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Here we report a simple, biomolecular-friendly protocol for the fabrication of a hydroxyapatite nanowires
array (HANWA) biosensor of spatial positioning, large surface area, and abundant adsorbing sites and its
application to cyanide sensing. The fabrication of HANWA is performed by template-assisted electrode-
position. The well-aligned hydroxyapatite nanoarray is composed of vertical nanowires with a diameter
of approximately 200 nm and an average length of 1 lm. The electrochemical biosensor for the determi-
nation of cyanide through its inhibitory effect on horseradish peroxidase (HRP) encapsulated by chitosan
(CHIT) on the platform of HANWA is demonstrated. The current organic–inorganic hybrid nanostructure
provides excellent enzyme–substrate contact with enzyme activity well maintained. The densely distrib-
uted HANWA with large surface area and abundant adsorbing sites can provide a favorable electrochem-
ical interface for the construction of electrochemical biosensor. A sensitive detection limit of 0.6 ng ml�1

was obtained for cyanide. The proposed CHIT–HRP/HANWA biosensor has the advantages of spatial res-
olution, high sensitivity, rapid regeneration, and fast response associated with individual nanowires. It
broadens the possible applications of chemosensors and biosensors, and it offers an alternative method
for toxic substance determination. The new device holds great promise for environmental and food
industrial monitoring of toxins.

� 2010 Elsevier Inc. All rights reserved.
Nanostructure materials are very attractive due to their unique
chemical and physical properties and have found potential appli-
cations in nanoelectronic devices, catalysts, and drug delivery/re-
lease. During the past few years, the exploration of synthetic
techniques for the fabrication of nanostructure materials with
controllable morphologies has emerged as a fast-growing subfield
of nanotechnology research. Particular attention has been direc-
ted toward one-dimensional nanostructures, such as nanotubes
and nanowires [1–3], whose properties and effects (e.g., high as-
pect ratio, higher storage and velocity of information transmis-
sion, blue shift of absorption edge of nanoparticles, quantization
of conductance, enhanced mechanical properties) lead to func-
tionalized material arrays and research on transport phenomena
at nanometric scale. The application of nanoarrays for biosensors
is currently an increasing trend; the ingeniously designed nanoar-
ray biosensors bring greatly improved performance [4,5].

Hydroxyapatite [HA,1 Ca5(PO4)3(OH)], a bioceramic analogous to
the mineral component of bone with great biocompatibility and par-
ll rights reserved.

san; HANWA, hydroxyapatite
lycarbonate; PBS, phosphate-
GCE, glassy carbon electrode;
gram; RSD, relative standard
ticular multiadsorbing sites, has been applied extensively in adsor-
bents and protein separation [6–8]. Due to the excellent
biocompatibility and adsorbability, HA has begun to be used in bio-
sensors during recent years. Up to now, HA-based (bio)sensors are
very few in number [9–11]. HA powders are conventionally synthe-
sized by various methods, including solid-state reaction, precipita-
tion and hydrolysis of calcium phosphates, sol–gel, and emulsion
techniques [12]. The size- and shape-dependent nanostructured
HA would ultimately exert the biocompatibility and bioactivity for
the design of nanodevices, relating to the advantages of multiadsorb-
ing sites, large surface area, multifunction ability, and high biocom-
patibility. The polysaccharide biopolymer chitosan (CHIT), due to the
presence of reactive amino and hydroxyl function groups, displays
excellent film-forming ability, high water permeability, good adhe-
sion, and susceptibility to chemical modifications [13,14]. The com-
bination of nanostructured materials and biomaterials for biosensing
is encouraging.

Cyanide is an extremely poisonous compound that can bind to
the iron in cytochrome c oxidase, interferes with electron trans-
port, and results in hypoxia. It is commonly used in industries such
as precious metal mining, metal plating shops, steel mills, and
plastic and fertilizer factories. The various industries worldwide
produce as much as 1.4 million tons of toxic cyanide per year,
which is a dangerous potential contaminant to drinking water,
food, and the environment. Some food plants can also release
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cyanide because of their content of cyanogenic glycosides. Cyano-
genesis is known to occur in the plant genera Prunus, Sambucus, Li-
num, Carica, Phaseolus, and Manihot. Current cyanide detection
methods include titrimetric, calorimetric, potentiometric, and
spectrophotometric determinations as well as flow injection, ion
chromatography, and headspace gas chromatography analyses
[15–20]. In spite of the advantages, these techniques require
expensive instrumentation and highly trained personnel, which
are usually time-consuming and not easily adapted for rapid anal-
ysis. Considering the acute toxicity of cyanide and its potential
contamination in the environment and food, there is a pressing
need for fast accurate detection of cyanide at regulated concentra-
tions. Biosensors could be a reliable and promising alternative to
classical methods because of their simplicity, high sensitivity, rapid
analysis, and good selectivity. The demand for reliable and inex-
pensive methods for food quality assessment is increasing, and
biosensors are ideal candidates for improving food diagnostics
[21].

Biosensors based on the principle of enzyme inhibition have
been applied for a wide range of significant analytes such as pesti-
cides, heavy metal ions, and other toxic compounds [22,23]. The
modulated biocatalytic activity accrued from the enzyme–inhibi-
tor interaction is commonly detected from the decreased electro-
chemical response of the corresponding substrate. Enzyme
inhibitor detectors can be very sensitive to toxic agents, with an
extremely low detection limit that depends on the binding affinity
of the enzyme–inhibitor system.

Here we report a simple, biomolecular-friendly protocol for the
fabrication of a cyanide inhibition biosensor based on hydroxyap-
atite nanowires array (HANWA) with the sensing element of horse-
radish peroxidase (HRP). The fabrication of HANWA is performed
by template-assisted electrodeposition. The biocompatibility, per-
meability, and electron transfer efficiency within the immobiliza-
tion matrix are the main factors consequently affecting the
performance of the biosensor. The combination of HANWA and
CHIT provides an excellent sensing interface for biological sensing
element immobilization and electrochemical transduction with re-
gard to the loading density, orientation, and bioactivity of the bio-
receptor that has contributed to the high sensitivity of the cyanide
biosensor.
Materials and methods

Apparatus and reagents

Track-etched porous polycarbonate (PC, 0.2 lm) membrane
was provided by Whatman. A thin film of gold was sputtered onto
one side of the PC membrane for conductivity before use. HRP
(250 U/mg) was purchased from Kaiyang (Shanghai, China).
Ca(NO3)2, NH4H2PO4, and any other reagents all were of analytical
grade and purchased from Sinopharm Chemical Reagent (Shanghai,
China). The standard stock solution of KCN (100 mg L�1), obtained
from the Hunan Provincial Center of Disease Prevention and Con-
trol, was prepared by dissolving 0.25 g of potassium cyanide in
ultrapure water to 1 L and calibrated with silver nitrate. The con-
centration of cyanide was calculated as the mass concentration
of CN�. (Because cyanide is a dangerous toxic compound, precau-
tions must be taken to prevent any accidental release. The solution
should be kept away from acidity to avoid HCN liberation and
vaporization. Experiments should be performed in a well-aerated
room.) The supporting electrolyte was 10 mM sodium phosphate-
buffered saline (PBS, pH 7.0) containing 0.1 M KCl unless otherwise
stated. Ultrapure water was used throughout with a resistance of
18.2 MX cm.
Scanning electron microscopy (SEM) analysis was performed
using a JSM-5600LV microscope (Jeol, Tokyo, Japan). Electrochem-
ical measurements were carried out on CHI 760B electrochemical
workstation (Shanghai, China). A three-electrode cell (5 ml) was
used with a modified glassy carbon electrode (GCE) as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a platinum foil electrode as the counter electrode.
All potentials were measured and reported versus the SCE, and
all experiments were carried out at room temperature.

Fabrication of the HA nanoarray

GCEs (4 mm diameter) were polished with emery paper and
alumina slurry consecutively, cleaned under bath sonication with
water and ethanol alternatively, and finally rinsed thoroughly with
distilled water. PC template was carefully attached onto the GCE
surface and adhered by silver paint. HANWA was synthesized di-
rectly on GCE by means of cathode electrodeposition with the aid
of PC membrane. The electrodeposition condition was referenced
from previous literature with slight modification [24]. Typical pro-
cedures to fabricate HANWA that were eventually adopted in this
work are as follows: constant cathode current electrodeposition
was performed under a current density of 0.005 mA mm�2 for
5 min in solutions containing 42 mM Ca(NO3)2 and 25 mM
NH4H2PO4, and then the PC template was released by dissolving
in chloroform.

Construction of the enzyme electrode

CHIT solution (0.5 wt%) was prepared by dissolving 0.025 g of
CHIT flakes in 5 ml of acetic acid (1.0%) and was stirred at room
temperature until complete dissolution. Equal volumes of
10 mg ml�1 HRP and 0.5 wt% CHIT were mixed sufficiently, and
8 ll of the mixture was cast onto the surface of HANWA modified
GCE and left to air dry. The fabricated biosensor was stored at 4 �C
when not in use. The modified electrode is denoted as CHIT–HRP/
HANWA/GCE; other denotations are made in a similar manner.

Electrochemical measurements

All electrochemical measurements were performed in a conven-
tional three-electrode system with a modified GCE as the working
electrode, an SCE as the reference electrode, and a platinum foil
electrode as the counter electrode. Cyclic voltammetry was carried
out in 10 mM PBS containing 0.1 M KCl. Alternating current imped-
ance behavior was obtained in 10 mM PBS (pH 7.4) containing
0.1 M KCl and 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] with a frequency
range from 1 to 100,000. Chronoamperometry was performed in
5 ml of PBS by applying a working potential of �0.1 V under con-
stant stirring.

Characterizations of cyanide biosensor’s inhibition performance

Cyclic voltammetric measurements were carried out in the po-
tential range from �0.4 to 0.6 V at a scan rate of 100 mV s�1 in PBS
before and after the addition of H2O2 or cyanide under non-stirring
conditions. Chronoamperometric measurements were carried out
in 5 ml of PBS with H2O2 added. When the catalytic transient cur-
rents decayed to a steady-state value, 5 ll of specific concentration
of cyanide was quickly added. The steady-state catalytic current
was recorded as I0 according to the initial baseline current. The
current response in the case of the specific concentration of cya-
nide due to the inhibition of the enzyme activity was recorded as
I1. The inhibitory signal was correlated to the concentration of cya-
nide. Typical calibration curves were based on the percentage of
inhibition (I) as a function of the concentration of cyanide. The per-



Fig. 2. Nyquist diagrams of electrochemical impedance for the different modifica-
tion stages: (a) bare GCE; (b) GCE modified with HANWA; (c) curve b immobilized
with CHIT–HRP. The frequency range was from 1 Hz to 100 kHz, and the amplitude
of the alternating voltage was 5 mV. All measurements were performed in 10 mM
PBS (pH 7.0) containing 0.1 M KCl and 5 mM K3[Fe(CN)6]/K4[Fe(CN)6].
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centage of inhibition was calculated using the following relation-
ship [22]: I (%) = [(I0 � I1)/I0] � 100, where I0 and I1 are the current
signal before and after cyanide introduction in the presence of the
enzyme substrate (H2O2) and I1 is expected to be smaller than I0 for
the inhibited enzyme activity by cyanide.

Determination of cyanide in real sample

Tap water was used directly for recovery studies without pre-
treatment. The sample of river water, distilled wine, and edible cas-
sava starch was distilled under acidic conditions using alkali
solution for the absorption of hydride cyanide, pretreated by the
standard methods of GB/T 5750-2001, GB/T 5009, 48-2003 and
NY/T 875-2004, and then was analyzed by the proposed biosensor
and the classical calorimetric method. The quantitative principle
of the calorimetric method is that the oxidized cyanide of the CNCl
complex using chloroamine-T can form a blue-colored solution by
the addition of a pyridine–pyrazole or pyridine–barbituric acid re-
agent, which can be determined by the adsorption intensity at
638 nm.

Results and discussion

Morphology of HANWA

The surface topology of the modified GCE was characterized by
SEM. Fig. 1 shows the SEM images of the high-density and well-
aligned nanowires of HANWA. The vertical nanowires of HANWA
are highly regular and ordered, with a diameter of approximately
200 nm and an average length of 1 lm. The diameter of the nano-
wires is in good agreement with that of the PC template’s nanop-
ores. With respect to the high surface area, great biocompatibility,
and particular multiadsorbing sites, HANWA can be applied to fab-
ricate the biosensor effectively. It can be seen that the space be-
tween two neighboring nanowires is significantly larger than
their diameter; so that each nanowire can be worked as an individ-
ual nanoelectrode when immobilized with enzyme [25]. According
to the SEM images, the array density of the nanowires is estimated
to be 5 � 108 cm�2.

Electrochemical characteristics of sensing surface

Electrochemical impedance spectroscopy is one of the most
powerful and sensitive techniques for investigating the features
of surface-modified electrodes. The impedance spectrum includes
Fig. 1. Typical SEM images of the HANWA modified GCE: (A) low-magnification image;
cathode current of 0.005 mA mm�2 for 5 min.
a semicircle portion at higher frequencies corresponding to the
electron transfer-limiting process and a linear part at the low fre-
quencies resulting from the diffusion-limiting step of the electro-
chemical process. The diameter corresponding to the electron
transfer resistance (Ret) can be used to describe the interface prop-
erties of the electrode. Fig. 2 shows Nyquist diagrams of electro-
chemical impedance for the different modification stages. It can
be seen that the bare GCE gives a nearly straight line with an Ret

of approximately 30 X (curve a). With the assembly of HANWA,
the Ret of curve b increases to 527 X, reflecting that the modifica-
tion of HANWA does not essentially affect the interfacial electron
transfer in spite of HA’s nonconductivity. That is, the densely dis-
tributed HANWA with large surface area and abundant adsorbing
sites can provide a favorable electrochemical interface that would
be facilitated for the construction of an electrochemical biosensor.
This might be due to the inherent loose structure and multiadsorb-
ing sites of the HA nanowires. The increase in interfacial transfer
resistance was observed with an Ret of 2422 X (curve c) after
HRP–CHIT immobilized onto the HANWA/GCE. The remarkable
increment of electron transfer resistance indicates that the large
surface area and particular multiadsorbing sites of HANWA facili-
tate the assembly of the HRP–CHIT layer.
(B) high-magnification image. The electrodeposition was obtained under a constant



Fig. 3. CVs of the CHIT–HRP/HANWA biosensor in the following: (a) 10 mM PBS; (b)
the same as curve a with 2 mM H2O2; (c) the same as curve b with 20 ng ml�1

cyanide standing 15 min before measurement for sufficient enzyme inhibition. Scan
rate: 100 mV s�1.

Fig. 4. Dynamic response of the CHIT–HRP/HANWA biosensor to 0.6 mM H2O2 and
the successive addition of specific concentrations of cyanide in 10 mM PBS at a
potential of �0.1 V.

Fig. 5. Lineweaver–Burk plots of experimental results without cyanide (a) and with
10 ng ml�1 cyanide (b). Kinetic data were obtained by increasing levels of H2O2 in 2-
mM increments under stirring.
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The stability of the electrochemical interface was investigated
by successive cyclic voltammograms (CVs) in PBS over a potential
range from �0.4 to 0.6 V at a scan rate of 50 mV s�1. The CHIT–
HRP/HANWA/GCE biosensor is stable without significant current
change during the consecutive 10 CV cycles (not shown).

HANWA with both overall positive and negative surface charges
and particular multiadsorbing sites facilitates the spatially orien-
tating adsorption and film-forming process. Due to well-aligned
HANWA, the binding enzyme is not only abundant but also orderly
in spatial orientation within the biofriendly environment. The
CHIT’s properties of excellent film-forming ability, good adhesion,
biocompatibility, permeability, and high mechanical strength
would also contribute to the performance of the designed biosen-
sor. The current organic–inorganic hybrid nanostructure provides
excellent enzyme–substrate contact with enzyme activity well
maintained.

Enzyme inhibition by cyanide

To investigate the inhibition effect of cyanide on the immobi-
lized HRP, CVs of the CHIT–HRP/HANWA/GCE biosensor were re-
corded in the specific solutions between �0.4 and 0.6 V at a scan
rate of 100 mV s�1, with the results shown in Fig. 3. When hydro-
gen peroxide was added, both the cathodic and anodic currents in-
creased greatly due to the high specific catalysis of HRP (curve b).
With the introduction of cyanide, the cathodic/reductive current
decreased acutely (curve c), indicating the inhibition of HRP activ-
ity by cyanide.

Fig. 4 shows the dynamic responses of the CHIT–HRP/HANWA/
GCE biosensor to 0.6 mM H2O2 and the successive addition of spe-
cific concentrations of cyanide in 10 mM PBS at a potential of
�0.1 V. The start injection of hydrogen peroxide brings a distinct
catalytic reduction current with a rapid steady state. Then the sub-
sequent injections of specific concentrations of cyanide lead to the
gradually decreasing reduction current. A slight current change can
be observed with the addition of 1 ng ml�1 cyanide due to the inhi-
bition of the enzyme. It can be seen from Fig. 4 that the inhibition
signal increases with the increasing concentrations of cyanide. Be-
cause the concentration of H2O2 is certain, the reduction current
depends only on the activity of enzyme. Therefore, the determina-
tion of cyanide can be realized according to the inhibition degree of
cyanide on HRP.

HRP has a heme moiety as the active center to which the imid-
azole ring of the histidine residue is coordinated (fifth coordination
site). The vacant sixth coordination site of the heme iron(III) is the
reaction site for H2O2. Strong ligand of cyano group for heme im-
pedes the approach of H2O2 to the active site; therefore, the H2O2

reduction current is depressed [26]. It allows Michaelis–Menten
analysis of the electrocatalytic reduction of H2O2. In the absence
of cyanide, the HRP electrode generates a constant current signal
at a given peroxide concentration. When cyanide is introduced into
the sample solution, it binds to the immobilized HRP, causing en-
zyme deactivation and, thus, reduced catalytic response. The
apparent Michaelis–Menten constant ðKapp

m Þ of the enzyme reaction
at CHIT–HRP/HANWA/GCE can be calculated amperometrically
according to the Lineweaver–Burk form [27] of the Michaelis–
Menten equation:

1
is
¼ Kapp

m

imax
� 1

C

� �
þ 1

imax
:

Fig. 5 shows the Lineweaver–Burk plots of experimental results in
the absence and presence of 10 ng ml�1 cyanide. The corresponding
values of Kapp

m and imax derived from the linear plots for the uninhib-
ited and inhibited enzymes of the biosensor were 4.90 mM and
721 nA (curve a) and 2.26 mM and 214 nA (curve b). The decrease
in value of both Kapp

m and imax implies a more complicated inhibition
mode that is different from the typical noncompetitive inhibition of



Fig. 7. Effect of pH on the percentage of inhibition to the addition of cyanide
(16 ng ml�1) in PBS containing 0.6 mM H2O2 at a potential of �0.1 V.
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the previous report [28]. It might be related to the characteristic of
one-dimensional HANWA. Further work will be done on this
subject.

Our experiments show that the cyanide inhibition on HRP can
be recovered rapidly by rinsing thoroughly in ultrapure water right
after the inhibition reaction, meaning the repetitious use of the as-
prepared biosensor and suggesting a reversible inhibition of cya-
nide on HRP consistent with the previous report [27].

Cyanide inhibits the bioactivity of HRP with an effect of de-
creased reduction current. The percentage of inhibition was evalu-
ated from the response of the active and inhibited forms of the
enzyme. The immobilization procedure using aligned HANWA in
the current study is biocompatible and spatial orientating; the en-
zyme molecules would effectively participate in the reaction. CHIT
can entrap the enzyme with protection, allow substrate/inhibitor
of fast diffusion, and provide resistance for outside interference
to some degree. The HRP-bioencapsulated CHIT coating is perme-
able to small molecules and allows the detection of electrochemi-
cal active compounds that are present in the solution or generated
during the biological recognition event.

Effect of applied potential

Fig. 6A shows the effect of the potential on the catalytic current
to 2 mM H2O2. It can be seen that the catalytic current decreases
with the increasing potential over the range of �0.2 to 0.15 V.
When taking into account the inhibitory effect, the situation is
not so simple. The degree of enzyme inhibition is a dynamic and
relative process, so an investigation of potential on the percentage
of inhibition was performed with the results shown in Fig. 6B. As
can be seen in Fig. 6B, the inhibition degree (at two concentration
levels of cyanide) is lower in more positive potentials, but the max-
imum value appears at �0.1 V. Therefore, the potential of �0.1 V
was chosen in the current experiment.

Effect of pH

The influence of pH value is a more complex parameter related
to enzyme activity, interface stability, and the existing form of cya-
nide that would directly affect the inhibition performance of the
biosensor. Fig. 7 shows the inhibitory effect over the pH range from
4.9 to 9.2 in the presence of 16 ng ml�1 cyanide. The reasons for pH
7.65 achieving the best inhibitory effect are as follows: first, at this
pH value, HRP retains good activity; second, HANWA and CHIT are
stable in a weak alkaline environment; third, cyanide keeps an an-
Fig. 6. Effect of potential on the reduction response of 2 mM H2O2 in PBS (A) and on t
40 ng ml�1 (a) and 16 ng ml�1 (b) in PBS containing 0.6 mM H2O2 (B).
ion form in this case; and last, but very important, the pH value of
7.65 lies between the isoelectric point of HA (7.3) and that of HRP
(8.3), which would promote the electrostatic constraint between
HRP and HANWA. So, an ideal pH value of 7.65 could be recom-
mended in this work.

Effect of amount of H2O2

The changed amount of H2O2 would dynamically influence the
inhibitory effect. In general, there is a trade-off between the sensi-
tivity and the linear response range. A smaller amount of H2O2 will
generate a smaller current signal by the enzyme electrode, and this
will limit the linear range of the determination of cyanide. An
increasing amount of H2O2 will give a wider response range with
a sacrifice of sensitivity; however, too large an amount of H2O2 will
cause most active centers of the enzyme to be occupied by the sub-
strate and insensible to the inhibitor, and this would not meet the
analytical requirement of cyanide detection. Fig. 8 shows the
dependence of the amount of H2O2 on the percentage of inhibition
to the addition of 8 ng ml�1 cyanide. The H2O2 concentration of
0.6 mM was chosen as a compromise for the assay.

Inhibition performance of cyanide biosensor

Chronoamperometry is a routine method for determining en-
zyme activity and inhibition. Here the decrease of the H2O2 reduc-
he percentage of inhibition to the addition of cyanide at two concentration levels:



Fig. 8. Effect of amount of H2O2 on the percentage of inhibition to the addition of
cyanide (8 ng ml�1) in PBS at a potential of �0.1 V.

Table 1
Data of interference experiments on analysis of 10 ng ml�1 cyanide by the proposed
biosensor.

Test substance Contenta Current ratiob

Cl� 100 0.99
CO3

2� 100 0.99
PO4

3� 100 0.99
SO4

2� 50 0.98
S2� 5 0.65
Na+ 100 0.99
K+ 100 0.99
Hg2+ 10 0.97
Pb2+ 10 0.98
Cd2+ 10 0.82

a Ratio of content for interference to cyanide.
b Ratio of current for the mixtures to cyanide alone.

Table 2
Analysis of spiked tap water by the biosensor (n = 3).

Added (ng ml�1) Found (ng ml�1) Recovery (%) RSD (%)

4.00 3.94 98.5 4.59
10.0 10.2 102.0 1.80
60.0 60.2 100.3 2.94
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tion current serves as a measure of the cyanide concentration from
the external sample solution. The quasi-steady-state current (with-
in 10 min) is measured for each injection to construct the inhibi-
tion calibration curve. The inhibition percentage of the biosensor
is calculated with the equation I (%) = [(I0 � I1)/I0] � 100, where I0

and I1 are the quasi-steady-state currents of 0.6 mM H2O2 in
10 mM PBS (pH 7.65) without and with cyanide, respectively.
Fig. 9 exhibits the calibration curve of cyanide under the optimized
conditions in which the inhibition percentage of the biosensor is a
function of cyanide concentration. The detection range of cyanide
is 2–80 ng ml�1, and the detection limit is 0.6 ng ml�1 obtained
by 10% inhibition.

Selectivity is an important factor in the performance of an inhi-
bition-based enzyme biosensor. Several cations and anions were
measured to examine whether they interfered with the determina-
tion of cyanide. The effect of various possible interferences concur-
rently was investigated by the proposed biosensor for the
determination of 10 ng ml�1 cyanide. From the results shown in
Table 1, it can be seen that these ions will not interfere with the
assay compared with the inhibition of cyanide except sulfide and
cadmium. Further information on the dynamic profile of the inhi-
bition process coupled with the powerful chemometrics method,
as well as the response of the surface to different conditions, will
be the subject of future research.
Fig. 9. Calibration curve of the percentage inhibition versus the concentration of
cyanide under the optimized conditions.
The reliability was checked by testing the spike samples (adding
known amounts of cyanide to tap water), with the satisfactory
recoveries presented in Table 2. To further demonstrate the appli-
cability of the proposed biosensor, cyanide in river sample, dis-
tilled wine, and edible cassava starch was detected by the
proposed biosensor and the calorimetric method. The obtained val-
ues were in good agreement by these two methods (Table 3).

The CHIT–HRP/HANWA/GCE biosensor can be recovered effi-
ciently by a water rinse (�60 s) due to the reversible inhibition
of cyanide on HRP. The regeneration is much more rapid than that
of the related report [29], which was flushed overnight. Even after
30 cycle inhibition reactions, the biosensor can retain its original
inhibition ability. The reproducibility of the proposed sensing sys-
tem was investigated, and the relative standard deviations (RSDs)
obtained for inter- and intra-assay of 20 ng ml�1 cyanide were
1.62% (n = 6) and 4.23% (n = 6), respectively. The operation life
and shelf life of the cyanide biosensor were also investigated.
The biosensor can retain an inhibition percentage close to the ori-
ginal within a single continuous use of 50 times. Long-term stabil-
ity was studied by intermittent use of the storage biosensor, which
was tested twice every day. When not in use, the biosensor was
stored dry at 4 �C. The inhibition percentage to 10 ng ml�1 cyanide
remained relatively constant for the first 20 days. Afterward, the
response to H2O2 began to decrease and the inhibitory effect be-
came unstable.

It should be mentioned that the detection limit of this proposed
biosensor is lower than the detection limits of most reported cya-
nide sensors such as the optical sensor based on the immobiliza-
tion of methyl violet [30] and porphyrin/myoglobin [31], the
Table 3
Determination of cyanide in real sample by the proposed biosensor and the
calorimetric method (means ± SD, n = 3).

Sample Content by the
proposed biosensor
(mg L�1 or mg kg�1)

Content by the
calorimetric method
(mg L�1 or mg kg�1)

River water 0.004 ± 0.001 0.005 ± 0.001
Distilled wine 0.086 ± 0.005 0.082 ± 0.001
Edible cassava starch 2.103 ± 0.016 2. 074 ± 0.011
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piezoelectric quartz crystal microbalance sensor based on the
selective chemical reaction between cyanide and the gold surface
of the piezoelectric crystal [32], the light addressable photoelectro-
chemical sensor based on the n-CdSe electrode with the open
circuit potential determined under illumination [33], the ampero-
metric biosensor based on polyphenol oxidase and
Zn3Al(OH)8Cl clay [34] and HRP/[Zn-Cr-ABTS] redox clay [28] and
based on asolectin, cytochrome c, and cytochrome oxidase modi-
fied carbon paste electrode that mimics a biological membrane
environment [35], and the potentiometric biosensor based on
immobilized cyanidase [36]. The low detection limit, short dura-
tion of time, economical use for reusability, and moderate linear
range imply the successful design of the inhibition biosensor. In
addition, the proposed cyanide biosensor was simple without
coenzyme and extra mediator.
Conclusions

The current biosensor based on CHIT–HRP/HANWA allows not
only high enzyme loading with native conformation but also easy
electron transfer owing to the orderly spatial orientation, large sur-
face area, and porosity. The immobilization of HRP is a hybrid style
entrapping by CHIT on the nanoscale HANWA, which has strong
adsorption with HRP and CHIT. The advantages of the developed
cyanide biosensor, such as small sample size, sensitive detection,
fast response, and rapid regeneration, make it an attractive alterna-
tive for the determination of pollutants in food or the environment
and broaden the possible applications of chemosensors and
biosensors.
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