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a b s t r a c t

Horseradish peroxidase (HRP) was successfully incorporated into the laponite/chitosan (Chit)-modified
glassy carbon electrode (GCE) using step-by-step self-assembly. The self-assembly processes were mon-
itored by X-ray photoelectron spectroscopy (XPS) and electrochemical impedance spectra (EIS). Direct
electrochemistry and electrocatalysis of the self-assembled HRP were investigated. Cyclic voltamme-
try of HRP/laponite/Chit/GCE, in anaerobic phosphate buffer solution (0.025 M PBS, pH 7.0), displayed a
pair of stable and quasi-reversible peaks at potentials Epa = 0.024 V and Epc = −0.132 V vs. SCE, attributed
irect electron transfer
elf-assembly
aponite
orseradish peroxidase
ulfide

to the HRP-Fe(III)/HRP-Fe(II) redox couple. The electrochemical reaction of the HRP/laponite/Chit/GCE
exhibited a surface-controlled electrode process. The electron transfer rate constant was estimated to
be 1.82 s−1. The self-assembled HRP maintained its biological activity and exhibited an excellent electro-
catalytic performance for the reduction of H2O2 with fast amperometric response (10 s), broad linear
range (2.9 × 10−5 to 1.4 × 10−3 M), good sensitivity (19.7 ± 0.5 mA M−1 cm−2) and low detection limit

−6 to-no
d.
(5 × 10 M) at a signal-
HRP was also investigate

. Introduction

Sulfides (H2S, HS− and S2−) can be found widely in natural
ater samples and wastewater. The long-term action of sulfide in

ow concentrations causes chronic diseases of respiratory tracts,
lood, eyes, skin and digestive disturbance. Thus, the high toxic-

ty of sulfide species and reactivity of sulfide species have made
heir measurement crucial to both analytical and environmen-
al chemists (Titova et al., 2009). A variety of analytical methods
or determining sulfides have been reported to data. These meth-
ds include spectrophotometric (Kosyakov et al., 2010; Čmelik
t al., 2010), chemiluminescence (Safavi and Karimi, 2002), UV-
pectrophotometric (Guenther et al., 2001), ion-chromatographic
Kolotilina and Dolgonosov, 2005).

The electrochemical techniques are particularly attractive as

hey often provide sensitive, unpretentious design, low cost and
ast-responsive detection methods (Lawrence et al., 2000). Yang
t al. have demonstrated the feasibility of quantitatively detect-
ng sulfides through their inhibition effect on an enzyme electrode

∗ Corresponding author. Fax: +86 514 87975244.
E-mail address: danshan@yzu.edu.cn (D. Shan).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.07.051
ise ratio of 3. Moreover, the inhibitory of sulfide to the self-assembled

© 2010 Elsevier B.V. All rights reserved.

based on HRP immobilized on a cysteamine self-assembled mono-
layer (Yang et al., 2004). The inhibitive measurement of sulfides was
performed in the presence of an electron mediator hydroquinone
in 0.067 M PBS (pH 6.5) at an applied potential of −150 mV vs. SCE
(Yang et al., 2004). Nevertheless, the addition of mediator into the
test solution brings more application limitation.

In the present work, we constructed a novel sulfide determina-
tion system based on its inhibitory effect on a reagentless biosensor
for hydrogen peroxide. The direct electron transfer between HRP
molecule and electrode is very difficult to achieve because of the
deeply buried electro-active centers in HRP. Direct electron trans-
fer of protein depends strongly on the immobilization procedure,
the nature of the support, and the properties and the stability
of the biomolecule (Freire et al., 2003; Shan et al., 2009a). The
self-assembly owns unprecedented flexibility to tailor interfacial
properties and presents biologically relevant groups, which makes
it well-suited for control of biomolecular density and orienta-
tion at the solid–liquid interface to obtain better reproducibility

and higher efficiency (Shan et al., 2007). Following our previ-
ous protocol (Shan et al., 2007), herein HRP was incorporated on
laponite/Chit film based on stepwise self-assembly technique.

Chit is a copolymer of glucosamine and N-acetylglucosamine
units; it is a product of partial chitin deacetylation and may

dx.doi.org/10.1016/j.bios.2010.07.051
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:danshan@yzu.edu.cn
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ontain N-acetylated groups. It displays a rare combination of
hysicochemical properties that include the excellent film-forming
bility, high permeability toward water, good adhesion, and bio-
ompatibility (Krajewska, 2004, 2005). Moreover, its amino group
ould react with –COOH through dehydration reaction and cova-
ent assembly on the functional electrode surface (Zhao et al.,
005). Laponite is a synthesized hectorite with the formula of
Mg5.5Li0.5)Si4O10(OH)2(Na+

0.73·nH2O) (Tanabe et al., 1989). It is
ignificantly smaller than naturally occurring clay. Thanks to the
istinguished interfacial properties, this attractive material has
een successfully used to construct the biosensors (Shi et al., 2008;
an et al., 2007; Shan et al., 2002, 2003; Mousty et al., 2001) and
ealize the direct electrochemistry of the enzymes such as xanthine
xidase (Shan et al., 2009a), glucose oxidase (Shan et al., 2009b)
nd hemoglobin (Shan et al., 2007). Chit is positively charged in
queous acidic media (pH < 6.5), negatively charged laponite can
e anchored on the Chit-modified electrode via electrostatic attrac-
ion. The isoelectric point of HRP was reported at pH 8.9 (Zhou et al.,
002); at pH 6.0, the enzyme is positively charged. Therefore, the
nal incorporation of HRP into laponite/Chit film modified elec-
rode can be readily achieved. The self-assembly of the stepwise
ourses was monitored by XPS and EIS.

. Experimental

.1. Materials

Horseradish peroxidase (HRP) (EC 1.11.1.7, type II, 140 U mg−1)
as purchased from Amresco. Chitosan (Chit, MW ∼1 × 106;

90% deacetylation) was obtained from Shanghai Reagent Com-
any (China). Laponite (monovalent cation exchange capacity:
EC = 0.74 mmol g−1) was obtained from Rockwood Specialities

nc (Princeton, NJ). All other chemicals were of analytical grade
nd used without further purification. H2O2 was freshly prepared
efore being used. Phosphate buffer solution (PBS) was 0.025 M
2HPO4 and KH2PO4 and its pH was adjusted with H3PO4 or KOH
olutions. Twice-distilled water was used through out the experi-
ent.

.2. Measurements and apparatus

A CHI 660 electrochemical workstation (CH Instruments) was
sed for cyclic and amperometric voltammetry. A three-electrode
ell was used with a saturated calomel electrode (SCE) as ref-
rence electrode, a platinum wire as counter electrode, and the
odified GCE (diameter 3 mm) as working electrode on which
RP/laponite/Chit film was successively immobilized. Electrolytic

olutions were purged with highly purified nitrogen for at least
0 min prior to the series of experiments. A nitrogen environment
as then kept over solution in the cell to prevent the contact of

he solution from oxygen. X-ray photoelectron spectroscopy (XPS)
easurements were performed on ESCALab220I-XL spectrometer
ith Al Ka X-ray radiation as the X-ray source for excitation and

nalyzer pass energy of 20 eV. Electrochemical impedance spectra
EIS) measurements were conducted using an Autolab/PGSTAT30
ith a three-electrode system. The EIS measurements were per-

ormed in 5 mM Fe[(CN)6]3−/4− containing 0.1 M KCl. The amplitude
f the applied sine wave potential was 5 mV. The impedance mea-
urements were recorded at a bias potential of 180 mV within the
requency range of 0.05 –10 kHz.
.3. Preparation of HRP/laponite/Chit/GCE

To obtain good cyclic voltammetric responses of
RP/laponite/Chit/GCE, the following conditions were optimized

n control experiments. A 1.0-wt% Chit solution was prepared by
ectronics 26 (2010) 536–541 537

dissolving Chit flakes in 0.5-wt‰ acetic acid (HAc). The laponite
colloid suspension (0.5 mg ml−1) was prepared by dispersing
laponite in deionized water with stirring overnight. HRP was dis-
solved in 0.025 M PBS (pH 6.0) with a concentration of 2 mg ml−1.
Prior to use, a 3-mm-diameter glassy carbon electrode (GCE) was
polished on a polishing cloth with alumina of successively smaller
particles (1.0 �M diameter). Then the electrode was cleaned by
ultrasonication in deionized water. After that, it was oxidized
at 1.5 V for 5 min in the solution containing 10% HNO3 and 2.5%
K2Cr2O7, by which –COOH could be formed on the surface of GCE.
After washed with water, GCE was immersed into Chit solution for
about 10 h at 50 ◦C. The resulting electrode was then dipped into
laponite solutions for 10 h; finally, the laponite/Chit-modified GCE
was incubated into HRP solution for about 12 h to attach proteins.
The resultant electrode is denoted as HRP/laponite/Chit/GCE. All
the protein electrodes were washed with water and stored in
0.025 M PBS (pH 7.0) at 4 ◦C when not in use.

2.4. Inhibitive measurement procedure

The HRP/laponite/Chit/GCE was dipped into a stirred 0.025 M
PBS (pH 7.0) for 20–30 min until a stable baseline output signal was
reached. Determine the initial current response (I1) of the biosensor
to H2O2 solution of a given concentration (i.e. 0.5 mM). Determine
the current response (I2) of the biosensor to the H2O2 solution
of the same concentration in the presence of sulfide. The degree
of inhibition (Inhibition %) is then calculated by making a com-
parison between the current responses before and after addition
of inhibitor according to the equation generally used (Shan et al.,
2004a,b):

Inhibition (%) = I1 − I2
I1

× 100

Each experiment was repeated at least three times and a rela-
tive standard deviation of the output signal was estimated to be
not more than 5%. The control experiment for H2O2 without the
inhibitor was performed after each inhibitor measurement.

3. Results and discussion

3.1. Characterization of the self-assembled HRP/laponite/Chit film

3.1.1. XPS measurements
XPS measurements were performed to obtain the elemental

composition of the self-assembled films in the stepwise course in
order to confirm the immobilization of each layer. Fig. 1 presents
the XPS survey scans of the surface for the functional GCE (a),
Chit/GCE (b), laponite/Chit/GCE (c), and HRP/laponite/Chit/GCE (d)
in the range of 0–1000 eV. The functional GCE surface shows C1s and
O1s, the latter is attributed to –COOH formed by the electrochem-
ical oxidation of bare GCE in the solution containing 10% HNO3
and 2.5% K2Cr2O7 (Fig. 1a). The main elements of Chit/GCE sur-
face are C, O and N (Fig. 1b). N1s stems from the amino group of
Chit. The observed elements Na and Mg in Fig. 1c are due to the
electrostatic self-assembly of laponite on the Chit-modified GCE.
The self-assembly of HRP in the laponite/Chit film can be further
demonstrated by the element Fe in the XPS survey scan of the
HRP/laponite/Chit/GCE (Fig. 1d).

3.1.2. Electrochemical impedance spectroscopy
EIS can provide useful information about the impedance
changes of the electrode surface during the fabrication process (Fan
et al., 2007). The Nyquist plot of the EIS includes a semicircular
portion and a linear portion. The semicircular portion at higher
frequencies corresponds to the electron-transfer-limited process
and its diameter is equal to the electron transfer resistance (RCT),
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Fig. 1. The XPS complete spectroscopy of (a) the functional GCE

hich controls the electron-transfer kinetics of the redox probe
t the electrode interface (Bard and Faulkner, 2001). Fig. 2 dis-
lays the Nyquist plots of the EIS of a bare GCE (a), Chit/GCE (b),

aponite/Chit/GCE (c), and HRP/laponite/Chit/GCE (d) in 5.0 mM
3Fe(CN)6/K4Fe(CN)6 (1:1) containing 0.1 M KCl. Changes of the

mpedance spectra are observed in the course of stepwise modifi-
ation of the electrode, and the RCT values of the bare GCE, Chit/GCE,
aponite/Chit/GCE, and HRP/laponite/Chit/GCE are ca. 241, 635,
319 and 2011 �. The increased RCT implies the increased interfa-

ial resistance due to the self-assembled non-conductive molecules
n the stepwise self-assembly. The dramatically increased RCT in the
ast process of self-assembly indicates that the successful immobi-
ization of HRP via self-assembly.

ig. 2. Electrochemical impedance spectroscopy of bare GCE (a), Chit/GCE (b),
aponite/Chit/GCE (c), and HRP/laponite/Chit/GCE (d) in 0.1 M KNO3 solution con-
aining 5.0 mM Fe(CN)6

3−/Fe(CN)6
4− (1:1).
hit/GCE, (c) laponite/Chit/GCE, and (d) HRP/laponite/Chit/GCE.

3.2. Direct electrochemistry of HRP/laponite/Chit-modified GCE

Fig. 3 shows the cyclic voltammogarms of the bare GCE (a) and
the self-assembled HRP/laponite/Chit/GCE (b) in 0.025 M PBS (pH
7.0) under the anaerobic condition at a scan rate of 100 mV s−1.
A pair of well-defined redox peaks, which can be ascribed to the
electron transfer between the self-assembled HRP and the under-
lying electrode, is observed at the HRP/laponite/Chit-modified GCE
(curve b in Fig. 3). The anodic peak potential (Epa) and cathodic
peak potential (Epc) are located at 0.024 and −0.132 V, respec-
tively. Its formal potential (defined as the average of Epa and Epc),
E0′

, is ca. −0.054 V (at 100 mV s−1), which is positive than those
obtained for native HRP in solution (Harbury, 1957), HRP at TiO2
nanotube arrays (Wu et al., 2008), and Clay-HRP-Clay/AuCs-GCE
(Zhao et al., 2008). This phenomenon may be ascribed to the elec-
trostatic interaction between the positively charged HRP and the
negatively charged laponite nanoparticles that strongly affect the
heme microenvironment (Wu et al., 2008; Zhao et al., 2008). In
addition, this redox signal is quite stable, the peak height and
peak potential of the self-assembled HRP/laponite/Chit film have
remained nearly unchanged, and the amount of degradation after
50 cycles in N2-saturated PBS with a scan rate of 100 mV s−1 was
less than 1%.

The effect of scan rate on the response of the self-assembled
HRP is shown in Fig. 3B. Peak currents vary linearly with the scan
rates in a range from 20 to 1200 mV s−1, as shown in the Inset
I of Fig. 3B. The linear regression equations are Ipa (�A) = 27.29�
(V s−1) + 1.15, R2 = 0.9987 (n = 10); Ipc (�A) = −27.33� (V s−1)−1.07,
R2 = 0.9988 (n = 10), respectively. This suggests that the electron
transfer process for the self-assembled HRP/laponite/Chit/GCE is
a surface-confined mechanism in the potential scope mentioned

above. According to the slope of the Ip–� curve and the fol-
lowing equation Ip = n2F2�A� /4RT (Laviron, 1979), where � is
the average surface coverage of the electrode redox substance
(mol cm−2), and A the electrode area (0.07 cm2), n, F, R and T have
their same meaning. For this electrode, the � is estimated to be
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Fig. 3. (A) Cyclic voltammograms of bare GCE (a) and HRP/laponite/Chit/GCE (b)
in 0.025 M PBS (pH 7.0) at a scan rate of 100 mV s−1. (B) Cyclic voltammograms of
the self-assembled HRP/laponite/Chit-modified GCE in 0.025 M PBS (pH 7.0) at var-
ious scan rates. The scan rate from inner to outer are (a) 20 mV s−1, (b) 50 mV s−1,
(
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c) 80 mV s−1, (d) 100 mV s−1, (e) 200 mV s−1, (f) 300 mV s−1, (g) 500 mV s−1, (h)
00 mV s−1, (i) 1000 mV s−1, and (j) 1200 mV s−1. Inset I: The plot of anodic and
athodic peak currents vs. scan rates. Inset II: the relation between the peak poten-
ials and logarithm of �.

.16 × 10−10 mol cm−2, which is much larger than those obtained
y HRP/CeO2/Chit/GCE (7.06 × 10−11 mol cm−2) (Xiao et al., 2009),
RP in titanate nanosheet (8.60 × 10−11 mol cm−2) (Zhang et al.,
007), and HRP immobilized on a cationic gemini surfactant-
olyvinyl alcohol composite film (1.49 × 10−10 mol cm−2) (Liu et
l., 2009). As the theoretical value of monolayer coverage of HRP
s about 5.1 × 10−11 mol cm−2 (Yamazaki et al., 1978), the exper-
mental value is much higher than the theoretical one. Thus

ultilayer of HRP must be assembled and participate in the elec-
rode reaction. Inset II of Fig. 3B shows the relationship between
he peak potential Ep and the natural logarithm of scan rate ln�
or HRP/laponite/Chit/GCE in 0.1 M PBS (pH 7.0). Based on the data

btained from Inset II of Fig. 3B and according to Laviron equation
Laviron, 1979):

p = E0′ + RT

˛nF
− RT

˛nF
ln �
ectronics 26 (2010) 536–541 539

where ˛ is the cathodic electron transfer coefficient, n is the
number of electron, R, T and F have their usual meanings
(R = 8.314 J mol−1 K−1, T = 298 K, F = 96, 493 C mol−1), and ˛n was
calculated to be 0.385. Given 0.3 < ˛ < 0.7 in general (Ma et al., 2000),
it could be concluded that n = 1 and ˛ = 0.385. So, the redox reac-
tion between HRP and GCE was a single electron transfer process.
In order to calculate the value of apparent heterogeneous electron
transfer rate constant (ks), the following Laviron equation was used
(Laviron, 1979):

log ks = ˛ log(1 − ˛) + (1 − ˛) log ˛ − log
RT

nF�
− ˛(1 − ˛)nF�Ep

2.3RT

where ˛ is the electron transfer coefficient, n is the number
of electron �Ep is the separation of the redox peaks, � is the
scan rate, R, T and F have their usual meaning, ks was calcu-
lated to be 1.82 s−1. This value is comparative to that obtained
at ZnO-GNPs-Nafion-HRP/GCE (1.94 s−1) (Xiang et al., 2009), HRP-
AuNPs-SF/GCE (1.84 s−1) (Yin et al., 2009), and higher than that
obtained at HRP/MB/WSGE (0.12 s−1) (Lin et al., 2000) and HRP-
Au-SPCE (0.75 ± 0.04 s−1) (Xu et al., 2003). This implies further that
the fast electron transfer between HRP and GCE has been achieved
by the self-assembled system based on laponite/Chit.

It is well known that the redox reaction of HRP-heme
undergoes a one-electron coupled with one-electron mecha-
nism. Thus, the electrochemical behaviors of the self-assembled
HRP/laponite/Chit/GCE should be pH dependent. In the range of
pH (4.0–9.0), the HRP/laponite/Chit/GCE can exhibit a pair of sta-
ble and well-defined redox peaks. An increase of solution pH from
pH 4.0 to 9.0 led to a negative shift of both oxidation and reduc-
tion peak potentials (Fig. 4A). The linear regression equation is
E0′

= −0.049 pH + 0.2554 (R2 = 0.9934) (Fig. 4B). The slope of −49 mV
pH−1 is slight different from the theoretical value of −58.6 mV pH−1

expected for a one-proton accompanied with one-electron redox
reaction process. It might be attributed to the special ion-exchange
ability of laponite. Laponite can exchange cations, and protons as
well (Shan et al., 2007). The number of charges at the clay sur-
face varies with pH, and then resulted in the different amount of
exchanged protons (Pecorari and Bianco, 1998).

3.3. Electrocatalysis of HRP/laponite/Chit/GCE to reduction of
H2O2

The determination of hydrogen peroxide is of great importance
in chemical, biological, clinical, food, and environmental fields. The
electrocatalytic properties of the enzyme electrode towards H2O2
are shown in Fig. 5. When H2O2 was injected to blank PBS, the
onset of H2O2 reduction occurred near −0.3 V and the cathodic
peak at around −0.65 V were observed (curve a–e of Inset A). Nev-
ertheless, no direct reduction of H2O2 was found at HRP-free film
electrode (laponite/Chit/GCE) in the presence of H2O2 at the same
potential range. Thus, the catalytic current stems from the elec-
trocatalytic reduction process of H2O2 by the self-assembled HRP
electrode. Furthermore, the cathodic current increased with the
increasing H2O2 concentration. These results further confirm that
HRP self-assembled in the HRP/laponite/Chit film had good bioelec-
trocatalytic activity towards H2O2.

According to previous reports (Ghamouss et al., 2006; Yin et al.,
2009), the mechanism of electrocatalytic reduction of H2O2 in this
work can be expressed as follows:

HRP(FeIII) + H2O2 → Compound I(FeIV = O, P•+) + H2O (1)
Compound I(FeIV = O, P•+) + H2O2 → HRP(FeIII) + O2 (2)

HRP(FeIII) + e− → HRP(FeII) (at electrode) (3)

HRP(FeII) + O2 → HRP(FeII–O2) (fast) (4)
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Fig. 4. (A) Cyclic voltammograms of the self-assembled HRP/laponite/Chit/GCE in
0.025 M PBS at 25 ◦C with different pH values of 4, 5, 6, 7, 8 and 9. Scan rate:
100 mV s−1. (B) The effect of pH on Epa, Epc and the formal potential of the self-
assembled HRP/laponite/Chit/GCE in 0.025 M PBS at 25 ◦C. Scan rate: 100 mV s−1.

Fig. 5. Typical steady-state response of the self-assembled HRP/laponite/Chit/GCE
on successive injection of H2O2 into 10 ml of stirring 0.025 M PBS (pH
7.0). Applied potential: −0.45 V vs. SCE. Inset A: Cyclic voltammograms of
(a) HRP/laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing no H2O2; (b)
HRP/laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing 0.3 mM H2O2; (c)
HRP/laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing 0.75 mM H2O2;
(d) HRP/laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing 1.75 mM H2O2;
(e) HRP/laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing 2.5 mM H2O2;
(f) laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing no H2O2 and (g)
laponite/Chit/GCE in 0.025 M PBS (pH 7.0) containing 2.5 mM H2O2; scan rate:
100 mV s−1. Inset B: the linear plot of calibration curve of the proposed electrode
to H2O2. Inset C: linear curve of I−1 vs. [H2O2]−1.
ectronics 26 (2010) 536–541

HRP(FeII–O2) + 2e− + 2H+ → HRP(FeII) + H2O2 (at electrode) (5)

In Eqs. (1) and (2), H2O2 acts as an oxidant and reductant, respec-
tively, in which, HRP(FeIII) is oxidized by H2O2 to produce an
intermediate of compound I(FeIV = O, P•+) firstly, then Compound
I is reduced by H2O2 through at a two-electron transfer path-
way and produce native HRP(FeIII) again and O2. After HRP(FeIII)
accepting one electron from electrode to form HRP(FeII) shown as
Eq. (3), HRP(FeII) reacts with O2 in solution very rapidly to from
HRP(FeII–O2), which then undergoes electrochemical reduction at
the electrode at the same potential as that of HRP(FeIII) reduction,
producing H2O2 and HRP-Fe(II) again and forming a catalytic cycle
with Eq. (4). H2O2 produced in Eq. (5) will participate in Eq. (1) or
(2) to produce O2 which will then induce or promote the catalytic
cycle of Eqs. (4) and (5).

The electrocatalytic reduction of hydrogen peroxide at
HRP/laponite/Chit/GCE was also studied by amperometry, which
is one of the most widely employed techniques for biosensor.
Background current increased as the potential became more sig-
nificant from −0.45 to −0.65 V. In addition, an optimum ratio
of response-to-background current was observed at −0.45 V.
Therefore, the amperometric measurement of the self-assembled
HRP/laponite/Chit/GCE to H2O2 at an applied potential of −0.45 V
upon successive addition of H2O2 into stirring 0.025 M PBS (pH 7.0)
was performed (Fig. 5). Upon the addition of an aliquot of H2O2 to
the buffer solution, the reduction current increases steeply to reach
a stable value. The proposed self-assembled electrode achieves 95%
of the steady-state current within 10 s. The response to H2O2 is
linear in the range from 2.9 × 10−5 to 1.4 × 10−3 M, and with a
linear regression equation for i (�A) = 1.34 [H2O2] (mM) + 0.091,
R2 = 0.9949 (n = 10) (Inset B of Fig. 5). The relative standard deviation
(RDS) is 1.8% for n = 10. The linear range is wider than that obtained
based on the direct electrochemical behavior of HRP immobilized
on a gelatin-hydrophobic ionic liquid gel films (Yan et al., 2007)
and that based on immobilized in a zirconia enhanced grafted
collagen trihelix scaffold (Zong et al., 2006). The sensitivity was
calculated to be 19.7 ± 0.5 mA M−1 cm−2. A low detection limit of
5 × 10−6 M was determined at a signal-to-noise ratio of 3, which is
lower than that of 12.89 �M of HRP immobilized in sol–gel-derived
ceramic–carbon nanotube nanocomposite film (Chen and Dong,
2007) and 9.0 �M of HRP based on clay–chitosan–gold nanoparticle
nanocomposite (Zhao et al., 2008).

The apparent Michaelis–Menten constant, which gives an indi-
cation of the enzyme-substrate kinetics, could be obtained from the
electrochemical version of the Lineweaver–Burk equation (Kamin
and Willson, 1980):

1
Iss

= 1
Imax

+ Kapp
M

ImaxC

where Iss is the catalytic current, C is the bulk concentration of the
substrate, Imax is the maximum catalytic current under saturated
substrate conditions, and Kapp

M is the apparent Michaelis constant.
Kapp

M value for HRP/laponite/Chit film self-assembled modified GCE
was found to be 2.14 mM, based on the slope and the intercept of
the 1/Iss versus 1/C plot (Inset C of Fig. 5).

3.4. Inhibitory effect of sulfide

Sulfides as inhibitor to HRP have long been established (Zhao
et al., 1996; Yang et al., 2004). Thus, for the further compre-
hensive studies the biocatalytic behavior of the self-assembled

HRP/laponite/Chit/GCE, we evaluated the inhibitory effect of sul-
fide. Upon the addition of sulfide to the test solution containing
H2O2, the catalytic current decreased dramatically (curve c in
Fig. 6). This phenomenon is indicative of the effective inhibitory
of the immobilized HRP by NaS2. However, the mechanism for
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Fig. 6. Cyclic voltammograms of the self-assembled HRP/laponite/CHT/GCE at dif-
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erent stages: (a) the electrode in 0.025 M PBS (pH 7.0); (b) the same as (a) containing
.5 mM H2O2; (c) the same as (b) with 25 �M Na2S added; scan rate: 100 mV s−1.

nset: inhibition calibration curve for sulfides determination with the proposed
iosensor, the concentration H2O2 fixed as 0.5 mM.

his inhibition is not yet fully understood. As suggested by Zhao
t al., sulfides were able to directly attack the heme group, causing
uch more severe inactivation by blocking the active site of HRP,

nd therefore inhibiting the reduced current of H2O2 (Zhao et al.,
996). Thus, the self-assembled HRP/laponite/Chit/GCE can be used
o monitor the trace of sulfides via inhibition.

A typical inhibition calibration curve for the determination of
ulfide is shown in inset of Fig. 6. HRP inhibition increased signif-
cantly with the addition of sulfide. The linear range is 0.2–8 �M

ith a slope of 7.801 (% �M−1) and a correlation coefficient of
.978 (n = 8). A maximum inhibition of about 70.4% was obtained
or 20 �M sulfide. IC50, i.e. the concentration of the inhibitor corre-
ponding to 50% of the inhibition signal was calculated to be 5.3 �M
rom the data of inset of Fig. 6.

. Conclusion

The immobilization of HRP can be readily achieved by step-
y-step electrostatic self-assembly based on Chit and laponite
anoparticles. Chit and laponite serve as the important roles of
scaffold” in the architecture of the proposed electrode. In this
onfiguration, the electrostatic interaction between negatively
harged laponite and positively charged HRP can strongly affect
he heme microenvironment, resulting in the stable signal; it can

lso lead to a higher available loading of HRP. Moreover, the
aponite/Chit composite film can offer a friendly microenviron-

ent for the entrapped enzyme. The applicability of the proposed
iosensor as assay of sulfide was tested based on catalytic inhibition
rinciple.
ectronics 26 (2010) 536–541 541
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