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A new horseradish peroxidase (HRP) third-generation electrochemical biosensor based on ceria
nanocubes (Ce0,-NCs) and chitosan (Chit) was developed. The single-crystalline, uniform and size-
controlled CeO,-NCs have been synthesized by hydrothermal method. HRP was immobilized in CeO,-NCs
and Chit film on the glass carbon electrode (HRP/CeO,/Chit/GCE). Compared with HRP-chitosan modified
electrode (HRP/Chit/GCE), HRP/CeO, /Chit/GCE exhibited a pair of more obvious redox peaks at —0.348V
(versus Ag/AgCl). Experimental results indicate CeO,-NCs greatly promoted the electron transfer between
HRP and GCE. The immobilized HRP exhibited direct electrochemical behavior toward the reduction of
hydrogen peroxide (H,0). The resulting biosensor showed a linear range of 1-150 .M and a detection
limit of 0.26 LM estimated at a signal-to-noise ratio of 3. Stability and reproducibility of the biosensor
were also studied. The biological activity of HRP immobilizing in the composite film was characterized
by UV-vis and FTIR spectra.
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1. Introduction

Cerium oxide (ceria, CeO,) is a rare earth oxide material from
the lanthanide series. It is being used in various applications such as
catalysts, fuel cells, solar cells, UV blocks, oxygen sensors, and pol-
ishing materials (Feng et al., 2006; Kim et al., 2004; Si et al., 2004; Si
etal., 2005; Zhou et al., 2007). In addition, CeO is noncytotoxic and
has wide application in biological fields (Chen et al., 2006; Schubert
et al., 2006; Tarnuzzer et al., 2005; Tsai et al., 2007). Tarnuzzer et
al. (2005) found that CeO, nanoparticles can protect cellular dam-
age from radiation, CeO, could act as effective radioprotectants
for normal tissues and show a different protection in normal tis-
sues. Schubert et al. (2006) reported that CeO, nanoparticles can
protect nerve cells from oxidative tress and that the neruoprotec-
tion is independent of particle size. It has also been reported that
free radical scavenging can be achieved by the introduction of CeO,
nanoparticles into mammalian cells (Tsai et al., 2007). In addition,
CeO, nanoparticles were functionalized with carboxybenzenesul-
fonamide and tested as inhibitors for human carbonic anhydrate
(Chenetal.,2006), which have potential use for nontoxic drug deliv-
ery tool. In order to extend CeO, nanoparticles application, in this
work it has been used to develop a new third-generation electro-
chemical biosensor based on the direct electron transfer of redox
enzymes.
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The direct electron transfer between redox proteins or enzymes
and underlying electrodes is of great significance in construct-
ing mediator-free biosensors, bioreactors and so on (Armstrong,
2002; Ashok Kumar and Chen, 2007). However, either proteins or
enzymes all exhibit rather slow electron transfer rate at conven-
tional electrodes, which may result from the deep embedding of
electrochemical prosthetic groups in protein structure, unfavor-
able orientation and adsorptive denaturation at electrode (Li et
al,, 2001; Xu et al., 2007a). Therefore, many methods were used
to immobilize proteins or enzymes to realize their direct electron
transfer with the underlying electrodes (Ding et al., 2007; Guo and
Wang, 2007; Liu et al., 2007; Xu et al,, 2007b; Yan et al., 2007).
As a member of the large class of peroxidases, horseradish per-
oxidase (HRP) has been used for construction of amperometric
biosensors since it is commercially available in a highly purified
form (Cai et al., 2006; Chen and Dong, 2007; Elkaoutit et al.,
2008; Xu et al., 2006; Song et al., 2006; Wu et al., 2008; Xi et al.,
2008; Zhu et al., 2007). In this work, the single-crystalline, uni-
form and size-controlled ceria nanocubes (CeO,-NCs) have been
synthesized by hydrothermal method. Then the CeO,-NCs were
used to realize the direct electron transfer of HRP by immobi-
lizing HRP on chitosan-CeO, film, thus a new third-generation
electrochemical biosensor of HRP was obtained. Chit was applied
to many biological fields due to its excellent biocompatibility,
nontoxicity, and high mechanical strength. In this system, chit
was used to increase film adherence and prevent the leakage of
HRP on the basis of its chemical inertness, high hydrophilicity
and good film-forming ability (Feng et al., 2006; Huang et al.,
2002).
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2. Experimental
2.1. Materials and reagents

HRP (240 U mg~1) was purchased from Dingguo Bioengineering
Company (Beijing). Stock solution of 15 mg mL~! HRP was prepared
by directly dissolving HRP in 0.05 M phosphate buffer solution (PBS,
pH 7.0) and stored at 4°C. Chitosan (Chit, from crab shells, mini-
mum 85% deacetylated) were purchased from Sigma and were used
without further purification. Ce(NO3 )3-6H,0,NaOH and H, 0, (30%)
solution were purchased from Beijing Chemical Reagent. Chitosan
solution (3.0 mg mL~1) was prepared by dissolving 3 mg chitosan in
1 mL 0.02 mol L-'acetic acid. Phosphate buffer solution (PBS, 0.05
M, pH 7.0) was used as the supporting electrolyte. All chemicals
were analytical grade. All solutions were made up with double
distilled water.

2.2. Preparation of HRP/CeO,/Chit/GCE

The CeO, suspension (3mgmL-1) was prepared by dispers-
ing CeO, nanocubes in deionized water with stirring overnight.
To obtain the best CV responses, the ratio of HRP/CeO,/Chit has
been optimized. Finally, the mixing solution of 5mgmL-! HRP,
1mgmL-! CeO, and 1mgmL-! Chit was used to prepare the
HRP/CeO,/Chit/GCE.

Before each experiment, glassy carbon electrode was polished
with 1, 0.3, 0.05 pm alumina powder on a polishing cloth. Then the
electrode was successively sonicated in ethanol and double distilled
water. After the electrode dried by N3, 5 L HRP-CeO,-Chit disper-
sion was dropped on the pretreated GCE surface. The electrode was
left in a glass bottle in air until dry, thus the HRP/CeO,/Chit/GCE
was obtained. The HRP/Chit/GCE was prepared by dropping 5 pL
HRP-Chit solution on the GCE surface.

2.3. Apparatus and measurements

Electrochemical experiments were performed on a CHI 440 elec-
trochemical station (CH Instruments, China) with a conventional
three-electrode system. The glass carbon electrode with modi-
fied film acted as the working electrode. The Ag/AgCl (saturated
KCI) was used as the reference electrode and the Pt wire acted as
the counter electrode. Prior to a series of electrochemical experi-
ments, buffers were purged with highly purified nitrogen for at least
40 min and N, environment was kept in the whole experiment pro-
cess. X-ray diffraction data were collected on MSAL-XD2 using Cu
K, radiation. The transmission electron microscopy (TEM) images
were obtained with Hitachi model H-800 transmission electron
microscope. UV-vis experiments were performed with UV-1102
spectrophotometer. FTIR spectra were collected on Avatar 360 FT-IR
ESP.

3. Results and discussion
3.1. Characterization of CeO,-NCs

Ce0, nanocubes were prepared as the method reported pre-
viously (Yang et al., 2007) with some modifications. In brief, 1g
Ce(NO3)3-6H,0 was reacted with proper amount 10% NaOH for
about 30 min with stirring. Then all products were transferred
into a 50mL autoclave, in which the final NaOH concentration
was about 8 M, the total volume was 80% of the autoclave. After
heated at 180°C for 15 h, the system was then allowed to cool to
room temperature. The precipitate was filtrated, then washed with
deionized water to remove the ionic remnants and then dried at
60 °C. After that the single-crystalline, uniform and size-controlled
CeO, nanocubes were obtained. The size and morphology of the

2000
1600
E] J
el 1200
h=
£ 800
2
=
400 -
P _...J N
b T L T T X T
20 30 40 50 60 70

20 (deg)

Fig. 1. X-ray diffraction pattern of CeO,-NCs. Inset: TEM micrographs of CeO,-NCs.

as-synthesized products were examined by TEM and shown in
Fig. 1(inset). The as-obtained CeO, nanocubes exhibit regular cubic
shapes and the mean size is about 100 nm. The X-ray diffraction
pattern of CeO, nanocubes (Fig. 1) indicates that all peaks can be
indexed to the pure fluorite cubic structures (space group Fm3m
(225), JCPDS 34-0394).

3.2. Spectroscopic analysis of HRP-CeO,-Chit hybrid film

Since the location of the UV-vis Soret absorption band of iron
provides structural information about possible denaturation of
heme proteins, especially conformational change in the heme group
region (Kristinsson, 2002; Zhu et al., 2002), UV-vis was used to
probe the structure change for heme proteins. UV-vis spectra of
HRP film (curve a) and HRP-CeO,-Chit hybrid film (curve b) casting
on quartz glass slides gave Soret bands at 403 nm (Fig. 2). The Soret
band of HRP entrapped in the HRP-CeO,-Chit hybrid film almost
was same with HRP film. The result indicated that HRP entrapped
in HRP-CeO,-Chit composite film had a secondary structure sim-
ilar to native state of HRP in dry films, and the system based on
Ce0,-Chit did not denature HRP and had good biocompatibility for
HRP.

FTIR spectroscopy is another effective mean to probe
into the secondary structure of proteins. The amide [ band
(1700-1600cm~') and amide II band (1620-1500cm~') corre-
spond to C=0 stretching vibration of peptide linkages and N-H
bending and C-N stretching vibration in the backbone of protein,
respectively (Xu et al., 2006). The FTIR spectra of HRP- CeO,-Chit
film (a), HRP film (b) and CeO,-Chit film (c) were shown in Fig. 3.
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Fig. 2. UV-vis absorption spectra of HRP film (a) and HRP-CeO,-Chit film (b).
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Fig. 3. FTIR spectra of HRP-CeO,-Chit film (a), HRP film (b) and CeO,-Chit film (c).

In our system, the spectra of amide I and II bands (1655 and
1547 cm~1) of HRP in HRP-CeO,-Chit composite film were nearly
the same as those obtained for native HRP film. Just as the results
of UV-vis Soret absorption, FTIR spectroscopy also proved that the
structure of HRP kept almost unchanged in CeO,-Chit film.

3.3. Direct electrochemistry of HRP/CeO,/Chit/GCE

Fig. 4 shows the typical cyclic voltammagrams of HRP/Chit/GCE
(curve a) and HRP/CeO,/Chit/GCE (curve b) in PBS at 100 mV/s. A
pair of well-defined peaks was observed for the HRP/CeO, /Chit/GCE
(curve b), corresponding to the electrochemical redox reaction
between HRP-Fe(Ill) and HRP-Fe(Il). The formal potential E°
(defined as the average of the reduction and oxidation peak poten-
tials) was —0.348V, which was similar to previously reported
(Liu and Hu, 2003; Sun et al., 2004). The reduction and oxida-
tion peak potentials were, respectively, —0.367 and —0.332V with
small peak potential separation (AEp =35 mV), revealing a fast elec-
tron transfer process. The HRP/Chit/GCE also exhibited a pair of
peaks, but they were much smaller. The CeO,-CHT film inhib-
ited the adsorption of HRP on the bare electrode and protected it
from denaturation. At the same time, CeO, nanocubes can allow
the enzyme molecules greater access to a conducting surface to
favor electron transport. So the CeO,-CHT film provided a favorable
microenvironment for HRP to exchange electron with the electrode,
in turn, enhanced the rate of electron transportation.
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Fig. 4. Cyclic voltammograms of HRP/Chit/GCE (a) and HRP/CeO,/Chit/GCE (b) in
0.05M PBS (pH 7.0) solution at scan rate 100 mV/s.
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Fig. 5. Plots of oxidation peak current (®) and reduction peak current (M)
versus scan rate for HRP/CeO,/Chit/GCE. Inset shows cyclic voltammograms
of HRP/CeO,/Chit/GCE at different scan rate from 100 to 900mV/s (a) and
1000-3000 mV/s (b) in 0.05M PBS (pH 7.0) solution.

The surface concentration of the electroactive HRP (I™*) on
HRP/CeO,/Chit/GCE was estimated to be 7.06 x 10~!! mol cm~2
from integration of the anodic peaks according to formula (Bard and
Faulkner, 1980), Q=nFAI*, where A is the electrode area, n is the
number of electrons transferred, and Fis the Faraday’s constant. The
I'* obtained in the present work was about 3.5 times higher than
that of the theoretical monolayer coverage (2 x 10~ mol cm~2)
of HRP, indicating that multi-layers of HRP immobilized in the
CeO, NCs-Chit film participated in the electron transfer process.
The percentage of electroactive HRP on the electrode surface is
ca. 0.7%, which is more than three times higher than the reported
value (0.2%) (Huang et al., 2002). Just like former description, the
Ce0,-CHT film provided a favorable microenvironment for HRP to
exchange electron with the electrode, in turn, enhanced the amount
of HRP participating in the electron transportation. This result also
indicates that only the protein molecules close to the GCE surface
and with appropriate orientation can exchange electrons with the
underlying electrode (Wang et al., 2005).

Insets (a) and (b) in Fig. 5 show the cyclic voltammograms
of HRP/CeO,/Chit/GCE scanned at low scan and high scan rates,
respectively. It could be seen peak currents increased with increas-
ing scan rate from 0.05 to 3V/s (Fig. 5), which suggested a
surface-controlled process (Murray, 1984). The correlation coef-
ficient was very close to the theoretical slope of 1 for thin layer
voltammetry (Murray, 1984), which suggested that almost all elec-
troactive HRP-Fe(III) in the film has been converted to HRP-Fe(II) on
the reverse scan. Thus, HRP immobilized in CeO,-Chit film under-
went a reversible, fast and surface-controlled electron transfer.
Those results indicated that CeO,-Chit system provided a friendly
microenvironment for HRP to maintain its activity to a great extent.

3.4. Electrocatalysis of HRP/CeO,/Chit/GCE

In order to test the activity of HRP immobilized on GC by CeO,-
Chit film, its response to the reduction of H,O, was examined.
As shown in Fig. 6, the reduction peak linearly increased with
the increase of H,O, concentration, which accompanied by the
decrease and disappearance of the oxidation peak (curves b-d). The
linear relationship between the electrocatalytic current (ica¢) and
the concentration of H, 0, using HRP/CeO,/Chit/GCE was observed
in inset of Fig. 6. Here the ic;; value was defined as the differ-
ence between iy in the presence of H,O, and ip in the absence
of H,0, for the HRP/CeO,/Chit/GCE (Liu et al., 2005). The corre-
lation regression coefficient was 0.994 from 1 to 150 wM, and the
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Fig. 6. Cyclic voltammograms of HRP/CeO, /Chit/GCE in 0.05 M PBS (pH 7.0) solution
with H,0, concentration at (a) 0, (b) 27.5, (¢) 52.5, and (d) 102.5 wM. Inset: plot of
the electrocatalytic current (icac) versus H, O concentration for HRP/CeO; /Chit/GCE
in 0.05M PBS (pH 7.0). Scan rate: 100 mV/s.

lowest detection limit was 0.26 uM at S/N = 3. The linear calibration
range of H,0, at HRP/CeO,/Chit/GCE extent up to 150 M, higher
than 107 M based on the direct electrochemical behavior of HRP
immobilized on a gelatin-hydrophobic ionic liquid gel films (Yan et
al,, 2007) and 73 wM based on immobilized in a zirconia enhanced
grafted collagen trihelix scaffold (Zong et al., 2006). The detection
limit of 0.26 wM, which is a little lower than that of 0.5 wM reported
in Ref (Xu et al., 2007b) and much lower than that of 1.7 uM at
HRP-toluidine blue-MWNTs nanocomposite (Liu et al., 2008), and
12.89 uM of HRP immobilized in sol-gel-derived ceramic-carbon
nanotube nanocomposite film (Chen and Dong, 2007) and 9.0 uM
of HRP based on clay-chitosan-gold nanoparticle nanocomposite
(Zhao et al., 2008).

The calibration curve of the sensor for H,O, (inset of Fig. 6)
exhibited a typical characteristic of Michaelis-Menten Kkinet-
ics at high concentrations (when the concentration of H,0, is
above 150 wM, the peak current tends to stable). The appar-
ent Michaelis-Menten constant, which gives an indication of the
enzyme-substrate kinetics, could be obtained from the electro-
chemical version of the Lineweaver-Burk equation (Kamin and
Willson, 1980):

I I Km

E - Imax

ImaxC

where I is the catalytic current, c is the bulk concentration of the
substrate, Imax is the maximum catalytic current under saturated
substrate conditions, and K, is Michaelis constant. The K, value is
estimated to be 7.4 x 10~> M, based on the slope and the intercept
of the 1/Iss versus 1/c plot, which was much smaller than that of
the previous reports (Li et al., 2008; Zhang et al., 2008; Zhao et al.,
2008). The small Ky, indicates that the immobilized HRP has higher
enzymatic activity, and that the biosensor has greater affinity and
catalytic performance towards H,05.

3.5. Stability and reproducibility of HRP/CeO,/Chit/GCE

The stability and reproducibility of HRP/CeO,/CHT electrode
were examined by CV. The CV peak current of HRP/CeO,/CHT elec-
trode only decreases by 8.18% after successively scanning for 50
cycles. When the modified electrode underwent eight cycles in PBS
containing 150 wM H,0,, the relative standard deviation of peak
current is 9.05%. So the HRP/CeO,/CHT electrode exhibited excel-
lent stability. In addition, the reproducibility of different electrodes
was also studied. Three glass carbon electrodes were modified and

their difference was only 11.23%, which indicated that the repro-
ducibility of HRP/CeO, /CHT modified electrode was satisfied. These
results demonstrated that the CeO, and CHT hybrid film was suit-
able matrix for immobilization of HRP to retain its activity and
prevent it from leaking out of the film.

4. Conclusion

Anovel, sensitive, reproducible and stable third-generation elec-
trochemical biosensor of HRP was developed, which is based on
the direct electron transfer between HRP and the underlying glass
carbon electrode. UV-vis and FTIR spectra showed secondary struc-
ture of HRP in CeO,-Chit film was retained. The obvious increase
in peak currents of HRP/CeO,/Chit/GCE could be attributed to the
Ce0,-NCs greatly facilitating the electron transfer between the HRP
and GC and it can also provide a friendly microenvironment for
the immobilized HRP. Furthermore, the immobilized HRP remains
its bioelectroanalytical activity to reduction of H,0, with a lower
detection limit and a wider liner range.
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