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osheets (ZrPNS) derived via the delamination of layered α-zirconium phosphate
(α-ZrP) have been proven to be efficient support matrixes for the immobilization of horseradish peroxidase
(HRP). X-ray powder diffraction (XRD) results revealed that ZrPNS in HRP–ZrPNS film remained unorderly
structured for the effect of HRP. Fourier transform infrared (FTIR) spectra results revealed that HRP remained
the secondary structure in HRP–ZrPNS film. The direct electrochemistry of HRP was realized in HRP–ZrPNS
film on a glassy carbon electrode (GCE), showing a pair of well-defined, nearly reversible cyclic voltammetry
(CV) peaks for the HRP heme FeIII/FeII redox couple. The average surface concentration (Γ⁎) of electroactive
HRP in HRP–ZrPNS film was estimated to be 1.35×10−10 mol cm−2, which indicated a high loading of enzyme
molecules in HRP–ZrPNS film. Based on these, a third generation reagentless biosensor was constructed for
the determination of hydrogen peroxide (H2O2). The response time of the biosensor was less than 3 s, and the
linear response range of the biosensor for H2O2 was from 1.3×10−6 to 1.6×10−2 M with a correlation
coefficient of 0.9997.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Direct electrochemistry of redox proteins is of immense interest
both for the fundamental study of electron transfer in proteins and for
the development of highly selective bioelectrocatalyst and biosensors.
However, it is difficult for proteins to directly exchange electrons with
the normal electrode surfaces. The electron transfer rates between the
proteins and the electrode surfaces are usually prohibitively slow
because of the deep burying of the electroactive prosthetic groups
within the peptide chains of the proteins, the adsorptive denaturation
of the proteins onto the electrode surfaces and/or the unfavorable
orientation of the proteins on the electrode surfaces. Due to the
difficulty of direct electron transfer between proteins and bare
electrodes, some modifiers such as organic materials [1–7], inorganic
materials [8–14], and inorganic/organic hybrid materials [15] have
been used to promote the direct electron transfer of proteins at
electrode surfaces. Because of their regular structures, good mechan-
ical, chemical and thermal stabilities, inorganic materials are more
attractive for this purpose [10–14].

Among various inorganic materials used for protein binding, the
inorganic layered solids, such as metal oxides [11], clay [16] and
phosphates [17–20] have attracted considerable attention. Although
many kinds of biomolecules have been immobilized using layered
materials as carriers, few works have been reported to investigate the
+86 10 6442 5385.
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direct electron transfer between the proteins immobilized in layered
materials and electrodes [21–23].

Layeredα-zirconium phosphate (Zr(HPO4)2·H2O, abbreviated asα-
ZrP) is a well-characterized layered material with hydrophilic surface,
thermal stability and chemical inertness, which provide a suitable
medium to immobilize proteins [20]. Its structure arises by the
packing of layers that consist of zirconium atoms lying in a plane and
sandwiched byO3P–OH groups situated alternatively above and below
the plane [17], which can provide a biocompatible environment to the
immobilized biomolecules. Lately α-ZrP was modified on the glassy
carbon electrode (GCE) to promote the direct electron transfer of
hemoglobin. But the inefficient electron transfer of hemoglobin was
observed in the α-ZrP nanoparticle film, probably due to the weak
conductivity and low enzyme-loading ability of α-ZrP nanoparticles
[24].

Recently, a new class of nanomaterials — nanosheets have been
synthesized via delamination of layered compounds. These lamellar
crystallites exhibit colloidal and polyelectrolytic nature as well as new
or enhanced physicochemical properties [25–27]. In addition, large
surface areas can be obtained from nanosheets. The features above
provide a potential application of nanosheets in the promotion of
direct electron transfer between proteins and electrodes [14,28].

In this paper, α-ZrP nanosheets (ZrPNS) were synthesized via
delamination of layered α-ZrP and used to immobilize horseradish
peroxidase (HRP). Direct electrochemistry of HRP immobilized in the
ZrPNS film was investigated. A pair of well-defined and nearly
symmetrical redox peaks were achieved which suggested that the
enhanced reversible electron transfer between HRP and GCE. The HRP
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immobilized in ZrPNS film retained its native structure as character-
ized by Fourier transform infrared (FTIR) spectra. Subsequently, the
direct electrochemical behavior of HRP immobilized on GCE by using
thin film of ZrPNS and its electrocatalytic property for reduction of
H2O2 were studied. We hope this HRP–ZrPNS film can find potential
application in the preparation of third generation biosensors or
bioreactors.

2. Experimental

2.1. Reagents

Horseradish peroxidase (HRP, EC1.11.1.7, 250 U mg−1) was pur-
chased from Dongfeng Shanghai Biochemical Technology Ltd., and
polyvinyl butyral (PVB) was purchased from Sigma. H2O2 (30% w/w)
was obtained from Beijing Chemical Plant, and its dilute solution was
prepared daily. Phosphate buffer solutions (PBS, 0.10 M) with various
pH were prepared by mixing standard stock solutions of Na2HPO4 and
NaH2PO4. All other chemical reagents were of analytical grade and
usedwithout further purification.Water was doubly distilled in quartz
apparatus, and the conductivity of the water is less than 10−6 S cm−1.

2.2. Apparatus

Electrochemical measurements were performed with a conven-
tional three-electrode system with the enzyme electrode as the
working electrode, a platinum wire as the auxiliary electrode and an
Ag/AgCl (3 M KCl) electrode as the reference electrode, against which
all potentials were quoted. The electrodes were connected to a CHI
660B electrochemical workstation (ChenHua Instruments, Shanghai,
China). A 10-mL electrochemical cell and a magnetic stirring bar were
used. The PBS was in thoroughly anaerobic conditions by bubbling
with high-purity nitrogen at least 20 min. Nitrogen environment was
kept in the cell by continuously bubbling N2 during the whole
experiment. All experiments were conducted under ambient condi-
tions at approximately 25 °C.

X-ray powder diffraction (XRD) patterns were recorded on a
Shimadzu XRD-6000 X-ray diffractometer (Japan) with Cu Kα

radiation at 40 kV and 30 mA. Field emission scanning electron
microscope (FESEM) images were taken from a Hitachi S4700 SEM
(Japan). Fourier transform infrared (FTIR) spectrawere carried out on a
Bruker Vector22 Fourier transform infrared spectrometer (Germany).
The atomic force microscope (AFM) image of ZrPNS was achieved
using a NT-MDTModel-STM Solver P47 AFM (Russia) in contact mode.

2.3. Preparation of ZrPNS colloid

The preparation of layered α-ZrP is as following. An aqueous
solution A containing zirconium oxychloride and HCl and an aqueous
solution B containing phosphoric acid and HCl were added simulta-
neously to a colloid mill rotating at 3000 rpm and mixed for 1 min.
The slurrywas subjected to hydrothermal treatment at 240 °C for 48 h.
The resulting material was cooled to room temperature and then
washed with water until pH≥6, and dried at 50 °C. The resulting
material is designated as α-ZrP. 0.2 g of α-ZrP was suspended in
deionized water, followed by adding 1.2 mL of 25% of tetramethy-
lammonium hydroxide. The mixture was stirred at room temperature
for 7 h with stirring bar. The suspension was then centrifuged at
10000 rpm for 5 min, and a ZrPNS colloid was obtained.

2.4. Electrode preparation

Before each experiment, glassy carbon electrodes (GCE, 3 mm
diameter) were polished sequentially with 1, 0.3, and 0.05 μm α-
alumina powder, with a thorough rinsing with doubly distilled water
between each polishing step. The polished GCE was successively
sonicated in 1:1 nitric acid, acetone and doubly distilled water, and
finally allowed to dry at room temperature. The effective electrode
area was obtained according to the Randles–Sevcik equation with the
redox probe of Fe(CN)63−/4− [29].

To prepare the enzyme electrode, 0.1 mg of HRP was dissolved in
60 µL of the ZrPNS colloid. A polished GCE was deposited with 10 µL of
the resulting mixture, and then left overnight in a refrigerator at 4 °C,
and the modified electrode was abbreviated as HRP–ZrPNS/GCE. For
the purpose of comparison, 10 µL of ZrPNS colloid was deposited on a
polished GCE, and abbreviated as ZrPNS/GCE. After drying, they were
all dipped into PVB (2% (w/v) of ethanol solution) for 1min to enhance
the adhesive ability and the stability of the films.

The enzyme electrode was stored in a refrigerator at 4 °C and
rinsed with PBS prior to use.

3. Results and discussion

3.1. FESEM image of the precursor α-ZrP and AFM image of ZrPNS

To get the AFM image of ZrPNS, the samples were prepared as
below: Si wafers were cleaned according to the literature [30], then
the Si wafers were precoated with polyethyle nimine (PEI) by
immersion in an aqueous solution of PEI (2.5 g dm−3, pH=9) for
20min to get positively charged substrates. The PEI-primed substrates
were then immersed in a colloidal suspension (0.2 g dm−3, pH=7) of
ZrPNS for 20 min followed by thorough washing with twice-distilled
water. The resulting films were dried with N2 gas flow. The FESEM
image of Fig. 1A reveals that the precursors α-ZrP are with the lateral
dimensions about 500 nm and the thicknesses are about 50–80 nm
(right corner of Fig. 1A). Fig. 1B shows a topographic image of the
deposited layer of ZrPNS on Si wafer and the thickness of ZrPNS can be
measured from the height plot in Fig. 1B. The lateral dimensions of
ZrPNS obtained by AFM observation are about 400 nm and the
thicknesses are about 6–8 nm.

3.2. XRD analysis of the precursor α-ZrP, ZrPNS colloid (wet state),
reassembled ZrPNS, and HRP–ZrPNS film

The XRD pattern of ZrPNS colloid (wet state) was gained as follows:
the ZrPNS colloid was deposited onto an XRD sample holder and
measured at a constant relative humidity of 95%. The XRD patterns of
reassembled ZrPNS and HRP–ZrPNS were obtained from dried ZrPNS
colloid and dried HRP–ZrPNS colloid, respectively. Fig. 2A shows the
XRD patterns of the precursorα-ZrP and ZrPNS colloid (wet state). The
reflections in the XRD pattern of α-ZrP (Fig. 2Aa) correspond to those
expected for a puremonoclinic phase of layeredα-ZrP, and the position
of the 002 peak corresponds to basal spacing of about 0.766 nm. The
information from this XRDpattern indicates that pure phase layeredα-
ZrP has been obtained. As shown in Fig. 2Ab, the peaks disappear in the
pattern of ZrPNS colloid (wet state), proving that α-ZrP has been
successfully delaminated. Fig. 2B shows the XRD patterns of the
reassembled ZrPNS and HRP–ZrPNS film. From Fig. 2Bc, we can see a
reflection of the 002 peak corresponding to a basal spacing of about
0.99 nm, which is the basal spacing of TMA intercalated α-ZrP. The
result shows that ZrPNS will reassemble with TMA after ZrPNS colloid
being dried. As can be seen in Fig. 2Bd, the XRD pattern of dried HRP–
ZrPNS film does not have any peaks. Furthermore, the XRD pattern of
HRP–ZrPNS film shows no peaks at the position of lowest angle (b3°).
The reason is that the added larger HRPmolecules prevent ZrPNS from
reassembling with TMA or HRP and make ZrPNS remain unorderly
structure.

3.3. FTIR analysis of HRP and HRP–ZrPNS hybrid film

As shown in Fig. 3, the positions of amide I and II bands (1650 and
1538 cm−1) of HRP (Fig. 3a) and those of HRP in the HRP–ZrPNS film



Fig. 3. FTIR spectra of (a) HRP, (b) HRP–ZrPNS, and (c) ZrPNS.

Fig. 2. A. XRD patterns of (a) precursor α-ZrP, and (b) ZrPNS colloid (wet state), B. XRD
patterns of (c) reassembled ZrPNS, and (d) HRP–ZrPNS film.

Fig. 1. FESEM image of precursorα-ZrP (A) and AFM imagewith height profile along the
white line of ZrPNS deposited on PEI precoated Si wafer (B).
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(Fig. 3b) are nearly at the same place. However, the absorption
intensity of the amide I band of HRP–ZrPNS is stronger. It is enhanced
by the stretching vibration of H2O in the crystal lattice of α-ZrP at
1620 cm−1, which can be seen in Fig. 3c. The strong adsorption bands
at 960–1200 cm−1 which correspond to the flexible vibrations of P–O
in the layers of α-ZrP are shown in Fig. 3b and c. The results of FTIR
suggest that HRP retains the native structure in the hybrid film.

3.4. Cyclic voltammetric behavior of HRP–ZrPNS/GCE

Fig. 4 shows the cyclic voltammograms (CVs) of bare GCE, ZrPNS
and HRP–ZrPNS films covered GCE in pH 7.0 PBS. There are no redox
peaks for bare GCE or ZrPNS film covered GCE within the potential
windowof −0.7–0V (vs. Ag/AgCl) (in Fig. 4a andb), showing that ZrPNS
are not electroactive in the potential range. A well-defined, nearly
reversible redox couplewith the apparent formal peak potential (E0) of
−0.335V (vs. Ag/AgCl) is observed for theHRP–ZrPNSfilm coveredGCE
(Fig. 4c), which is the characteristic of the HRP heme FeIII/FeII redox
couple. The value of E0 for HRP in this work is very close to those
reported for immobilized HRP entrapped in various films [5,6,11]. The
peak-to-peak separation (ΔEp) is 35 mV (vs. Ag/AgCl) at a scan rate of
50 mV s−1, indicating the nearly reversible direct electron transfer of
HRP heme FeIII/FeII. Both the cathodic peak current (ipc) and the anodic
peak current (ipa) increase linearly with the scan rate up to 300mV s−1

(Fig. 5), which is the characteristic of thin-layer electrochemistry. The
ratios of ipc to ipa are within 0.98–1.02, indicating that there are no
kinetic or other complications in the electrode process, that is, almost
all electroactive met-HRP in the membrane are converted to oxy-HRP
on the forward cyclic voltammetry (CV) sweep and vice versa. By
integration of the anodic peaks in CVs, the charges, and the effective
electrode area, thus the average surface concentration (Γ⁎) of
electroactive species can be calculated. The Γ⁎ of electroactive HRP in
ZrPNS film is estimated to be 1.35×10−10 mol cm−2, which is almost
seven times than that of the theoretical monolayer coverage (about
2×10−11 mol cm−2). This indicates that multilayers of HRP in the HRP–



Fig. 6. Effect of pH on formal potential (E0) of HRP–ZrPNS/GCE in 0.1 M PBS.Fig. 4. Cyclic voltammograms of (a) bare GCE, (b) ZrPNS/GCE, and (c) HRP–ZrPNS/GCE in
0.1 M PBS (pH 7.0), scan rate: 50 mV s−1.
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ZrPNS film have participated in the electron transportation process.
Because the multilayers of HRP were far from the electrode surface, it
was impossible for them to exchange electrons directly with the
electrode [31]. Thus, the electron transportation process most likely
occurred as charge-hopping, which was similar to the heme-contain-
ing LBL films previously reported [32]. The value of Γ⁎ obtained in this
paper is larger than (9.10±0.15)×10−11mol cm−2 of HRP in EastmanAQ
films [5], 2.62×10−11 mol cm−2 of HRP in agarose hydrogel films in
room-temperature ionic liquids [7], and 8.5×10−11 mol cm−2 obtained
atHRP intercalated into layered titanate nanosheetsmodifiedGCE [14],
indicating a high loading of enzyme molecules in ZrPNS films, which
comes from large surface area and many negative charges of ZrPNS.

The electron transfer rate (ks) of HRP (n=1) in the hybrid film was
evaluated based on the equation derived by Laviron [33] for
diffusionless CV with nΔEpb200 mV:

ks ¼ mnFv=RT ð1Þ

Wherem is a parameter related to ΔEp. According to the ΔEp of the
CVs of the HRP–ZrPNS film covered GCE at the scan rate of 300 mV s−1,
the ks value of HRP in this work is 7.8 s−1.

The influence of pH on the voltammetry of HRP–ZrPNS film was
examined (Fig. 6). An increase of pH of PBS from 3.0 to 10.0 causes a
negative shift in both anodic and cathodic peak potentials of HRP–ZrPNS
film, indicating that hydrogen ion is involved in the electrode reaction of
Fig. 5. Cyclic voltammograms of HRP–ZrPNS/GCE in 0.1 M PBS (pH 7.0) at different scan
rates (from inner to outer): 25, 50, 100, 150, 200, 250, 300 mV s−1. Plots of cathodic and
anodic peak currents vs. scan rates are in the left corner.
HRP. In addition, all changes in voltammetric peak potentials and
currentswith pHare reversible. That is, the sameCV curve is reproduced
after immersion in a solution with a different pH and then return to its
original solution. The slopeof theE0 versuspHplot is 47.08mVpH−1. The
value is smaller than the theoretically expected value of 59mV pH−1 for
the transfer of one proton and one electron per heme group during the
electrode reaction. The same results were obtained for HRP-gelatin-
OMIM·PF6/GCE [34] and HRP–PNM/GCE [35]. The clear explanation for
this was not yet known. According to the literature [34,35], it might be
that the influence of the protonation states of trans ligands to the heme
iron and amino acids around the heme, or the protonation of the water
molecule coordinated to the central iron.

The stability of HRP–ZrPNS film was investigated. The electrode
can keep a constant current during sweeping 100 cycles in the blank
PBS. The peak currents decrease about 12% after the electrodes have
been stored in refrigerator at 4 °C for 2 months.

3.5. Electrocatalytic behavior of HRP–ZrPNS/GCE

Electrocatalytic reduction of H2O2 was examined bymeasuring CVs
using the HRP–ZrPNS film modified GCE. Fig. 7 shows CVs of HRP–
ZrPNS filmmodified GCE and ZrPNS covered GCE in the absence or the
presence of H2O2. The cathodic peak (−0.32 V vs. Ag/AgCl) of HRP–
ZrPNS film modified GCE is greatly enhanced in the presence of H2O2,
while the corresponding anodic peak decreases, suggesting that an
electrocatalytic reduction of H2O2 occurred. The ipc value increases
Fig. 7. Cyclic voltammograms of HRP–ZrPNS/GCE in the absence (a) and presence of
0.1 mM (b), and 0.2 mM (c) H2O2, and ZrPNS/GCE in the absence (d) and presence of
0.2 mM (e) H2O2 at a scan rate of 50 mV s−1 in 0.1 M PBS (pH 7.0).
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with increasing the concentration of H2O2. The same phenomenon is
observed in other references [5,6,11,14]. No peaks are observed at the
ZrPNS covered GCE in the presence of H2O2.

The pH dependence of the enzyme electrode was investigated over
the pH range 3.0–10.0 in 0.1 M PBS in the presence of 0.1 mM H2O2.
The optimum biosensor response is achieved at pH 7.0. Lowering or
increasing the pH result in a decrease of biocatalyst activity. This result
is close to those reported for immobilized HRP entrapped in various
films [5,6,11,14,15]. This indicates that the optimum pH value of HRP is
not affected by the film components. Therefore, pH 7.0 has been
selected for the subsequent studies since the maximum response is
obtained at this pH.

To further investigate the bioactivity of immobilized HRP, we used
this biosensor to determineH2O2. Fig. 8 shows the calibration curve, and
the inset picture of Fig. 8 shows the response curve for the biosensor at
optimized conditionson successive injectionof 0.01mMH2O2 to stirring
PBS at pH 7.0. The biosensor achieves 95% of the steady-state current
within 3 s. It ismore rapid than those ofmany othermodified electrodes
[15]. The linear range of the biosensor is 1.3×10−6–1.6×10−2 M H2O2,
with a correlation coefficient of 0.9997 (n=16). The detection limit of the
biosensor is 1.2 μMH2O2 basedon S/N=3. The linear rangeof the enzyme
electrode is wider than those of many enzyme electrodes
[6,11,14,15,36,37]. The wide linear range of the enzyme electrode in
our work may come from the good biocompatibility of ZrPNS, which
makes the immobilized HRPmaintain high biocatalyst activity in awide
range of H2O2 concentration.

The reproducibility of the response of the enzyme electrode was
investigated at a 0.1 mM H2O2 concentration. The relative standard
deviation determined by six analyses of a 0.1 mMH2O2 standard using
a single enzyme electrodewas found to be about 7.0%. For five enzyme
electrodes made from the same batch, a relative standard deviation of
about 3.0% was obtained for the individual current response for the
same sample (0.1 mM H2O2).

The stability of the biosensor under storage was investigated by
measuring the biosensor response with 0.1 mM of H2O2 every 4 days
over 2 months period. Up to 16 days, the current response remains
99% of the initial value. When the modified electrode has been stored
in dry for 60 days at 4 °C, the electrode retains about 85% of its initial
response current to 0.1 mM H2O2, indicating that the enzyme
electrode has a good stability. The long-term stability of the HRP–
ZrPNS modified GCE can be attributed to two reasons. One is that the
large number of hydroxyl groups of ZrPNS will provide an aqueous-
like microenvironment to stabilize the immobilized proteins. The
other is that the ZrPNS has the negative charge, which is contrary to
Fig. 8. Calibration curve of the enzyme electrode. The inset figure shows some ladders
from the dynamic response of the enzyme electrode to successive addition of 0.01 mM
H2O2 to 0.1 M PBS (pH 7.0). The applied potential is −0.25 V vs. Ag/AgCl.
the HRP when pH value is 7.0 (HRP, pI=8.9). The opposite charge can
improve the immobilization of enzyme and prevent the leakage of
enzyme [38,39], so the life-span of the biosensor is increased. The
good storage stability suggests that the ZrPNS are suitablematrixes for
immobilization of HRP to retain its activity and prevent it from leaking
out from the film.

4. Conclusion

ZrPNSwas prepared by the delamination of layeredα-ZrP and used
to immobilize HRP. The results of FTIR indicate that HRP incorporated
in ZrPNS film basically retains its native secondary structure. A well-
defined, quasi-reversible, stable redox couple has been obtained for
HRP in HRP–ZrPNS film. The entrapped HRP exhibits good electro-
activity, bioactivity, and electrocatalytic activity due to the specialities
of ZrPNS, such as the hydrophilic surface, large surface area, and so on.
The HRP–ZrPNS films are stabilized by hydrophilic and Coulombic
interactions between HRP and ZrPNS. The results suggest that ZrPNS
are suitable matrixes for the immobilization of enzymes to retain their
activities. The HRP–ZrPNSmodified GCEmay have potential use in the
fabrication of third generation biosensors and bioreactors.
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