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Abstract ZnO hollow spheres were firstly prepared.

A new type of amperometric hydrogen peroxide biosensor

was fabricated by entrapping Hemoglobin (Hb) through the

ZnO hollow spheres (ZHS) nanoparticles. The composition

morphology and size were studied by transmission electron

microscopy. The surface topography of the prepared films

was imaged by atomic force microscope (AFM). Several

techniques, including UV–vis absorption spectroscopy,

cyclic voltammetry, chronoamperometry were employed to

characterize the performance of the biosensor. The results

indicated that the ZHS nanoparticles had enhanced the

performance of the hydrogen peroxide sensors. The elec-

trochemical parameters of Hb in the ZHS were calculated

by the results of the electron-transfer coefficient (a) and the

apparent heterogeneous electron-transfer rate constant Ks

as 0.5 and 3.1 s-1, respectively. The resulting biosensors

showed a wide linear range from 2.1 9 10-6 to 5.18 9

10-3 M, with a low detection limit of 7.0 9 10-7 M

(S/N = 3) under optimized experimental conditions. The

results demonstrated that the ZHS matrix may improve the

protein loading with the retention of bioactivity and greatly

promote the direct electron transfer, which can be attrib-

uted to its unique morphology, high specific surface area,

and biocompatibility. The biosensor obtained from this

study possesses high sensitivity, good reproducibility, and

long-term stability.
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Introduction

There has been increasing interest in studying redox pro-

teins/enzymes in order to achieve direct electron transfer

for applications in mediator-free biosensors, bioreactors

and biomedical devices [1–3]. However, as their redox

centers are usually deeply buried within the protein mole-

cules, it is difficult for electron to direct transfer between

proteins and electrode. Hence, various materials are

exploited to immobilize redox proteins on electrode surface

[4]. Generally, those materials are nontoxic, stable and

biocompatible, such as surfactants [5], polymers [6],

nanomaterials [7], and inorganic mesoporous materials [8]

and so on. In order to attain native structure and appro-

priate orientation of the enzyme, appropriate materials

were applied to modify the electrode. So the improvement

of electron transfer between the enzyme and the electrode

has been very popular in recent years [9–11].

Hollow spheres represent a fascinating class of materi-

als, which has attracted an immense interest of the

researchers because of their potential applications in bio-

analytical area catalysis, magnetics, ceramics, pigments

and biosensor [12–15]. Research has demonstrated a clear

ZnO size and shape dependence of its electromagnetic,

optical, and catalytic properties [16]. For example, ZnO

sol–gels possess high surface area, good biocompatibility,

chemical and photochemical stability [17]; ZnO micro-

spheres may provide a desirable microenvironment for the

enzymes to retain their enzymatic stability and activity by

limiting the conformational change and unfolding of the

entrapped enzymes [18]. This has motivated our motivity
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in research on ZnO shape dependence of its electronic

properties applied to electrocatalysis and biosensor.

In this work, ZnO hollow spheres (ZHS) were firstly

prepared, and then Hemoglobin (Hb) and biocompatible

composite ZHSs were successfully electro-codeposited

onto the surface of gold electrode. The direct electron

transfer of Hb was promoted greatly, and a pair of well-

defined and quasi-reversible redox peaks occurred. The

direct electrochemistry and analytical performance of the

resulting biosensor were investigated. And the immobilized

Hb retained its natural structure and showed high electro-

catalytic activity to the reduction of H2O2.

Experimental

Reagent and materials

Hemoglobin (bovine blood) was obtained from Sigma.

China. 0.1 M phosphate buffered saline (PBS) containing

0.1 M KCl with various pH values were prepared by

mixing the stock solutions of K2HPO4 and KH2PO4, and

adjusted by 0.1 KOH and 0.1 M H3PO4 solution. Hydrogen

peroxide (30% w/v solution) was purchased from Chemical

Reagent Company, Chongqing, China and the concentra-

tion of the more diluted hydrogen peroxide solutions pre-

pared from 30% hydrogen peroxide was determined by

titration with potassium permanganate. Poly(vinylpyrroli-

done) (PVP, MW = 30,000), 2,2-azobisisobutyronitrile

(AIBN), absolute ethanol, sulfuric acid (H2SO4, 98%),

sodium hydroxide (NaOH), aqueous ammonia solution (28

wt%), zinc acetate dihydrate (Zn(Ac)2�2H2O), and styrene

(St) were purchased from Chongqing Chemical Reagent

Co. (China). All other reagents were of analytical reagent

grade and used as received. Doubly distilled water was

used in this experiment throughout.

Instrumentation

Electrochemical measurements were carried out on CHI 660A

electrochemical workstation (CH Instruments, Chenhua Co.,

Shanghai, China). UV–vis absorbance spectroscopy was

performed using a UV-2205 spectrophotometer (Shimadzu,

Kyoto, Japan). The morphology of ZHS was investigated by

transmission electron microscopy (TEM, JEM-100CXII,

Japan). Atomic force microscope images were obtained with

scanning microscope probe (AFM, Vecco, USA).

Preparation of ZnO hollow spheres

ZnO hollow sphere was prepared according to the following

procedure. ZHS was synthesized using the sulfonated

polystyrene (PS) core–shell spheres as the template spheres.

The method of synthesis of the sulfonated PS spheres was

described elsewhere [19]. Zn(Ac)2�2H2O was dissolved in

absolute ethanol, the sulfonated PS spheres ethanol solution

was added dropwise to it under magnetic stirring. The mixed

solution was stirred at 60 �C for 1 h, and then ethanol solu-

tion containing NaOH was dropped into the mixture and

stirred at 60 �C for another 2 h. The solution was then filtered

and the cake was washed with ethanol and water. ZHSs were

obtained after the cake was heated in air at 500 �C for 2 h to

remove the PS templates [19–21].

Preparation of the enzyme electrodes

A bulk gold disk electrode (/ = 4 mm) was polished to a

mirror-like surface with 0.3, 0.05 lm alumina slurry on

microcloth pads, and sonicated in ethanol and distilled

water. Then gold electrode was chemically cleaned by

repeated potential scanning in 0.5 M H2SO4 solution in the

potential range of -0.3 to ?1.5 V until the voltammo-

grams were reproducible. For preparation of Hb electrodes,

solution of Hb (5 mg/mL) was prepared in 0.1 M PBS (pH

7.0) and ZHSs suspension was mixed with volume ratio of

1:1. Electro-codeposition of ZHSs entrapped of Hb was

achieved by cycling the potential between -1.0 and 1.2 V

at a scan rate of 150 mV s-1 for 30 consecutive cycles in

solution containing ZHS and Hb. The modified electrode

(Hb/ZHS/Au) was stored in refrigerator (4 �C) until further

study.

Results and discussion

Characterization of ZHS

The TEM images of the ZHS nanoparticles were shown

in Fig. 1. After calcination, the sulfonated PS core was

removed completely, so perfect ZHSs were obtained. The

ZHSs were in diameter of 150 nm.

In order to investigate the surface topographies of dif-

ferent films, AFM (Fig. 2) analysis was performed at ZHS

and Hb/ZHS films modified gold substrate, respectively. As

shown in Fig. 2a, the AFM micrograph of ZHS film pre-

sents clearly spherical structures, which covers the entire

surface of the substrate. The AFM image (Fig. 2b) of Hb/

HZS exhibits obvious differences as compared to ZHS

film. Particles-like nanostructures almost disappear and the

surface morphology become smoother with the appearance

of stratum-like structure, which might be ascribed to Hb

molecules filling the interstitial places, suggesting that the

Hb were successively and effectively immobilized on ZHS

film.
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UV–vis spectroscopic analysis

UV–vis spectroscopy is sensitive for the characteristic

structure of proteins. Figure 3 shows the UV–vis absorp-

tion of ZHS, Hb and Hb/ZHS, respectively. From Fig. 3,

the Soret absorption band of Hb entrapped in ZHS locates

at about 404 nm (curve b), which is close to that of natural

Hb (i.e. 407 nm, curve a), while ZHS does not show

absorption bands in the wavelength range (curve c).

Obviously, the absorption peak is attributed to the Soret

band of Hb. This result suggests that Hb retains its bio-

logical activity.

Direct electrochemistry of Hb/ZHS-modified electrode

The electrochemical behavior of Hb/ZHS film modified Au

electrode (Hb/ZHS/Au) was studied by cyclic voltammetry

(CV). Figure 4 shows the cyclic voltammograms (CVs) of

bare Au electrode, ZHS/Au and Hb/ZHS/Au in pH 7.0 PBS

were recorded at 50 mV/s. There is no redox peaks for bare

Au electrode (Fig. 4a) and ZHS/Au (Fig. 4b), while a

couple of stable and well-defined peaks can be observed at

Hb/ZHS/Au electrode (Fig. 4c). Obviously, the responses

of the modified electrodes are attributed to the redox of

immobilized Hb. The ZHS matrix can be favorable for

Hb adsorption into ZHS and enhance enzyme-loading

ability. Moreover, good biocompatibility of ZHS retains

Fig. 1 TEM images of ZHS

Fig. 2 AFM images of ZHS

(a) and Hb/HZS (b)

Fig. 3 UV–vis spectra of Hb in solution (a), Hb/ZHS (b), and

ZHS (c)
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bioactivity of Hb, which is also important in realizing the

direct electron transfer between Hb and Au electrode.

Figure 5 gives typical CVs of the Hb/ZHS modified

electrode with scan rates from 0.05 to 0.55 V s-1. With the

increase of the scan rates, the cathodic and anodic peak

currents of Hb increased simultaneously, as shown in the

inset of Fig. 5, and the cathodic and anodic peak currents

increased linearly with scan rates from 0.05 to 0.55 V s-1,

indicating the redox reaction is a surface process [22].

For such a surface process, the average surface coverage

(C) can be calculated according to the Laviron equation

[23],

IP ¼
n2F2vAC

4RT
¼ nFQv

4RT

where A was the surface area, n was the number of electrons

transferred, Q was the total amount of charge, and F was the

Faraday constant. From the CV curves, Q and IP were calcu-

lated to be 6.746 9 10-5 C and 1.421 9 10-4 A after

background correction, respectively. Thus, the number of

electrons transferred for the direct electron transfer reaction of

Hb was calculated to be n = 1, suggesting that a single

electron-transfer reaction occurred at the Hb/ZHS/Au, and the

average surface concentration (C) of Hb was calculated to be

4.54 9 10-10 mol/cm2. As the theoretical monolayer cover-

age for Hb is about 1.8 9 10-11 mol/cm2 [24], it can be

proposed that many layers of Hb immobilized near electrode

surface undergo electrochemical reaction.

According to the Laviron theory, the transfer coefficient (a)

and electron-transfer rate constant (ks) can be estimated by

measuring the variation of peak potential with scan rate

(Fig. 6) [25]. From the inset of Fig. 6, the slope of the curves

the further relationship of DEp with logt (V s-1) was

achieved. The transfer coefficient (a) and electron-transfer

rate constant (ks) were 0.5 and 3.1 s-1, respectively. The value

for electron-transfer rate constant was higher than electron-

transfer rate constant of Hb in layered a-ZrP, 1.85 ± 0.51 s-1

[26], and Nafion/nano-ZnO film, 0.139 s-1 [27], It is assumed

that the ZHSs nanoparticles increased the surface area and

active point for entrapping Hb. ZHSs nanoparticles has good

biocompatibility, which could retain the bioactivity of Hb and

enhance the direct electron transfer of Hb.

Electrochemical response to hydrogen peroxide

of the biosensor

The electrochemical behavior of Hb/ZHS film modified Au

(Hb/ZHS/Au) was studied by CV. Figure 7 shows the

bioelectrocatalytic behavior of the enzyme electrode in

Fig. 4 CVs of bare Au electrode (a), ZHS/Au (b), and Hb/ZHS/Au

(c) in 0.1 M PBS (pH 7.0), scan rate 50 mV/s

Fig. 5 Cyclic voltammograms of the biosensor at different scan rates

(from inner to outer): 50, 100, 150, 200, 250, 300, 350, 400, 450, 500,

550 mV/s in 0.1 M PBS (pH 7.0). Inset Plot of peak currents versus

scan rates

Fig. 6 Various of peak potentials versus the scan rates. Inset plot of

DEp versus logm
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0.1 M PBS of pH 7.0. Upon addition of H2O2, the reduc-

tion peak current increases at about -0.65 V and the

anodic peak current decreases dramatically, indicating a

typical electrocatalytic reduction process of H2O2. The

cathodic peak current increases dramatically, indicating the

reduction of H2O2 was catalyzed by the Hb immobilized on

the ZHS film and the Hb kept its natural structure.

Effect of solution pH on direct electron transfer of Hb

The direct electrochemistry of Hb immobilized on ZHS

showed a strong dependence on solution pH. A pair of

stable and well-defined redox peaks was obtained in dif-

ferent pH solution. With pH increasing from 5.0 to 8.5, the

maximum peak currents of Hb occurs at pH 7.0 (Fig. 8) and

both cathodic and anodic peaks potentials shifts negatively

(Fig. 9). All changes in voltammetric peak potentials and

currents with pH are reversible. The formal potential E�0 shifts

of 57 mV/pH unit between pH 5.0 and 8.5 (inset in Fig. 9),

which is reasonably close to the expected value (59 mV/pH)

for one electron and one proton reaction [28]. This indicated

that a single proton transfer coupled to the single electron

transfer in order to neutralize the excess charge on the elec-

trochemical interface [29]. Thus, the reaction equation for the

electrochemical reduction of Hb may be described as follows

[30]:

HbFeðIIIÞ þ Hþ þ e� ¼ HbFeðIIÞ:

Effect of applied potential

The effect of applied potential on the steady-state current of

the biosensor was shown in Fig. 10. Amperometric current

increases gradually when the applied potential shifts nega-

tively from 0.1 to -0.6 V, which might be attributed to the

increased driving force for the fast reduction of Hb at low

potentials. At an applied potential of -0.45 V, the relative

constant current appeared, and the background current and

noise level reached their lowest value, which indicates that

interfering reactions of other electroactive species were min-

imized at the potential in PBS. Therefore, -0.45 V was

chosen as working potential for the following measurements.

Electrocatalytic reduction of H2O2 on Hb/ZHS/Au

electrode

The amperometric response of the hydrogen peroxide

biosensor was investigated by successively adding H2O2 of

Fig. 7 Cyclic voltammograms of Hb/ZHS/Au electrode with 0 (a),

3.5 9 10-4 (b) and 7.0 9 10-4 M H2O2 (c) in 0.1 M PBS (pH 7.0),

scan rate 100 mV/s

Fig. 8 Dependence of the current response of Hb/ZHS/Au electrode

to 3.5 9 10-4 mol/L H2O2 on different pH of buffer solutions

Fig. 9 Cyclic voltammograms of Hb/ZHS/Au in 0.1 M PBS at

different pH, from left to right 8.5–5.0 at a scan rate of 100 mV/s.

Inset plot of formal potential versus pH

Bioprocess Biosyst Eng (2011) 34:931–938 935

123



different concentration to a continuous stirring PBS (pH

7.0) solution. The electrocatalytic reduction peak potential

(i.e. -0.45 V) was selected as the constant applied

potential for the high sensitivity together with a wide linear

range. Upon addition of H2O2 to the PBS, a stepwise

growth of reduction current was observed (Fig. 11). The

modified Au electrode achieved 95% of the steady current

towards H2O2 in less than 5 s, which indicated that the

electrocatalytic response was very fast. It attributes that the

ZHS thin film provides a platform to enhance Hb immo-

bilization and provides a compatible microenvironment

for Hb adsorption. The inset of Fig. 11 shows the

amperometric current had a good linear relationship with

the concentration of H2O2 in the range of 2.1 9 10-6

–5.18 9 10-3 M and the linear regression equation was

I(lA) = -0.936 C (lM)-0.114 (R2 = 0.9993, n = 31).

From the slope of calibration curve, its detection limit is

7 9 10-7 M (S/N = 3). The performance of the present

biosensor is better than other Hb biosensor, such as Hb–

PCL/GC electrode (linear range 2 9 10-6–3 9 10-5 M,

detection limit 6.07 9 10-6 M [31], GNSs/APTES/ITO

electrodes (linear range 5 9 10-6–1 9 10-3 M, detection

limit 3.4 9 10-6 M) [32], Hb/MCMS/GCE (linear range

6.9 9 10-5–2.3 9 10-2 M, detection limit 2.1 9 10-5 M)

[33], which is attributed to the good mass transport, larger

Hb protein loading per unit area and fast electron-transfer

rate of the immobilized Hb protein.

When the concentration of H2O2 was higher than

5.18 mM, a response plateau was observed, showing a

typical Michaelis–Menten kinetic mechanism. The appar-

ent Michaelis–Menten constant (K
app
M ), which gives an

indication of the enzyme–substrate kinetics, could be cal-

culated from the Lineweaver–Burk equation [34]:

1=Iss ¼ 1=Imax þ Kapp
M =ImaxC

where Iss was the steady current, Imax was the current

measured when H2O2 was saturation in PBS solution and C

was the concentration of H2O2. The value for this H2O2

biosensor was calculated to be 0.5 mM from Lineweaver–

Burk equation. This value is smaller than those of Hb

immobilized onto ZrO2, 1.77 mM [35], Hb immobilized

onto mesoporous tungsten oxide, 1.84 mM [36], Hb

immobilized onto Ti(III)–TNTs, 1.02 mM [37], suggesting

a higher affinity to H2O2 and a higher enzymatic activity to

H2O2 reduction for the adsorption of Hb into ZHS.

Comparison with other hydrogen peroxide biosensors-

based ZnO nanocomposites

The analytical performances of the proposed biosensor

were compared with other hydrogen peroxide biosensors

reported in the literatures. The results were shown in

Table 1. In contrast with other H2O2 biosensors reported so

far (Table 1) [18, 38–42], Hb/ZHS/Au electrode shows the

widest linear detection range and lower detection limit.

These indicate that Hb/ZHS/Au electrode is an excellent

platform for the detection of H2O2.

Selectivity and stability of the hydrogen peroxide

biosensor

The selectivity of this H2O2 biosensor was evaluated by

H2O2 determinations in the presence of some potentially

coexisting compounds of H2O2 in biological systems. The

degree of interference from interfering substances can be

Fig. 10 Dependence of the current response on the applied potential

at Hb/ZHS/Au electrode in the presence of 0.35 mM H2O2 in 0.1 M

PBS (pH 7.0)

Fig. 11 Typical current–time response of the biosensor on successive

injection of different concentration of H2O2 into a stirred solution of

0.1 M PBS (pH 7.0) at an applied potential of -0.45 V in the time

intervals of 30 s. Inset calibration plot of currents versus H2O2

concentrations
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evaluated by the value of the current ratio which were

calculated by reading the current of the proposed biosensor

in an assay solution containing 0.20 mM H2O2 and a

0.20 mM interfering substance and comparing it with the

current from the proposed biosensor in the same assay

solution containing only 0.20 mM H2O2. In the experi-

ment, six interfering substances were used to evaluate the

selectivity of the biosensor. The results are listed in

Table 2. It can be observed that the six tested interferences

exerted negligible influences on the determination of H2O2.

So, it is showing the proposed biosensor possesses a good

selectivity, which is attributed to the good biocompatibility

of the ZHS.

The storage stability of the proposed biosensor was also

studied. The biosensor was immersed in 0.1 M PBS (pH

7.0) at 4 �C when not used. The biosensor decreased 3.5,

8.8, and 16.3% of the initial response after 5 days,

2 weeks, and 1 month storage, respectively. The good

storage stability was ascribed to the good biocompatibility

of the ZHS biocomposite.

Conclusions

In this work, the Hb and biocompatible composite ZHS

were successfully electro-codeposited onto the surface of

gold electrode. When Hb was immobilized on Au surface

by the ZHS, a quasi-reversible CV response for Hb Fe(III)/

Fe(II) was obtained. The good performance of Hb/ZHS/Au

electrode indicates these nanoparticles provided a suitable

matrix for protein immobilization and well-kept the bio-

activities of protein. Such ZHS was found to possess better

direct electron-transfer properties, and good biocompati-

bility. The prepared third-generation biosensor displayed

good sensitivity and reproducibility, wide linear range, low

detection limit, fast response and good long-term stability

for the detection of H2O2. The ZHS can provide a good

electrochemical sensing platform for the applications in

biosensor and biocatalysis.
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