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Abstract The direct electron transfer of glucose oxidase
(GOx) was achieved based on the immobilization of
CdSe@CdS quantum dots on glassy carbon electrode by
multi-wall carbon nanotubes (MWNTs)-chitosan (Chit)
film. The immobilized GOx displayed a pair of well-
defined and reversible redox peaks with a formal potential
(E®) of —0.459 V (versus Ag/AgCl) in 0.1 M pH 7.0 phos-
phate buffer solution. The apparent heterogeneous electron
transfer rate constants (k;) of GOx confined in MWNTs-
Chit/CdSe@CdS membrane were evaluated as 1.56 s
according to Laviron's equation. The surface concentration
(I'*) of the electroactive GOx in the MWNTs-Chit film was
estimated to be (6.52+0.01)x10 " molem 2. Meanwhile,
the catalytic ability of GOx toward the oxidation of glucose
was studied. Its apparent Michaelis—Menten constant for
glucose was 0.46+0.01 mM, showing a good affinity. The
linear range for glucose determination was from 1.6x10~*
to 5.6x 10 °M with a relatively high sensitivity of 31.13+
0.02 uAmM 'em 2 and a detection limit of 2.5x 107> M (S/
N=3).

Keywords Glucose oxidase - CdSe@CdS quantum dots -
Multi-walled carbon nanotubes - Glucose biosensor

Introduction

The direct electron transfer between the redox site of
enzymes and the electrodes is a great goal which researchers
have been pursuing recently, because it can establish a
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desirable and ideal model for the fundamental study of the
redox behavior of the enzymes in biological systems [1-4].
However, it is difficult for the redox proteins to exchange
electron with electrode surface because the denaturation and
loss of electrochemical activities occurred when the proteins
adsorbed on the electrode surface [5]. Therefore, searching
for a material with good biocompatibility for redox proteins
immobilization on electrode surface is important to obtain
their direct electrochemical reaction and keep their
bioactivities.

Because of their unusual physical and chemical proper-
ties, nanomaterials have been intensively applied in various
fields in recent years. The immobilization of redox proteins
on the biocompatible nanoparticles could not only help the
proteins to obtain favored orientation but also facilitate the
direct electron transfer between them and the electrode [6].
As one of the promising nanoparticles, semiconductor quan-
tum dots (QDs) have drawn intense research interest be-
cause of their interesting optical and electronic properties
[7]. Quantum dots, which can also be called nanocrystals,
are generally applied to semiconductor particles whose sizes
are of the order of a few to hundreds of angstroms. They
often have an inorganic core and a capping shell, such as
CdSe@CdS core-shell QDs. CdSe@CdS QDs are ideal
candidates for sensing applications because of their high
quantum yield, photostability, extremely large surface-to-
atom ratio, and sensitivity to surface ligands [8—10]. Some
studies showed that the CdSe@CdS QDs have been used to
immobilize hemoglobin (Hb) on a glassy carbon electrode
(GCE) [11].

In this article, we developed a new biosensor by using the
composite membrane of MWNTs-Chit [12] and the core@-
shell CdSe/CdS QDs to immobilize GOx on the surface of
glassy carbon electrode. The composite nanomaterials com-
posed of MWNTs-Chit and CdSe/CdS could play an
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important role in adsorbing the GOx onto the electrode
surface. A pair of well-defined quasi-reversible redox peaks
of glucose oxidase were obtained at MWNTs-Chit/
CdSe@CdS-based enzyme electrode. Meanwhile, this new
electrochemical system can utilize synergy effect between
MWNTs and CdSe@CdS to facilitate electron-transfer pro-
cesses and retain the good bioactivity of GOx. This
biosensing platform based on MWNTs-Chit/CdSe@CdS
electrode responded preferable sensitively and selectivity
to glucose.

Experimental
Reagents

GOx and uric acid (UA) were purchased from Sangon
Chemical Co. Ltd. The MWNTs (>95 % purity) were
purchased from Shenzhen Nanoport Co. Ltd. Chitosan
(deacetylation, >95 %) was obtained from Sanland
Chemical Co. Ltd. Dopamine (DA), Nafion (5 wt.%),
and ferrocenemethanol were purchased from Aldrich
Chemical Co. Ltd. Mercaptoacetic acid (MA) were
obtained from Alfa Aesar-A Johnson Matthey Company
(Heysham, UK). Glucose, ascorbic acid (AA), cadmium
chloride (CdCl,), sodium sulfide, and selenium were
obtained from Beijing Chemical Reagent Co. (Beijing,
China). Sodium borohydride was purchased from Tianjin
Chemical Reagent Co. (Tianjin, China). The supporting
electrolyte was 0.1 M KCL. The 0.1-M phosphate buffer
solutions (PBS) with various pH values were prepared by
mixing stock standard solutions of Na,HPO, and
NaH,PO,. All other chemicals were of analytical grade
and were used without further purification. All solutions
were made up with double-distilled water.

Apparatus

UV-vis spectra were recorded on a GBC Cintra 10e UV-
Visible spectrometer. All electrochemical measurements
were performed at room temperature using a CHI 660C
electrochemical workstation (Chenhua Instrument Co.,
Shanghai, China). A conventional three-electrode system
was used with an Ag/AgCl (saturated KCI) electrode as
the reference electrode, a platinum wire as the counter
electrode, and a modified GCE (3 mm in diameter) as
the working electrode. Cyclic voltammetric measure-
ments were performed in a static cell while amperomet-
ric experiments were carried out in a stirred system. All
solutions were purged with high-purity nitrogen for at
least 20 min prior to experiments, and a nitrogen envi-
ronment was then kept over the solution in the cell.
Aliquots of glucose solution were added successively to
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the solution in amperometric experiments. Current-time
data were recorded after a steady-state current had been
achieved.

Synthesis of CdSe@CdS quantum dots

All glassware used in the procedures was firstly washed
with freshly prepared HNO5;/HCI (1:3, v/v), then rinsed
thoroughly with double-distilled water, and dried prior to
use. CdSe@CdS quantum dots were prepared as previously
reported using the reaction between CdSe QDs and Na,S
solution [13]. Firstly, NaHSe solution was obtained by using
the reaction between selenium and sodium borohydride.
CdSe QDs was synthesized by adding freshly prepared
NaHSe solution to N,-saturated CdCl, solution in the pres-
ence of mercaptoacetic acid as a stabilizer at pH 11. Reac-
tions are as follow:

2Se 4+ 4NaBH4 + 7H,O=N,B40O7 + 2NaHSe + 14H, (1)

NaHSe + CdCl, + NaOH= CdSe + 2NaCl + H,O0  (2)

The precursors were converted to CdSe nanocrystals by
refluxing the reaction mixture for 5 min at 90 °C under
open-air conditions with condenser attached. Then Na,S
solution was added slowly before further refluxing for 1-
2 h at 90 °C. The molar ratio between S and Se was
controlled to be 1:1. The samples collected were then dia-
lyzed against double-distilled water for 5 h to remove ex-
cessive MA. The final solution was stable when stored in a
refrigerator at 4 °C for 2.5 months.

Preparation of MWNTs-Chit/GOx/CdSe@CdS/GCE

Glassy carbon electrode (3 mm diameter) were polished
firstly with 1.0-, 0.3-, and 0.05-um alumina slurry. After
rinsing thoroughly with double-distilled water, they were
sonicated in absolute ethanol and double-distilled water
for about 1 min, respectively. Upon putting 25 mg of
MWNTs into 5 mL of a chitosan solution (1 wt.%),
ultrasonic agitation for a few minutes gave a black
suspension. GOx solution was obtained by dissolving
6.0 mg of GOx in 3 mL of 0.1 M pH 6.5 PBS, and
the CdSe@CdS was used as prepared. Then 10 pL
mixture of GOx and CdSe@CdS (v/v=1:1) was dropped
onto the surface of a cleaned glassy carbon electrode
with a microsyringe and allowed to dry at 4 °C for
12 h. After the GCE was cooled, it was smeared evenly
with 8 uL of a MWNTs-chitosan (1 wt.%) solution by a
microsyringe and then dried at a temperature of 4 °C
for another 12 h. The solvent was allowed to evaporate
before use. The final electrode was taken as the
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MWNTs-Chit/GOx/CdSe@CdS/GCE. The similar proce-
dures were employed to fabricate the MWNTs-Chit/
GOx/GCE and MWNTs-Chit/CdSe@CdS/GCE. All
resulting electrodes were stored at 4 °C when not in
use.

Results and discussion
UV-vis spectroscopy

UV-vis absorption spectra are usually a practical tool
which can be used to detect the possible changes of
Soret band in heme protein. The changes of Soret band
are useful information for the possible structural dena-
turation of heme groups. Figure 1 shows the UV-vis
absorption spectra of pure GOx solution and MWNTs-
Chit/GOx/CdSe@CdS composite film on quartz slides.
As can be seen in Fig. la of GOx solution (native
state), an intense band appeared at 285 nm and two
well-defined peaks of absorption at 375 and 455 nm
could be distinguished. The above peaks could also be
observed in the MWNTs-Chit/GOx/CdSe@CdS compos-
ite film nearly with no difference in the site or shape,
indicating the GOx keeps its natural structure in the
composite film. In addition, two distinct absorption
bands at about 430 and 520 nm could also be observed
in the MWNTs-Chit/GOx/CdSe@CdS composite film
(Fig. 1b). The inset shows the section magnified dia-
gram UV-vis absorption spectra of MWNTs-Chit/GOx/
CdSe@CdS composite film. According to the previous
reports, it should be assigned to CdSe@CdS in the
MWNTs-Chit/GOx/CdSe@CdS composite film [14, 15].

Abs
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Fig. 1 UV-vis absorption spectra of a pure GOx solution and b the
MWNTs-Chit/GOx/CdSe@CdS film on quartz slides. /nset: the mag-
nified diagram UV-vis absorption spectra of the MWNTs-Chit/GOx/
CdSe@CdS film

Direct electron transfer of GOx

Figure 2 shows the cyclic voltammograms of different
electrodes in 0.1 M pH 7.0 PBS at 100 mV/s. No redox
peaks were observed at bare glassy carbon electrode
(Fig. 2a) or at the MWNTs-Chit/CdSe@CdS/GCE
(Fig. 2b), which only displayed a small background
current. Only a little redox response of GOx was
obtained at the Chit-MWNTs/GOx/GCE (Fig. 2c), which
suggested that the MWNTs could merely support GOx
into much less effective orientation for electron transfer.
However, upon addition of CdSe@CdS into the mem-
brane, a pair of well-defined redox peaks were observed
at —0.488 and —0.430 V (versus Ag/AgCl) (Fig. 2d),
with a formal potential (E%) of —0.459 V (versus Ag/
AgCl) and a separation of 58 mV (versus Ag/AgCl), and
also, the cathodic and anodic peak currents were stable
and nearly equal to each other. In addition, the response
of MWNTs-Chit/GOx/CdSe@CdS/GCE showed about 2.5
times larger than that of MWNTs-Chit/GOx/GCE, indi-
cating CdSe@CdS play an important role in maintaining
the biological activity of GOx and facilitating the elec-
tron transfer between GOx and the electrode surface.
This may be attributed to the synergistic effect between
MWNTs-Chit substrate and CdSe@CdS, which could
provide a favorable microenvironment for GOx and fa-
cilitate the direct electron transfer.

Figure 3 shows the cyclic voltammograms of MWNTs-
Chit/GOx/CdSe@CdS/GCE in pH 7.0 PBS at different scan
rates. The voltammograms had well-defined redox peaks,
and the peak currents increased gradually with the increase
of the scan rates. As illustrated in the inset of Fig. 3, the
linear regression equations were as follows—I,. (LA)=
(0.0433+0.0367)+(0.0071+0.0001) v (V/s), R=0.9980; I,
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Fig. 2 Cyclic voltammograms of a bare GCE, b MWNTs-Chit/
CdSe@CdS/GCE, ¢ MWNTs-Chit/GOx/GCE, and d MWNTs-Chit/
GOx/CdSe@CdS/GCE in pH 7.0 PBS at 100 mV/s
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Fig. 3 Cyclic voltammograms of MWNTs-Chit/GOx/CdSe@CdS/
GCE in pH 7.0 PBS at 10, 25, 50, 75, 100, 150, 200, 250, 300, 350,
400, 450, and 500 mV/s (from inner to outer). The inset is relationship
between scan rates and the anodic and catholic peak currents of
MWNTs-Chit/GOx/CdSe@CdS/GCE

(LA)=(0.1340+0.0498)—(0.0096+0.0001) v (V/s), R=
0.9980. The results demonstrate that the redox reaction of
GOx at the MWNTs-Chit/GOx/CdSe@CdS/GCE is a
surface-controlled process, not a diffusion-controlled pro-
cess [16]. According to the Laviron equation [17]:

I, = ”*F>AvI'* JART = nFQv/4RT (3)

where I'* (moles per square centimeter) is the amount
of GOx adsorbed on the film electrode surface, 4 is the
effective area of the modified electrode (square centi-
meters), v is the scan rate, I, is the peak current, n is
the number of transferred electron, Q is the charge
involved in the redox process, and F is the Faraday’s
constant. The average amount (I'*) of GOx adsorbed on
the MWNTs-Chit/GOx/CdSe@CdS/GCE was estimated
to be (6.52+0.01)x 10 ""molem 2. The large adsorption
amount of GOx at the composite film was beneficial to
the enlarged surface area of the CdSe@CdS located on
MWNTs-Chit and the biocompatibility of the film.

The electron transfer rate constant (k) has been esti-
mated from the peak potential separation value using
the model of Laviron equation [17]. Taking « of 0.5
and at scan rate of 100 mV/s, AE,=58 mV, and then
the k, was estimated to be 1.56 s '. The results indicate
that MWNTs-Chit and CdSe@CdS could provide a suit-
able microenvironment to increase the electron transfer
rate of GOx.

Effect of pH on the electrochemistry of GOx

It is well known that the direct electrochemistry of GOx is a
two-electron coupled with two-proton reaction, which
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undergoes a redox reaction as follows [18]
GOx — FAD + 2e~ + 2H"Z=GOx — FADH, (4)

Consequently, the pH value of the solution has influence
on the electrochemical behavior of GOx at the MWNTs-
Chit/GOx/CdSe@CdS/GCE electrode. Figure 4 shows cy-
clic voltammograms of the MWNTs-Chit/GOx/CdSe@CdS/
GCE electrode in the solutions with different pH values.
Stable and well-defined cyclic voltammograms could be
observed in the pH range of 6.0-9.0. However, the maxi-
mum peak current was found at about pH 7.0, which agreed
with other reports of GOD-based biosensors [19, 20]. There-
fore, pH 7.0 was regarded as the optimum pH of solution in
subsequent experiments. Moreover, an increase of solution
pH caused a negative shift of both cathodic and anodic peak
potentials. Figure 5 displays the effect of solution pH on the
formal potential of MWNTs-Chit/GOx/CdSe@CdS/GCE
electrode. As can be seen, the formal potential of the
MWNTs-Chit/GOx/CdSe@CdS/GCE electrode depended
linearly on the pH value in the range of 6.0-9.0 with a slope
of —46.55 mV/pH (R=0.985), which was close to the theo-
retical value of 58.60 mV/pH of a two-electron coupled with
two-proton reaction [21, 22].

Electrocatalytic behavior of MWNTs-Chit/GOx/CdSe@CdS/
GCE for the oxidation of glucose

In order to investigate whether GOx immobilized on the
CdSe@CdS and MWNTs-Chit substrate retained its electro-
catalytic activity for the oxidation of glucose, the cyclic
voltammetric experiments were carried out in 0.1 M PBS
(pH=7.0) containing 0.5 mM ferrocenemethanol with and
without the presence of glucose, respectively, as shown in
Fig. 6. Curves a and b are the cyclic voltammetric responses
of the MWNTs-Chit/GOx/CdSe@CdS/GCE in 0.1 M
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Fig. 4 Cyclic voltammograms of the MWNTs-Chit/GOx/CdSe@CdS/
GCE in 0.1 M PBS at different pH (6, 7, 8, 9); scan rate, 100 mV/s



J Solid State Electrochem (2013) 17:1295-1301

1299

-0.39

-0.42

-0.45

E / V(vs. Ag/AgCl)

-0.48

-0.51

60 65 70 75 80 85 9.0
pH

Fig. 5 Influence of pH on the cathodic peak current (/pc)

pH 7.0 PBS in the absence and presence of 0.5 mM ferro-
cenemethanol. No electrochemical response was observed
in the absence of ferrocenemethanol (curve a). However, a
pair of well-reversible redox waves was observed in the
presence of ferrocenemethanol (curve b), which corresponds
to the redox reaction of Fc'/Fc. Adding glucose to above
solution, a well-defined sigmoidal catalytic wave was de-
veloped as a consequence of the GOx catalytic oxidation of
glucose, and the electrocatalytic current increased with the
increase of the concentration of glucose in buffer (Fig. 6,
curves ¢, d, and ¢). The above results indicate that the
immobilized GOx maintained its electrocatalytic activity
for the oxidation of glucose.
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Fig. 6 Cyclic voltammograms of MWNTs-Chit/GOx/CdSe@CdS/
GCE in 0.1 M pH 7.0 PBS without a and with b 0.5 mM ferrocene-
methanol, ¢ 0.5 mM ferrocenemethanol +10 mM glucose, d 0.5 mM
ferrocenemethanol +20 mM glucose, and e 0.5 mM ferrocenemethanol
+30 mM glucose; scan rate, 10 mV/s. Inset: Cyclic voltammograms of
MWNTs-Chit/CdSe@CdS/GCE in 0.1 M pH 7.0 PBS with f 20 mM
glucose and g 0.5 mM ferrocenemethanol +20 mM glucose; scan rate,
10 mV/s

Controlled experimental results showed that electrocata-
lytic oxidation of glucose did not occur on the MWNTs-
Chit/CdSe@CdS/GCE (without GOx) whether the ferroce-
nemethanol was present (curve g) or absent (curve f) in
solution. These results indicate that the GOx immobilized
on the CdSe@CdS and MWNTs-Chit substrate could not
only occur in the direct electron transfer reaction but also
remained in the electrocatalytic activities and catalyzed the
oxidation of glucose. The result further supports that the
redox peak of Fig. 2d was the result of the direct electron
transfer of native GOx not free FAD. The reaction is a
typical dependent enzyme catalytic reaction and can be
described by the following mechanism [23]:

FeoFe?™ + e (5)

GOx(FAD) + G=GOx(FAD — G)=GOx(FADH,) + GL
(6)
GOx(FADH,) + 2Fc" =GOx(FAD) + 2Fc (7)

Where GOx(FAD) and GOx(FADH,) represent oxidized
and reduced forms of glucose oxidase, Fc and Fc' the
reduced and oxidized forms of ferrocenemethanol mediator,
and G and GL are glucose and glucose-lactone, respectively.

Amperometric response to glucose

Figure 7 illustrates a typical current-time plot of the
MWNTs-Chit/GOx/CdSe@CdS/GCE in pH 7.0 buffer so-
lution containing 0.5 mM ferrocenemethanol at a constant
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Fig. 7 Amperometric response of MWNTs-Chit/GOx/CdSe@CdS/
GCE at +0.26 V (versus Ag/AgCl) upon successive addition of
10 uL 0.2 M glucose to 5.0 mL 0.1 M pH 7.0 PBS with 0.5 mM
ferrocenemethanol. /nset: calibration curve of the sensor as a function
of glucose concentrations
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potential of +0.26 V during successive addition of glucose.
As the glucose was added to the stirring buffer solution, the
oxidation current rises steeply and the steady state was
achieved within 6 s. The oxidation current response of the
enzyme electrode increased along with glucose concentra-
tion. Inset in Fig. 7 presents a calibration plot of the steady-
state current versus glucose concentration. The oxidation
currents were proportional to the concentration of glucose
in the range from 1.6x10~* to 5.6x10 >M, and the detec-
tion limit was 2.5%107°M at a signal-to-noise ratio of 3. In
the linear range, the MWNTs-Chit/GOx/CdSe@CdS/GCE
had a high sensitivity of 31.13+0.02 uAmM ' cm ™2, which
was higher than the AuNPs-GOD-MWCNTs-PVA/GC elec-
trode [24] and the GOD/CNx-MWCNTs/GCE [25]. When
glucose concentration was high, a plateau current was ob-
served, showing the characteristics of the Michaelis—Menten
kinetics. The apparent Michaelis—Menten constant (K“Py,),
an important parameter to reveal enzyme substrate reaction
kinetics, could be calculated by the electrochemical version
of the Lineweaver—Burk plot [26].

/I = 1/ Inax (1 + K, /C) (8)

Here, I,.x is the maximum current under saturated sub-
strate condition, C is the bulk concentrate of glucose. /g is
the steady-state current after the addition of substrate, which
can be obtained from amperometric experiments. In this
work, the K™, value of MWNTs-Chit/GOx/CdSe@CdS
modified electrode was estimated to be 0.46+0.01 mM,
which is much smaller than those of 4.14 and 5.1 mM
obtained in the literature [27, 28]. The smaller (K**),) value
indicates that the immobilized GOD possesses higher enzy-
matic activity and the MWNTs-Chit/GOx/CdSe@CdS mod-
ified electrode exhibits a higher affinity for glucose than that
reported in literatures [27, 28]. Therefore, it can be believed
that the composite membrane of MWNTs and CdSe@CdS
provides favorable microenviroment for retaining the bioac-
tivity of GOD.

Selectivity, stability, and reproducibility of the biosensor

Anti-interference property is an important factor for sensors.
Because the easily oxidative species such as AA, DA, and
UA usually co-exist with glucose in human blood [29], the
electrochemical response of the interfering species was ex-
amined at the MWNTs-Chit/GOx/CdSe@CdS-modified
electrode. Comparing the amperometric responses for each
of the interferences at the same concentration is a more
straightforward way to demonstrate selectivity of sensor.
Figure 8 displays the amperometric response to successive
additions of 10 uL 0.1 M AA, 10 uL 0.1 M DA, 10 puL
0.1 M glucose, and 10 pLL 0.1 M UA in 0.1 M PBS at
pH 7.0. The current response produced by glucose was far
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Fig. 8 Amperometric response to successive additions of substances
in the sequence of 10 uL 0.1 M ascorbic acid (AA), 10 uL 0.1 M
dopamine (DA), 10 uL 0.1 M glucose, and 10 uL. 0.1 M uric acid (UA)
in 0.1 M PBS at pH 7.0, the applied potential was +0.26 V (versus Ag/
AgCl)

higher than the same concentration of DA, AA, and UA,
which implies a good selectivity to determination of glu-
cose. The responses obtained at the modified electrode to
AA, DA, and UA alone were only 3.33 %, 11.3 %, and
0.2 % to that of glucose, respectively. The experimental
results indicated that these substances showed no obvious
interference to the glucose determination, which proved that
the biosensor possesses potential application for the deter-
mination of glucose in real samples.

In order to improve the precision and practicability, we
investigated the stability and reproducibility of the MWNTs-
Chit/GOx/CdSe@CdS/GCE by electrochemical method.
After the composite membrane electrode was stored in
pH 7.0 PBS at 4 °C for 2 weeks, the biosensor retained
95 % of its original current response, indicating the mem-
brane electrode had good stability. Meanwhile, the relative
standard deviation of the biosensor response to 0.1 mM
glucose was 2.6 % for ten successive measurements. The
relative standard deviation for detection of 0.1 mM glucose
with six different sensors prepared under the same condi-
tions was 3.7 %. This indicated that the biosensor had good
reproducibility.

Conclusions

In this paper, we fabricated a glucose biosensor by effec-
tively entrapping GOx into the MWNTs-Chit/CdSe@CdS
composite matrix. This composite not only provides a very
suitable environment for enzyme entrapment but also estab-
lishes efficient electronic communication between GOD and
the electrodes. Based on the synergy of MWNTs and
CdSe@CdS quantum dots, the composites enhances the
electrocatalytic activity of glucose oxidation by GOD and
the electric communication between GOD and electrode,
resulting in a sensitive amperometric sensor for glucose.
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This proposed biosensor exhibited acceptable reproducibil-
ity, good selectivity, and long-term stability for the determi-
nation of glucose and could offer a new approach for
developing a new generation biosensor.
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