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Well-distributed hollow gold nanospheres (Aughe;@GOD) (20 +5 nm) were synthesized using the
glucose oxidase (GOD) cross-linked with glutaraldehyde as a template. A glucose biosensor was prepared
based on Augn.;@GOD nanospheres for catalyzing luminol electrogenerated chemiluminescence (ECL).
Firstly, chitosan was modified in a glassy carbon electrode which offered an interface of abundant
amino-groups to assemble Aug,.;@GOD nanospheres. Then, glucose oxidase was adsorbed on the surface
of Aushen@GOD nanospheres via binding interactions between Augpe; and amino groups of GOD to
construct a glucose biosensor. The Aus,ey@GOD nanospheres were investigated with TEM and UV-vis.
The ECL behaviors of the biosensor were also investigated. Results showed that, the obtained
AugnLei@GOD nanospheres exhibited excellent catalytic effect towards the ECL of luminol-H,0, system.
The response of the prepared biosensor to glucose was linear with the glucose concentration in the
range of 1.0 uM to 4.3 mM (R=0.9923) with a detection limit of 0.3 uM (signal to noise=3). This ECL
biosensor exhibited short response time and excellent stability for glucose. At the same time the

prepared ECL biosensor showed good reproducibility, sensitivity and selectivity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Electrogenerated chemiluminescence (also known as electro-
chemiluminescence) is the combination electrochemistry and
chemiluminescence, which not only possesses the advantages of
electrochemical analysis, but also exhibits many characteristics of
chemiluminescence analysis [1]. As a new electrochemical detec-
tion technology, electrogenerated chemiluminescence (ECL) is of
interest to researchers due to its versatility, simplified optical set-
up, low background signal and high sensitivity. Electrogenerated
chemiluminescence signals are usually obtained from the excited
states of a luminophore generated at the electrode surface during
the electrochemical reaction [2]. Electrogenerated chemilumines-
cence technology has been widely applied in the field of biotech-
nology, food safety and clinical diagnosis [3-5]. In recent years,
some enzyme biosensors based on electrogenerated chemilumi-
nescence also have been reported for detecting glucose, alcohol,
hypoxanthine, cholesterol, choline, etc. [6-10].

Luminol (2,3-aminophthalhydrazide) has been widely used in
constructing electrogenerated chemiluminescence systems because
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of its low oxidation potential, inexpensive reagent consumption and
the high emission yields [11-13]. The electrogenerated chemilumi-
nescence of luminol can be triggered by applying an appropriate
positive potential to the working electrode in the presence of
hydrogen peroxide (H,0,) [1,9]. Some enzymes can produce H,0,
during their substrate-specific enzymatic reaction. The intensity of
the electrogenerated chemiluminescence signal is directly pro-
portional to the concentration of H,O, which was generated by
enzymatical catalysis. Therefore, a sensitive electrogenerated chemi-
luminescence glucose biosensor could be designed for measurement
of glucose by detecting H,O, indirectly [14,15].

Some nanomaterials such as gold nanoparticles (AuNPs) [9,16],
platinum nanoparticles [14], palladium nanoparticles [16], gra-
phene [17], TiO, nanocrystals [18] and quantum dots [19] have
been used in the electrogenerated chemiluminescence system.
Among these nanomaterials, gold nanoparticles have excellent
catalytic performance to directly enhance the electrogenerated
chemiluminescence intensity of luminol-H,0, system [20-22]. So,
gold nanoparticles can be used as the immobilization matrix for
the design of a novel biosensor with enhanced analytical perfor-
mance. A lot of hollow capsules nanoparticles have been synthe-
sized and applied [23-26]. Sharma's group [27] has obtained
hollow gold nanoparticles by leaching out silver chloride (AgCl)
from Augpen@AgCl.ore Nanoparticles with dilute ammonia solution,
Jiang's group [28] has synthesized Polystyrene/gold core-shell
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nanocomposites based on the method of ionic self-assembly and
the in situ reduction. These preparation process of hollow gold
nanoparticles were complicated.

Herein, the aim of this work is to synthesize well-distributed
hollow gold nanospheres encapsulating GOD (Aushen@GOD) (about
20+ 5nm) in a simple way and develop an ECL biosensor. The
prepared hollow Aughe;@GOD nanoparticles have large surface
area, high conductivity, good biocompatibility, which could effec-
tively increase the loading of GOD and keep the biological activity
of GOD. Thus, GOD molecules can exist inside and outside of
the Aughey, Which could effectively amplify the ECL intensity of
luminol-H,0, system. In addition, the Aughe; assembling on the
electrode can catalyze the electro-oxidization of luminol, and the
more strong ECL signal was obtained in neutral aqueous solution.
Such fabrication of biosensor exhibited short response time and
excellent stability for glucose detecting. At the same time the
prepared ECL biosensor showed good reproducibility, sensitivity
and selectivity.

2. Experimental
2.1. Reagents and materials

GOD and chitosan (CS) were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Gold chloride tetrahydrate (HAuCl, - 4H,0) was
obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Glutaraldehyde (GA) was purchased from Beijing Chemical
Reagent Co. (Beijing, China). L-ascorbic acid (AA) was purchased from
Boyi Chemical Reagent Co. (Chongqing, China). Phosphate buffer
solutions (PBS) with various pH values were prepared with 0.1 M
KH,PO4 and 0.1 M Na,HPO,. The supporting electrolyte was 0.1 M
KCL. All chemicals were analytical grade and were used as received
without further purification. Ultrapure water was used throughout all
experiments.

2.2. Apparatus

The ECL emission was measured using a model MPI-A electro-
chemilu-minescence analyzer (Xi'an Remax Electronic Science &
Technology Co. Ltd., China) with the voltage of the photomultiplier
tube (PMT) set at 600V in the detection process. Cyclic voltam-
metry (CV) was performed with a CHI 600D electrochemical work
station (Shanghai CH Instruments Co., China). All experiments
were performed with a conventional three-electrode system
including a bare or modified glassy carbon electrode (GCE,
®=4 mm) as working electrode, a platinum wire as auxiliary
electrode and a saturated calomel electrode (SCE) as reference
electrode for electrochemical experiments, or Ag/AgCl electrode as
a reference electrode for ECL experiments. The morphologies of
the prepared of Augne@GOD were tracked by transmission elec-
tron microscopy (TEM, H600, Hitachi Instrument, Japan).

2.3. Preparation of hollow gold nanospheres encapsulating GOD
(Aushell@GOD)

The hollow gold nanospheres encapsulating GOD were synthe-
sized using GOD cross-linked with glutaraldehyde as a template.
Briefly, GOD cross-linked with glutaraldehyde was obtained by
mixing 1.0 mL of 2mgL~! GOD solutions (pH 7.0) with 1.0 mL
of 1.0% glutaraldehyde solution. Then, the mixture solution was
placed in a refrigerator at 4 °C for 12 h. Subsequently, 0.5 mL of
above mixture solution and 100 pL of 1.0% gold chloride tetrahy-
drate were added in 5.0 mL ultrapure water with stirring. After-
ward, 0.01 M ascorbic acid (AA) was injected into the solution with
droplet under agitation, and the color of solution changed to
claret. In the GOD-glutaraldehyde network structure, AuCl; can be
reduced by ascorbic acid to elemental Au that could grow into
hollow gold nanospheres (Aushe;@GOD) in control. The morphol-
ogy of Aughe;@GOD was measured by TEM. The schematic diagram
of the stepwise procedure of the synthesis is illustrated in
Scheme 1(A).
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Scheme 1. (A) Synthesized process of hollow gold nanospheres (Augne;@GOD); (B) Schematic description of response mechanism.
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2.4. Fabrication of the ECL biosensor

A glassy carbon electrode was polished with 0.3 and 0.05 um
alumina slurry to gain a slick surface, and then was ultrasonically
cleaned in ethanol and water drastically. Then it was dried at room
temperature. Following this pretreatment, 10 ul of CS aqueous disper-
sion (1.0 mg mL~ ') was dropped on cleaned GCE. Then it was allowed
to dry at room temperature in air. Subsequently, it was immersed
in Aughey@GOD solution for 8 h to obtain Aug,e;@GOD/CS/GCE.
Afterward, the Aug,e;@GOD/CS/GCE was immersed in GOD solution
(2mgmL~"' in PBS, pH 70) for another 8h to fabricate the
GOD/Aug,e@GOD/CS/GCE. The modified process is schematically
shown in Scheme 1(B). The biosensor was stored at 4°C in a
refrigerator when not in use.

The probable principle of this biosensor related to the detection
of glucose is also schematically shown in Scheme 1(B). The glucose
in the solution reacts with the dissolved oxygen (0O,) in the
presence of GOD to generate gluconolactone and H,0, (Eq. (1)).
Under positive potential and with the help of Augpey, the luminol
radical anion reacts with H,0,, the product of the enzymatic
reaction of GOD and glucose, at the electrode surface to produce
the excited state 3-aminophthalate anion, which emits an ECL
emission at 425 nm (Eq. (2)). The intensity of the ECL signal is
directly proportional to the concentration of H,O, which was
produced by GOD and glucose. Therefore, a sensitive ECL glucose
sensor could be developed for the detection of glucose by detect-
ing H,0, indirectly. Based on this principle, an ECL biosensor for
glucose could be fabricated.

D— glucose+02G9>D H,0, +D — gluconolactone )

2H,05 +luminol —» 3—aminophthalate + N, +3H,0+hv 2)

2.5. Measurement procedure

The prepared biosensor was placed in an ECL detector cell
containing 3 mL PBS with 0.1 mM luminol and different concen-
tration of glucose to record the change of ECL signals at room
temperature. The voltage of the photomultiplier tube (PMT) was
set at 600 V and the applied potential was 0.2-0.8 V (vs. Ag/AgCl)
with a scan rate of 100 mVs~! in the process of detection. On
increasing the glucose concentration, the ECL signals of luminol
enhanced. Therefore, the changes of ECL intensity directly con-
nected with the concentration changes of glucose.

3. Results and discussion
3.1. Characterization of the Aus,e;;@GOD nanoparticles

TEM technique was employed to confirm the successful synth-
esis of the hollow nanoparticles. A typical TEM image of
AUghe@GOD is shown in Fig. 1(A). The photograph shows that
well-dispersed Augne;@GOD are a hollow spherical with a mean
size about 20 + 5 nm.

UV-vis absorption spectroscopy was used to further character-
ize the component of the hollow nanoparticles. The UV-vis
absorption spectra of the Augne;@GOD colloidal solutions present
a well-defined absorption band with a maximum at the wave-
length 2max=527 nm (Fig. 1(B)). The AuNPs are known to have an
intense Plasmon absorption band in this region [29]. Therefore, the
absorption band at 527 nm arises from surface plasmon absorp-
tion of Aughey@GOD. As expected, the results show that the
prepared hollow Aug,.;@GOD was successfully prepared.
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Fig. 1. (A) TEM images of Auge;@GOD nanospheres (mode: Microprobe, voltage:
80KV and current: 12.23 uA); and (B) UV-vis spectra of hollow Augne@GOD
nanoparticles.

3.2. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) characterization of the enzyme electrode

EIS was used to estimate the interfacial changes of the
electrode. The semicircle diameter of impedance equals the
electron transfer resistance (Re:), which lies on the electron
transfer kinetics of the redox probe at the electrode interface.
Fig. 2(A) shows the impedance spectrum of the modified electrode
at different stages in 5.0 mM KsFe(CN)g/K4Fe(CN)g(1:1) solution
(01 M KCl). The Nyquist semicircle of the CS/GCE (curve b)
increased dramatically when compared with the bare GCE (curve
a), which indicated that CS was fabricated on the GCE. However,
when hollow Aug,e;@GOD was adsorbed on the electrode, the
Nyquist semicircle decreased markedly (curve c) for the reason
that hollow Aug,.;@GOD could facilitate electron transfer between
solution and electrode surface. When the GOD was adsorbed on
Aughen@GOD nanoparticles of the electrode (curve d), the Nyquist
semicircle increased which may be caused by the hindrance of
non-conductive GOD. For the sake of giving more detailed infor-
mation about the impedance of the modified electrode, a modified
Randles equivalent circuit (Fig. 2(A) insert) was chosen to fit the
measured results.

The assembly process was also affirmed by CV in the potential
range of —0.3 to 0.7 V in 5.0 mM KsFe(CN)g/K4Fe(CN)g(1:1) solu-
tion (0.1 M KCl) (Fig. 2(B)). The peak current and the peak-to-peak
potential distance (AE) of the CV curves also revealed information
about the electron-transfer process. As shown in Fig. 2(B), stable
and well-defined redox peaks at 0.15 and 0.28 V at a scan rate of
50 mV/s were observed at bare GCE (curve a). The peak to peak
separation (AE) is 0.13 V. When CS was deposited on GCE surface,
the resulting electrode showed redox peaks at 0.04V and 0.39V
and the AE=0.35V (curve b). But an obvious decrease of peak
current was noticed, which was attributed to the CS blocking the
redox of the electrode surface. In comparison with curve b, the
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Fig. 2. EIS (A) and CVs (B) of different electrodes (a) bare GCE, (b) CS/GCE,
(€) AUghe@GOD/CS/GCE, and (d)GOD/Au,e@GOD/CS/GCE in 5.0 mM [Fe(CN)g]*~ />~
solution (containing 0.1 M KCl) at a scan rate of 100 mV/s. Inset (A): equivalent circuit
adopted to fit the impedance data, (1) Rs (electrolyte resistance); (2) Z,, (Warburg
impedance); (3) Re. (electron-transfer resistance); (4) Cq (double-layer capacitance).

peak currents increased and AE=0.15V after loading hollow
Aughen@GOD, which contributed to the fact that nanoparticles
can promote the transmission of electrons (curve c). However,
after the second layer GOD were modified onto the electrode via
binding interactions between nanoparticles and amino groups of
GOD, a further decrease in peak current was observed and
AE=0.27 V (curve d). The conclusions of CV are confirmed with
EIS. The above results could clearly confirm the successful
assembled the biosensor.

The effect of variation of scan rate on electrochemical behavior
of [Fe(CN)s]?>~/4~ (5.0 mM) in KCl aqueous solution(0.1 M) was
investigated. The variation of peak current (ip) with the square
root of scan rate (v'/?) was found to be linear in the investigated
scan rate range of 10-300 mV/s, demonstrating that the electro-
chemical process is diffusion-controlled. The diffusion coefficient
was 1.0x 10 5 cm?s L.

3.3. Optimum conditions of the biosensor

In order to obtain the optimum performance of the prepared
ECL biosensor for glucose, the concentrations of luminol in solu-
tion and adsorbing time of hollow Auge;@GOD with CS in
electrode were studied. The result showed that the ECL intensity
increased with the increase of luminol concentration, which may
be because the ECL intensity is directly proportional to the
quantity of luminol. Consideration of the ECL intensity and
sensitivity of the glucose biosensor, herein, 0.1 mM was selected
as the optimal concentration of luminol for the optimum concen-
tration. The adsorbing amount of Aug,.;;@GOD could also influence
the intensity of the ECL signal. As a result, the optimum adsorbing
time is 8 h which selected for the biosensor fabrication.

In order to obtain a better ECL response to glucose, the effect of
medium pH on the biosensor was investigated. In this ECL system,
the pH of PBS will influence the enzyme activity and ECL signal
intensity. As we know, luminol generates strong chemilumines-
cence or ECL signals in alkaline media. However, enzyme could not
maintain its biological activity in alkaline media. Considering the
pH of human blood is about 7.4 and GOD can keep its activity in
this pH condition. In this case, pH 7.4 was selected to ensure
sensitivity and stability of the sensor.

3.4. Performance of the biosensor

The ECL response of the glucose biosensor was investigated
with the ECL technique under optimal experimental conditions.
A comparative study was carried out by using two kinds of
biosensor (Fig. 3): Aughei@GOD/CS/GCE (A) and GOD/Aughe@-
GOD/CS/GCE (B). With the increasing concentration of glucose,
the ECL intensity of the two kinds of biosensor is increased. The
inset displays the calibration plots of the two kinds of sensor for
glucose determination. For Aug,.;@GOD/CS/GCE, the ECL signals
linearly increases in the range of 10 pM-3.28 mM, with a detection
limit of 3 uM at the signal-to-noise ratio of 3. The regression
equation was I (a.u.)=0.229 x 10*c (mM)+ 102.06 with a correla-
tion coefficient of 0.9913. The result showed the GOD inside of
AughLe@GOD still have its biological activity and can oxidize
glucose to produce H,0,. The intensity of the ECL signal is directly
proportional to the concentration of H,O, which was produced by
GOD and glucose. For GOD/Aushell@GOD/CS/GCE, the ECL signals
increased linearly in the range of 1.0 pM-4.3 mM with a detection
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Fig. 3. ECL responses of Aushen@GOD/CS/GCE (A) in the presence of 0.01, 0.02, 0.08,
0.18, 0.28, 1.28, and 3.28 mM glucose; and GOD/Aushe;@GOD/CS/GCE (B) in the
presence of 0.001 mM, 0.005, 0.01, 0.06, 0.11, 0.21, 0.31, 1.31, 2.31, 3.31 and 4.31 mM
glucose in pH 74 PBS with 0.1 mM luminol. Inset showed linear relationship
between the ECL signal intensity and the concentration of glucose.
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limit of 0.3 uM at the signal-to-noise ratio of 3. The regression
equation was I (a.u.)=3.24 x 10°c (mM)+617.78 with a correlation
coefficient of 0.9923. Compared with Fig. 3(A) the slope of GOD/
Aughe@GOD/CS/GCE is higher than the Augney@GOD/CS/GCE that
maybe own to the additional absorbing GOD outside of Augher,
which can oxidize glucose with the dissolved oxygen (0O,) in the
solution to form gluconolactone and produce more H,0,. Under
positive potential and with the help of nanoparticles, the luminol
radical anion can quickly react with those H,O, and arise the
excited state 3-aminophthalate anion to emit the stronger ECL
emission.

This glucose biosensor exhibited good performance due to the
following reasons: (i) the GOD inside of Augne@GOD still had its
biological activity and Aughe;@GOD nanoparticle had high surface-
to-volume ratio, good biocompatibility that can absorb more
enzyme outside the Aughep. (ii) The Aughey@GOD nanoparticles
assembled on the electrode could catalyze the electro-oxidization
of luminol, and thus enhance the ECL intensity of luminol-H,0,
system. (iii) ECL technique has the advantages of electrochemical
and luminescent techniques, such as low background disturbance,
good temporal and spatial control, high sensitivity, low detection
limit and so on.

3.5. Stability, reproducibility and interferences of the biosensor

The reproducibility and repeatability of the sensors were
performed by three assaying electrodes prepared in the same
condition. A relative standard deviation (R.S.D.) was 3.9% in the
presence of 0.5 mM glucose solution. A single sensor was succes-
sively tested (n=22) in the presence of 3.3 mM glucose (Fig. 4)
with a R.S.D. of 0.8%

The stability of biosensor was also the tested by monitoring its
ECL response towards glucose. The prepared sensor was tested in
the presence of 0.5 mM glucose solution each day, after 30 days,
the response of the sensor decreased 9.6% compared to the initial
response, that shows the sensors have long-term stability.

Some species that usually existed and possibly interfered
determination of glucose such as dopamine (DA), uric acid (UA)
and p-acetamidophenol (AP) were investigated. When 0.5 mM AA,
0.5mM UA, and 0.5 mM AP was added into 1.0 mM glucose
solution, the changes in ECL signal generated from DA, UA and
AP was negligible. The result revealed that the glucose biosensor
has a good anti-interferent ability, which may be attributed to the
enzymatic substrate-specific reaction.

3.6. Recovery experiment

The applicability of the biosensor was estimated by standard
addition method. Table S1 listed the recovery of different
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Fig. 4. The ECL stability of GOD/Aushen@GOD/CS/GCE sensor to 3.31 mM glucose in
pH 7.4 PBS with 0.1 mM luminol.

Table 1
Recoveries of glucose by the biosensor.

Sample COriginal/HM Cadded /WM Cround” /MM RS.D./% Recovery/%
1 50 5 56.56 + 1.9 34 102.8
2 200 50 2593 +6.8 2.6 103.7
3 500 50 5341+223 42 97.0
4 800 50 8274 +355 43 97.3

@ Mean value + standard deviation (S.D.) of three measurements.

cholesterol concentrations. The recovery rate was between 97.0%
and 103.7% (See Table 1). The results proved that the biosensor had
a potential for practical application.

4. Conclusions

In conclusion, hollow gold nanospheres (Aushe;@GOD) were
synthesized via a method of glucose oxidase (GOD) cross-linked
with glutaraldehyde as a template. An electrogenerated chemi-
luminescence glucose biosensor was constructed based on the
Augnei@GOD nanoparticles. The prepared biosensor exhibited good
performance that may benefit from the following: firstly, the
prepared hollow Aug,;@GOD nanoparticles have a large surface
area, high conductivity, good biocompatibility, which could effec-
tively increase the loading of GOD and keep the biological activity of
GOD. Thus, GOD molecules can exist inside and outside of Augher,
which could effectively amplify the ECL intensity of luminol-H,0,
system. Secondly, the Augpe assembling on the electrode can catalyze
the electro-oxidization of luminol, and the stronger ECL signal was
obtained in neutral aqueous solution. Such fabrication of biosensor
exhibited good performance. The Aug,.;@GOD nanoparticles could
have potential applications in biotechnology and clinical diagnosis.
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