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Positively charged Ni-Al layered double hydroxide nanosheets (Ni-Al LDHNS) have been used for the
first time as matrices for immobilization of horseradish peroxidase (HRP) in order to fabricate enzyme
electrodes for the purpose of studying direct electron transfer between the redox centers of proteins
and underlying electrodes. X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM) revealed that the HRP-Ni-Al LDHNS film had an ordered structure and that HRP was inter-
calated into Ni—-Al LDHNS with a monolayer arrangement. Field emission scanning electron microscopy

g?f:g?rg:mochemistry (FESEM) showed that the HRP-Ni-Al LDHNS film had a uniform, porous morphology. UV-vis spectroscopy
Electrocatalysis indicated that the intercalated HRP retained its native structure after incorporation in the Ni-Al LDHNS

film. The immobilized HRP in Ni-Al LDHNS on the surface of a glassy carbon electrode (GCE) exhib-
ited good direct electrochemical and electrocatalytic responses to the reduction of hydrogen peroxide
(H202) and trichloroacetic acid (TCA). The resulting H,0, biosensor showed a wide linear range from
6.00 x 107 Mto 1.92 x 10~4 M, low detection limit (4.00 x 10~7 M) and good stability. The results show that
Ni-Al LDHNS provide a novel and efficient platform for the immobilization of enzymes and realizing direct
electrochemistry and that the materials have potential applications in the fabrication of third-generation

Ni-Al LDH nanosheets
Horseradish peroxidase
Biosensor

biosensors.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct electrochemistry of redox proteins has attracted consid-
erable recent attention since it can serve as a model system to aid
in the understanding of electron transfer mechanisms in biological
systems, and also provide a foundation for the construction of third-
generation biosensors and biofuel cells (Armstrong et al., 1988; Jia
et al., 2002; Ivnitski et al., 2006). However, the electroactive cen-
ters of proteins are usually embedded within the macromolecule,
and thus it is difficult for the direct electron transfer between the
electroactive center and the electrode surface to occur. Moreover,
the direct adsorption of proteins onto an electrode surface often
results in their denaturation and consequent loss of electrochem-
ical activity and bioactivity. Therefore, one of the main challenges
in this area is to select a host matrix which can both provide a
suitable microenvironment for proteins and also enhance direct
electron transfer between the proteins and underlying electrodes
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(Yan et al., 2007; Xu et al., 2007). Various materials, such as poly-
mer films (Huang et al., 2002; Liu and Hu, 2003), DNA film (Chen et
al., 2000), nanomaterials (Zhang et al., 2004; Zong et al., 2006), and
mesoporous silicates (Dai et al., 2005; Wu et al., 2007) have been
used for this purpose. In general, inorganic materials are preferred
to organic materials because of their intrinsic advantages such as
possessing a regular structure, and good mechanical, chemical and
thermal stabilities.

Of the wide variety of inorganic materials, layered materials
are very attractive as support matrices for the immobilization of
proteins (Kumar and Chaudhari, 2000; Wang et al., 2004). On the
one hand, their open frameworks provide substrates with con-
venient access to the immobilized enzymes. On the other hand,
the protective environment of the interlayer gallery can effectively
inhibit microbial degradation, hydrolysis, and deamidation, and can
extend the useful lifetime of the bound proteins (Peng et al., 2004).
A variety of proteins have been immobilized within a-zirconium
phosphates, layered niobates, layered titanate, and other layered
hosts (Kumar and Chaudhari, 2002; Gao and Gao, 2007; Zhang
et al., 2007a,b). For example, HRP immobilized in the galleries
of layered a-zirconium phosphates have been shown to exhibit
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enhanced bioactivity and thermal stability (Kumar and Chaudhari,
2002). Modified electrodes formed by intercalation of myoglobin
between layered titanate nanosheets were not only able to function
in extreme pH environments, but also showed direct electrochem-
istry (Zhang et al., 2007a). However, the layers of these materials
are negatively charged and, since proteins often bear an overall
negative charge under physiological conditions, this limits their
usefulness.

Layered double hydroxides (LDHs), also known as hydrotalcite-
like materials or anionic clays, are available as both natu-
rally occurring minerals and synthetic materials (Cavani et
al,, 1991). LDHs may be described by the general formula
(MY _M™M(OH), ]** (A"~ ),,-mH; 0. The host layer is of the brucite
(Mg(OH), )-type, and partial substitution of divalent metal ions, M,
by trivalent ones, MU, yields an excess positive charge, x+, which
is compensated by interlayer counteranions, A"~. The positively
charged layers are therefore able to immobilize negatively charged
biomolecules. In addition, compared with other inorganic matri-
ces, LDHs have a high versatility of chemical and physical-chemical
properties, such as a wide range of possible chemical compo-
sitions, adjustable textural properties and preparation variables
(Evans and Slade, 2005; Forano et al., 2006). These intrinsic proper-
ties make LDHs effective host structures for the immobilization of
biomolecules (Choy et al., 1999; Ren et al., 2002; Barbosa et al.,
2005). Some electrochemical biosensors based on LDHs as sup-
port matrices have been successfully developed, and shown to have
remarkable catalytic performance, such as high sensitivity and a
low Michaelis-Menten constant (Shan et al., 2003, 2004; Vial et
al., 2006; Chen et al., 2007; Colombari et al., 2007). However, most
of the previous work concerns LDH-mediated biosensors. To our
knowledge, no previous studies have been reported of the hetero-
geneous direct electron transfer between the immobilized native
redox proteins in LDHs and electrodes.

LDH nanosheets (LDHNS) have been recently synthesized
by direct delamination of LDHs in the nitrate form (Li et al,,
2005). Restacking of these nanosheets provides a simple and
effective method of intercalating guest anions (especially macro-
biomolecules) into LDHs. In this work, redox-active Ni-Al LDHNS
were chosen as the host matrix and horseradish peroxidase (HRP)
as a model redox protein. Ni-Al LDHNS were restacked by adding
a solution of negatively charged HRP resulting in the intercalation
of HRP into LDHs (referred to HRP-Ni-Al LDHNS). An HRP-Ni-Al
LDHNS-modified electrode was fabricated by casting a suspen-
sion of HRP-Ni-Al LDHNS onto a glassy carbon electrode (GCE).
The electrochemistry of the HRP-Ni-Al LDHNS/GCE was studied in
detail. The electrocatalytic reduction of H,0, and trichloroacetic
acid (TCA) at the HRP-Ni-Al LDHNS/GCE was investigated and
potential applications of the HRP-Ni-Al LDHNS/GCE as an unmedi-
ated electrochemical biosensor for the detection of H,O, and TCA
have been explored.

2. Experimental
2.1. Reagents

Horseradish peroxidase (HRP, 250 U mg~!, pI 7.2) was purchased
from Shanghai Lizhu Dongfeng Biotechnology Co. Ltd. (China).
Poly(vinyl butyral) (PVB) was obtained from Sigma. Hydrogen per-
oxide (30% w/w) was from Beijing Chemical Engineering Plant.
Dilute solutions of H,0, were freshly prepared daily. All other
chemicals were of analytical grade and used as received with-
out further purification. Phosphate buffer solutions (PBS, 0.05 M)
with various pH values were prepared by mixing stock standard
solutions of Na;HPO,4 and NaH;PO4. All aqueous solutions were
prepared with deionized, doubly distilled water.

2.2. Synthesis of Ni-Al LDH nanosheets (Ni-Al LDHNS)

Ni-Al-NO3 LDHs were synthesized by the coprecipitation
method developed by (De Roy et al., 1992). All experiments were
carried out under a stream of N, in order to avoid contamination
by atmospheric CO,. The delamination of Ni-Al-NO3 LDHs was
achieved by dispersing Ni-Al-NO3 LDHs in formamide according
to a published procedure (Li et al., 2005). Typically, Ni-Al-NO3
LDHs (0.1 g) was mixed with 100 mL of formamide in a conical flask,
which was sealed after purging with N, gas. The mixture was then
agitated vigorously for about 3 h at 90 °C. After an appropriate cen-
trifugation procedure (3000rpm), a transparent, well-dispersed
colloidal solution of exfoliated Ni-Al-NO3 LDH (i.e. Ni-Al LDHNS)
was obtained.

2.3. Preparation of HRP-Ni-Al LDHNS electrodes

Prior to coating, glassy carbon electrodes (GCE, diameter 3 mm)
were polished successively with 1.0, 0.3, and 0.05um alumina
powder, sonicated in doubly distilled water, and then dried with
nitrogen. In order to bring about the intercalation of HRP into
LDHNS, the suspension of HRP-Ni-Al LDHNS was prepared by mix-
ing a stock solution of HRP (10mgmL-!, pH 7.5 PBS) with the
colloidal solution of Ni-Al LDHNS (1 mgmL~1)ina 1:1 volume ratio.
The resulting suspension was stored at 4°C in a refrigerator when
not in use. In order to observe good cyclic voltammetric response,
3 L of the suspension of HRP-Ni-Al LDHNS was dropped onto the
surface of a GCE and allowed to dry at room temperature in order to
obtain the HRP-Ni-Al LDHNS/GCE. Similarly, 3 L of Ni-Al LDHNS
(1 mgmL-1) or HRP solution (5mgmL-1) was dropped on the sur-
face of GCE to obtain the Ni-Al LDHNS/GCE or the HRP/GCE for
comparison. The modified electrodes were dipped into an ethanol
solution of PVB (1% w/v) for 1 min in order to enhance the adhesive
ability and the stability of the film. The modified electrodes were
stored at 4°C in a refrigerator when not in use.

2.4. Apparatus

Electrochemical measurements were performed using a CHI
660B electrochemical workstation (Shanghai Chenhua Instrument
Co., China). A conventional three-electrode system was used,
including a modified electrode as working electrode, a platinum
wire as auxiliary electrode, and an Ag/AgCl (3 mol L-1 KCl) electrode
as reference electrode. The working solutions were purged with
purified nitrogen for 20 min before measurement, and a nitrogen
atmosphere was maintained over the solutions during the elec-
trochemical measurements. All measurements were performed at
room temperature.

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/MAX 2500 VB2+/PC X-ray diffractometer with Cu Ka radi-
ation. Field emission scanning electron microscopy (FESEM) images
were obtained with a Hitachi S4700 scanning electron microscope
at an accelerating voltage of 20 kV. High-resolution transmission
electron transfer microscopy (HRTEM) images were recorded on a
Philips TECNAI F20 transmission electron microscope at an acceler-
ating voltage of 200 kV. UV-vis experiments were performed with
a Shimadzu UV-2501 PC spectrophotometer.

3. Results and discussion
3.1. Characterization of HRP-Ni-Al LDHNS film
Since the layers of LDHs are positively charged and HRP (pI

7.2) is negatively charged in pH 7.5 PBS, when the HRP solution
and the Ni-Al LDHNS colloid are mixed the oppositely charged
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Fig. 1. Powder X-ray diffraction pattern of HRP-Ni-Al LDHNS film.

species should assemble due to electrostatic attraction. The XRD
pattern of the HRP-Ni-Al LDHNS film shown in Fig. 1 suggests
that the material has a layered structure with an interlayer spac-
ing of 6.4 nm. The layer thickness of Ni-Al LDHNS is about 0.8 nm
(the sum of the crystallographic thickness of the basal layer of
LDHs (0.48 nm) and that of an adsorbed monolayer (0.3 nm) of
formamide molecules) (Li et al., 2005), so that the gallery height
is 5.6 nm. The observed interlayer distance correlates well with
the size of HRP, 3.0nm x 3.5nm x 6.0nm (Cai et al., 2006), and
is somewhat larger than that observed (Zhang et al., 2007b) for
HRP intercalated between layered titanate nanosheets (HRP-TNS,
4.65 nm). Such a large interlayer spacing should facilitate substrate
access to the bound proteins. Moreover, the FWHM (full width at
half of maximum intensity of the X-ray diffraction profile) of the
XRD peak of HRP-Ni-Al LDHNS film is smaller than that for the
HRP-TNS film (Zhang et al., 2007b), which can be taken to indi-
cate that the distribution of HRP orientation is narrower (Peng et
al., 2004). Such a distribution is important if the substrates are to
effectively access the active sites of bound proteins (Kumar and
Chaudhari, 2000). No diffraction peak was observed in the small-
angle XRD pattern (not shown) of the Ni-Al LDHNS film formed
without adding HRP. The XRD data therefore suggest that a mono-
layer of HRP was intercalated into Ni-Al LDHNS with a uniform
orientation.

Fig. 2A shows a typical FESEM image of the HRP-Ni-Al LDHNS
film which can be seen to be composed of slab-like crystals either
dispersed or assembled to form three-dimensional particles. A
similar morphology was observed for the composite formed by
immobilizing hemoglobin (Hb) in the interlayer galleries of layered
titanate (Wangetal.,2004). The uniform, porous three-dimensional
film formed by HRP-Ni-Al LDHNS should facilitate access of sub-
strates to the bound proteins. An HRTEM image of HRP-Ni-Al
LDHNS, illustrated in Fig. 2B, shows HRP-Ni-Al LDHNS borders with
the inorganic layers being clearly visible. The interlayer distance is
approximately 6 nm, which is in agreement with the value of 6.4 nm
determined by XRD.

UV-vis spectrometry is an effective technique to probe the char-
acteristic structure of proteins. The position of the Soret absorption
band of heme can provide some information about the denaturation
of heme proteins and conformational changes of the heme group
region (George and Hanania, 1953). Fig. S1 shows the UV-vis spec-
tra of HRP under different conditions. No absorption was observed
in the absence of HRP (Fig. S1a). The dry film cast from HRP-Ni-Al
LDHNS on a glass slide showed a Soret band at 402 nm (Fig. S1c),
which is nearly identical to that observed for a native HRP solu-

6 nm

Fig. 2. (A) FESEM image of HRP-Ni-Al LDHNS film. (B) HRTEM image of HRP-Ni-Al
LDHNS composite.

tion. This indicates that the HRP retains the essential features of its
native structure after being immobilized in Ni-Al LDHNS.

3.2. Direct electrochemistry of HRP-Ni-Al LDHNS/GCE

Fig. 3 shows the cyclic voltammograms (CVs) of different
electrodes in 0.05M PBS (pH 7.0) at 0.1Vs~!. No obvious elec-
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Fig. 3. CVs of Ni-Al LDHNS/GCE (a), HRP/GCE (b) and HRP-Ni-Al LDHNS/GCE (c) in
0.05M PBS (pH 7.0) at a scan rate of 0.1 Vs,
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Fig. 4. CVs of HRP-Ni-Al LDHNS/GCE in 0.05M PBS (pH 7.0) at scan rates of
0.02Vs-!, 0.05Vs-!, 0.1Vs~!, 0.2Vs~!, 0.3Vs~!, 04Vs~!, 05Vs~!, 0.6Vs!,
0.7Vs~1,0.8Vs~1,09Vs! and 1.0Vs~! (from inner to outer). Inset: plot of peak
current vs. scan rate.

trochemical response was observed for either Ni-Al LDHNS/GCE
(Fig. 3a) or HRP/GCE (Fig. 3b). However, the HRP-Ni-Al LDHNS/GCE
gave a couple of well-defined quasi-reversible redox peaks at
—0.256V and —0.334V (Fig. 3c), corresponding to the reduction
and oxidation of the electroactive center of the immobilized HRP.
This may be attributed to the HRP intercalated into LDHNS hav-
ing an appropriate orientation to facilitate direct electron transfer
between the electroactive center of HRP and the GCE. The for-
mal potential (E9) of the HRP-Ni-Al LDHNS/GCE, calculated from
the average value of the anodic and cathodic peak potentials, is
—0.295V vs. Ag/AgCl(—0.096 V vs. NHE) in 0.05 M pH 7.0 PBS, which
agrees well with the values obtained for HRP-chitosan (—0.091V
vs. NHE) (Huang et al., 2002), HRP-gluten (—0.091 V vs. NHE) (Liu
and Hu, 2003), and HRP-AQ (—0.090V vs. NHE) (Huang and Hu,
2003) film modified electrodes in a pH 7.0 buffer. This suggests
that the majority of HRP molecules preserve their native structure
after being intercalated into LDHNS and that the interlayer galleries
of LDHNS can provide a biocompatible microenvironment similar
to biopolymers. The potential difference between the two current
peaks (AEp), 78 mV, is lower than that for HRP-TNS (Zhang et al.,
2007b). The small value of AE, can be attributed to the immobi-
lized HRP molecules having a uniform orientation (Li and Dong,
1997; Xiao et al., 2000), which is consistent with the XRD analysis.

The effect of varying the scan rate on the electrochemical
response of the HRP-Ni-Al LDHNS film is shown in Fig. 4. The
anodic and cathodic peak currents were found to be linearly pro-
portional to the scan rate. The peak current was proportional to
the scan rate over the range from 0.02Vs~! to 1.0Vs~! as shown
in the inset of Fig. 4, indicating a surface-controlled process. From
the peak-to-peak separation of the CVs at scan rates ranging from
0.05Vs~! to 0.5V s, the average electron transfer rate constant
ks of HRP immobilized in the Ni-Al LDHNS film was estimated
to be 3.36s~1, according to the model of Laviron (Laviron, 1979)
using the formula ks=mnFv/RT, where n is the number of elec-
trons transferred, F is Faraday’s constant, m is a parameter related
to the peak-to-peak separation, v is the scan rate, R is the gas
constant, and T is the temperature. Here, T=298K and n=1. The
observed value is larger than those of 1.13s~! for HRP immobi-
lized in DNA film (Chen et al., 2000), 0.92 s~ for HRP immobilized
on a hexagonal mesoporous silica matrix (Dai et al., 2005), and
0.66 s~ for HRP coated on a graphite electrode (Ruzgas et al., 1995).
This indicates that the Ni-Al LDHNS facilitates electron transfer
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Fig. 5. CVs of Ni-Al LDHNS/GCE with 0uM (a), 20 uM (b) H,0, and CVs of
HRP-Ni-Al LDHNS/GCE with 0uM (c), 224 uM (d), 62.4 M (e), 102.4 uM (f),
182.4 M (g) H,05 in 0.05M PBS (pH 7.0) at a scan rate of 0.1 Vs~!. Inset: plot of
catalytic peak current vs. H,O, concentration for the HRP-Ni-Al LDHNS/GCE.

between HRP and the electrode. From the integration of the reduc-
tion peak of the HRP-Ni-Al LDHNS/GCE at different scan rates,
the average surface concentration of HRP was calculated to be
6.80 x 10~ mol cm~2, which is larger than the theoretical mono-
layer coverage (2 x 10~ mol cm~2). This suggests that multi-layer
of immobilized HRP in the Ni-Al LDHNS film participate in the
electron transport process.

The influence of varying the solution pH on the CV peak posi-
tion was also investigated. The peak potentials of HRP were found
to depend strongly on the solution pH (Fig. S2). Increasing the
pH of the solution (from 5.0 to 9.0) resulted in a linear negative
shift of the formal potential with a slope of —42.4mV pH~1, which
is similar to that reported for HRP immobilized in grafted zirco-
nia nanoparticle-collagen hybrid materials (Zong et al., 2006). The
value is reasonably close to the theoretical value of —59.0 mV pH~!
at 25°C expected for a reversible, one-proton coupled single-
electron transfer process (Bond, 1980). Thus, the electrode reaction
in the HRP-Ni-Al LDHNS film can be expressed as

HRP-Fe(Ill) + H* +e~ = HRP-Fe(ll) (1)
3.3. Electrocatalytic properties of HRP-Ni-Al LDHNS/GCE

The electrocatalytic reduction of H,O0, at the HRP-Ni-Al
LDHNS/GCE was studied by cyclic voltammetry. Fig. 5 shows the
CVs both in the presence and absence of H,0, at the Ni-Al
LDHNS/GCE and the HRP-Ni-Al LDHNS/GCE in pH 7.0 PBS. No peak
was observed at the Ni-Al LDHNS/GCE in the presence of H,0, in
the potential range 0.2 V to —0.8 V (curve b in Fig. 5). However, at the
HRP-Ni-Al LDHNS/GCE, the reduction peak current increased after
the addition of H,0,, and the oxidation peak current simultane-
ously decreased, indicating the characteristic of the electrocatalytic
activity of HRP in the reduction of H,0,. The reduction peak cur-
rent increased with the concentration of H,0, in solution (curves
c-ginFig.5). Alinearrelationship of electrocatalytic reduction peak
current and H, O, concentration was observed in the concentration
range 6.00 x 10-7 M to 1.92 x 10~4 M (inset in Fig. 5). The calibration
equation can be expressed as i (wA)=0.0272+0.0167¢c (M) with a
correlation coefficient of 0.999 (n = 18). The HRP-Ni-Al LDHNS/GCE
showed a detection limit of 4.00 x 107 M (S/N =3) for biosensing
of H,0,. Compared with HRP immobilized in a TiO, nanoparti-
cle film (Zhang et al., 2004), a TNS film (Zhang et al., 2007b) and
cationic aluminosilicate clays (Li and Hu, 2003), the HRP-Ni-Al
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Fig. 6. CVs of Ni-Al LDHNS/GCE with OpuM (a), 22.2 uM (b) TCA and CVs of
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390.7 wM (g), 726.7 uM (h) TCA in 0.05 M PBS (pH 7.0) at a scanrate of 0.1 Vs~!. Inset:
plot of catalytic peak current vs. TCA concentration for the HRP-Ni-Al LDHNS/GCE.

LDHNS/GCE has a wider linear detection range and lower detection
limit. The reason may be that HRP effectively retains its bioactivity
after immobilization in Ni-Al LDHNS, and the large interlayer gal-
leries of the matrix and three-dimensional porous structure of the
film result in a very low mass transport barrier. When the concen-
tration of H, 0, was higher than 3.32 x 10-4 M, the catalytic current
tended to level off, suggesting a typical Michaelis—Menten process.
The apparent Michaelis-Menten constant (Ky/”), obtained from
the electrochemical version of the Lineweaver-Burk equation, was
0.262 +0.005 mM. This value is smaller than those for HRP immo-
bilized in grafted zirconia nanoparticle-collagen hybrid materials
(Zong et al., 2006) and in TNS films (Zhang et al., 2007b). The low
Ki#P value can be taken to indicate facile access and high affinity of
H,0, to the active site of the immobilized HRP.

The electrocatalytic reduction of TCA at the HRP-Ni-Al
LDHNS/GCE was also investigated by cyclic voltammetry (Fig. 6). On
addition of TCA to the solution, an increase in the reduction peak
current at about —0.334V was seen, accompanied by a decrease
in the oxidation peak current. No redox peak was observed at the
Ni-Al LDHNS/GCE under the same conditions (curve b in Fig. 6).
Thereduction peak current at the HRP-Ni—-Al LDHNS/GCE increased
with the concentration of TCA (curves c-h in Fig. 6). These results
are characteristic of electrochemical catalysis. A linear relationship
between the catalytic reduction peak current and the concentra-
tion of TCA was obtained in the concentration range 9.90 x 10-6 M
to 5.02 x 104 M (inset in Fig. 6). The calibration equation can be
expressed asi(pA)=—-0.00282 +0.000976¢ (M) with a correlation
coefficient of 0.999 (n=38).

3.4. Real sample analysis

As an example of a real sample, the concentration of H,0, in
commercial eyedrops was determined using the biosensor. The
sample was diluted with doubly distilled water in order to give a
concentration of H,0; in the detection limit range. The concentra-
tion of H,0, was calculated to be (0.886 & 0.004) M, which is very
close to the actual concentration specified by the manufacturers
(0.882 M). This suggests that the HRP-Ni-Al LDHNS/GCE biosensor
should be reliable and effective in practical determinations of H, O5.

The concentration of TCA added to tap water was also deter-
mined using the biosensor. 100 WM TCA was added to a tap water
sample. The average recovery of the biosensor was 103% (n=4). The

tap water sample without added TCA did not show a detectable sig-
nal. The possible interference of foreign matter, which might occur
in real samples, was investigated. When the concentrations of Fe3*,
S042-, ascorbic acid, Cl~ and ClO5~ in the sample were 10 times
that of TCA, no significant interference was observed. However in
the presence of the same concentration of phenol, the peak current
showed an increase of approximately 10%. A PbO, coating on the
surface of the modified electrodes could remove the interference
of phenol in the sample.

3.5. Stability and reproducibility of HRP-Ni-Al LDHNS/GCE

The stability of the HRP-Ni-Al LDHNS/GCE was initially eval-
uated by examining the cyclic voltammetric peak currents of
HRP after continuously scanning for 100 cycles. The voltammetric
response remained almost unchanged, indicating that the enzyme
electrode was stable in the buffer solution. The operational sta-
bility of the enzyme electrode in a continuous operation mode at
room temperature was also studied. The response of the enzyme
electrode to 20 wM H, 0, decreased by 8.0% of the initial response
after 5h, and the sensibility decreased by 7.1% of its initial value.
When the enzyme electrode was not used, it was stored at4°Cin a
dry state. The electrode was tested weekly. It retained 93.0% of its
initial current response to H,0O, after a month. The good stability
can be attributed to three factors: (1) LDHNS contains a large num-
ber of hydroxyl groups, which help to maintain the activity of the
enzyme (Li et al., 1998) and can form strong hydrogen bonds with
polar functional groups of the biomolecules which helps to stabilize
the bound enzyme (Vial et al., 2006; Barhoumi et al., 2006). (2) The
positively charged LDHNS effectively immobilizes the negatively
charged HRP because the strong electrostatic interactions prevent
the enzyme from leaking out of the film. (3) The rigid galleries of
the layered inorganic matrix provide a confined space, which may
impose an additional barrier to protein denaturation (Peng et al.,
2004; Zhou and Dill, 2001). In addition, the reproducibility of the
HRP-Ni-Al LDHNS/GCE was also examined for an H,O, concentra-
tion of 20 wM; five enzyme electrodes from the same batch showed
an acceptable reproducibility with a relative standard deviation of
5.0%.

4. Conclusions

HRP has been intercalated into Ni-Al LDHNS by delamination
and restacking, and the direct electron transfer between the inter-
calated HRP and the underlying electrode was studied for the first
time. XRD and HRTEM revealed that the HRP-Ni-Al LDHNS film
involves an ordered layered structure with a monolayer of HRP
intercalated between LDHNS. An FESEM image showed that the
HRP-Ni-Al LDHNS film was uniform and porous. UV-vis spec-
troscopy confirmed that HRP intercalated into Ni—Al LDHNS retains
its native secondary structure. Due to the good biocompatible
microenvironment and the suitable orientation provided by Ni-Al
LDHNS, direct electrochemistry of the intercalated HRP was real-
ized. The HRP-Ni-Al LDHNS/GCE showed good electrocatalytic
activity in the reduction of both H,0, and TCA. The resulting
biosensor showed excellent analytical performance in the deter-
mination of H,0,, with wider linear range, lower detection limit,
smaller Ky value and better stability than previously reported
materials. These characteristics all suggest that Ni-Al LDHNS is an
effective support matrix and suitable for protein immobilization.
The HRP-Ni-Al LDHNS film should have potential application in the
fabrication of third-generation biosensors. The exciting properties
of HRP-Ni-Al LDHNS nanocomposites suggest that the intercala-
tion of other enzymes into LDHNS may lead to wide and promising
applications in biocatalysis and biosensors.
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