the pres-
ence of dissolved oxygen. Inset: cyclic voltammograms of Au/CA/(GOx/AMWNTs)4

in 0.1 M PBS in the absence (e) and presence of dissolved oxygen with (a) 0, (b) 0.5,
(c) 1 and (d) 2 mM glucose. Scan rate: 10 mV s−1.

3.4. Electrocatalytic oxidation of glucose at
Au/CA/(GOx/AMWNTs)n

The electrocatalytic oxidation of glucose depicted by Eqs. (1)–(3)
is carried out with the help of an artificial redox mediator, fer-
rocenemethanol. This mediator does enhance electron-transfer
efficiency between immobilized GOx and the electrode. However,
due to the mediator presented in solution, the modified electrodes
would be contaminative and irreproducible for continuous use
(Coche-Guerente et al., 1997). Since AMWNTs assembled on the
modified electrodes could enhance the reduction activity of dis-
solved oxygen, decreasing the reductive overvoltage along with the
increased current signal, the dissolved oxygen can be used as the
electron-transfer mediator (Zhang et al., 2007). In the presence of
dissolved oxygen the oxidation of glucose follows Eq. (6):

O2 + 2H+ + 2e− → H2O2 (5)

G + O2 + 2H + GOx−→GL + H2O2 (6)

where G and GL are �-d-glucose and glucose-d-lactone, respec-

tively. The consumption of dissolved oxygen led to the decrease of
O2 concentration. Therefore, a glucose biosensor can be developed
based on the detection of O2 reductive signal changes resulting from
the addition of glucose. Inset of Fig. 4 shows cyclic voltammograms
of the Au/CA/(GOx/AMWNTs)4 in air-saturated PBS with (a) 0 mM,
(b) 0.5 mM (c) 1.0 mM and (d) 2.0 mM glucose. We can see that
the reduction peak current of O2 decreased with the addition of
glucose, suggesting the feasibility of our strategy.

Amperometric response curves of Au/CA/(GOx/AMWNTs)4 for
the successive additions of 1.0 mM glucose in air-saturated PBS are
presented in Fig. 4. Considering the best signal-to-noise ratio, the
measurements were performed at an applied potential of −0.3 V.
The reaction occurring at the biosensor was very fast in reaching
a dynamic equilibrium upon each addition of the glucose solu-
tion, generating a steady-state current signal within 10 s. Such
shorter response time was indicative of faster charge transport
in films with AMWNTs. The current reached a saturation value
at high glucose concentration, showing the characteristics of the
Michaelis–Menten kinetics. Based on the amperometric response,
a calibration curve was obtained in Fig. 5(c). The linear calibration
range was extended up to 7.0 mM with a correlation coefficient of
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Fig. 5. Calibrations for the number of GOx/AMWNTs bilayers as a function of glu-
cose concentration: (a) Au/CA/(GOx/AMWNTs)2, (b) Au/CA/(GOx/AMWNTs)3 and
(c) Au/CA/(GOx/AMWNTs)4. Bioelectrocatalytic signal values were obtained from
respective current-time curves. Error bars have been deduced from measurements
in triplicate.

0.996. Such extended linear range might arise from two effects:
oxygen reduction promoted by AMWNTs and the porous multilayer
film through which the substrates can penetrate. The sensitivity
obtained was of 7.46 �A mM−1 cm−2, which is higher than that
3.9 �A mM−1 cm−2 at Au nanoparticles-GOx multilayer biosensor
and 5.6 �A mM−1 cm−2 reported for GOx/SDS-MWNTs biosensors
fabricated using the PDDA cross-linker (Zhao et al., 2005; Yan et al.,
2007). A detection limit of 8.0 �M can be estimated based on the
signal-to-noise characteristics of these data (S/N = 3). The high sen-
sitivity is accompanied by a low noise level, allowing convenient
detection of micromolor concentrations.

The amperometric response and the sensitivity of the
fabricated biosensors to glucose are related to the bilayer
numbers of GOx/AMWNTs. Fig. 5 shows the calibration
curves obtained from the electrodes modified with dif-
ferent numbers of GOx/AMWNTs bilayers. The sensitivity
calculated from the linear region of calibration curve was
2.27 �A/mM cm2 for the Au/CA/(GOx/AMWNTs)2 and increased
to 4.95 and 7.46 �A/mM cm2 for the Au/CA/(GOx/AMWNTs)3 and
Au/CA/(GOx/AMWNTs)4, respectively. Even higher sensitivity may

be achieved by increasing the numbers of attached bilayers. Hence,
the analytical performance of the Au/CA/(GOx/AMWNTs)n can be
adjusted by modulating the deposition number of GOx/AMWNTs
bilayers. This is the obvious difference from other methods to
prepare CNTs-based glucose biosensor, in which GOx was only
immobilized in a monolayer of CNTs, thus the amperometric
response could not be controlled (Lin et al., 2004; Lim et al., 2005).
The ability to control the analytical performance of the electrode
should be useful, especially for the electrode containing multiple
enzymes with significantly different activities.

3.5. Interference study and the stability

The general problem in the electrochemical detection of glu-
cose is the interference from redox-active species such as ascorbic
acid (AA), uric acid (UA) and acetaminophen, which are usually
coexist with glucose in physiological samples. Here, a comparative
study was made between the current obtained for the concentra-
tion of 0.1 mM AA, 0.1 mM UA and 1 mM acetaminophen, and that
obtained for 1.0 mM glucose at the applied potential of −0.3 V. The
ectronics 24 (2008) 22–28 27

injection of 1.0 mM glucose caused an immediate decrease of the
reduction current, while subsequent injection of those three com-
pounds did not cause any interference on the current response (not
shown here). The use of lower detection potential greatly reduced
the responses of common interference. Hence, highly selective
response to glucose was obtained without any artificial mediator
or perm-selective membrane. This is an advantage of the proposed
biosensor over those reported previously (Wang and Musameh,
2003b; Lim et al., 2005).

Stability of a modified electrode is an essential issue for
the practical applications. The long-term storage stability of the
GOx/AMWNTs multilayer electrodes was investigated when stored
at 4 ◦C and measured at intervals over several days. No obvious
decrease in the response to glucose was observed after 3 weeks
and it retained about 90% of its original sensitivity after 1 month.
Moreover, the sensor kept a constant current when successively
swept for 100 cycles in the presence of glucose, indicating good
operational stability. Such excellent stability is attributed to the
strong covalent interaction between AMWNTs and GOx, which is
not affected by the changes such as the ionic strength, the solu-
tion pH, and temperature. Furthermore, the carboxylic acids on
AMWNTs, which were introduced by acid treatment, could also sta-
bilize the adsorbed GOx through the formation of hydrogen bonds,
since there are plenty of hydroxyl and carboxylic groups (carbohy-
drate) on the surface of GOx (Wang et al., 2003c).

4. Conclusion

This work is the first attempt to apply the amino terminated
MWNTs to glucose biosensors via layer-by-layer covalent self-
assembly method without any cross-linker between the AMWNTs
and GOx. Based on the silane treatment, APS molecules contain-
ing amino-ended groups were covalently bonded on OMWNTs
through Si–O–C linkages. Such amino-termination of AMWNTs can
be reacted with the aldehyde groups of IO4

−-oxidized GOx through
the formation of Schiff base. The resulting multilayer film showed
a porous structure and the assembled AMWNTs exhibited an elec-
trocatalytic activity to the reduction of dissolved oxygen, which
facilitated convenient low-potential stable detection of the glu-
cose. AMWNTs involved play multiple roles: (1) to act as substrate
for GOx immobilization, (2) to electrocatalytically reduce O2 at the
AMWNTs surface, and (3) to enhance measurement signal because
of its fast electron-transfer and large working surface area. Above
all, the catalytic response of the resulting GOx/AMWNTs electrodes

to glucose enhanced significantly with increasing number of the
bilayers, indicating that the sensitivity is tunable by controlling
the film thickness. Due to the relative low applied potential, the
interference from other electro-oxidizable compounds (such as uric
acid and ascorbic acid) was minimized obviously, which improved
the selectivity of the biosensors. Furthermore, the mild fabrica-
tion process, covalent attachment technology and active role of the
presence of the AMWNTs overcome the drawback on stability of
multilayer films based on layer-by-layer electrostatic adsorption
technique. Hence, such GOx/AMWNTs electrodes could be used as
accurate, rapid, and inexpensive glucose concentration.
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