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a b s t r a c t

A novel nitrite biosensor was successfully prepared via immobilizing Cytochrome c (Cyt c) onto
the multi-walled carbon nanotubes–poly(amidoamine) (PAMAM)–chitosan (MWNT–PAMAM–Chit)
nanocomposite modified glass carbon electrode (GCE). Ultraviolet and visible (UV–vis) absorption spec-
trum, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to examine
the native conformation and bioactivity of the immobilized Cyt c, and the electrochemical properties of
the modified electrodes, respectively. The results indicate that the immobilized Cyt c retained its native
characters, and the MWNT–PAMAM–Chit nanocomposite is a good platform for the immobilization of Cyt
c as well as an excellent promoter for the electron transfer between Cyt c and electrode. The high reactive
Cyt c �-cation, which can oxidize NO2

− into NO3
− in the solution, is generated at higher potential (>0.7 V)
MWNT–PAMAM–Chit nanocomposite based on the further oxidation of Cyt c. The nitrite biosensor showed a fast response to nitrite (about 5 s)
in two concentration intervals, one was from 0.1 to 29 �M, and the other from 29 to 254 �M. The low
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detection limit of 0.01 �M

. Introduction

The development of catalytic electrode materials for the deter-
ination of nitrite is receiving considerable attention due to the

otential toxicity of its anion, which can easily interact with amines
o form toxic and carcinogenic nitrosoamines (Konstantinou et
l., 2006; Vishnuvardhan et al., 2008). Many methods for nitrite
etermination have been developed (Moorcroft et al., 2001), such
s spectroscopic analysis, capillary electrophoresis, polarographic
nalysis and chromatography, etc. However, it must be pointed
ut that these centralized and sophisticated analytical systems
eed complicated process and expensive instruments. Owing to the
apid response, high sensitivity, low-cost, time-saving and simple
se, much attention has been paid to the development of high-
erformance nitrite sensors (Cao and Wang, 2009; Huang et al.,
008), especially biosensors (Dai et al., 2008; Zhao et al., 2006;
lmeida et al., 2007; Yang et al., 2005; Wu et al., 1997). Most nitrite

iosensors were attributed to the catalysis of proteins for the reduc-
ive reaction of nitrite. But few investigations for electrochemical
xidation of nitrite were reported due to the required undesir-
ble high overvoltages. Recently, the first nitrite biosensor based
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on Cytochrome c (Cyt c) was fabricated which showed excellent
biocatalytic oxidative property to nitrite (Geng et al., 2008). This
study opened up a new prospect for the determination of nitrite, at
the same time, a new field for the application of Cyt c.

Cyt c, a pseudo-spherical basic redox protein with relatively
small size (2.6 nm × 3.2 nm × 3.0 nm), plays an important role in the
biological respiratory chain, whose function is to transfer electrons
between membrane-bound enzyme complexes of Cyt c reductase
and Cyt c oxidase (Hartmann, 2005; Oellerich et al., 2002; Ochiai,
1997). It is well known that Cyt c has the ability to electrocatalyze
the reduction of hydrogen peroxide (H2O2). But more and more
studies have discovered its potential application for the detection of
other substances, such as nitric oxide (Koh et al., 2008), superoxide
radical anion (Ding et al., 2007), halogen oxyanions, ascorbic acid
(AA) and l-cysteine (LC) (Shie et al., 2008), indicating that the search
for further application of Cyt c is still of considerable interest. As a
relatively simple metalloprotein, Cyt c is an ideal model for studying
biological electron transfer processes (Moore and Pettigrew, 1990).
However, it is difficult for Cyt c to undergo a facile redox process at
conventional electrodes. The important reason is that not only elec-

troactive center was deeply buried, but also both electrochemical
activity and bioactivity would be denatured and damaged when
the protein adsorbed on the electrode surface (Lin et al., 2008).
The first promoter, 4,4′-bipyridyl, for the electrochemical study of
Cyt c at a gold electrode was reported in 1977 (Eddowes and Hill,
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977). Since then, many other compounds were found to be seized
f the promoter action such as sulfur bridged bipyridines (Taniguchi
t al., 1982), bis(4-pyridyl)disulfide and purine (Taniguchi et al.,
984). Recently, a mass of studies have been reported in order to
mprove the direct electron transfer between Cyt c and electrode

ainly based on the modification of electrodes with various elec-
ron transfer mediators. The modification of electrodes with Cyt c
asically followed two strategies: (i) electrostatic adherence, such
s the modified electrodes reported in the references (Zhu et al.,
008; Ji et al., 2006; Shie et al., 2008; Koh et al., 2008; Xiang et al.,
008; Dai et al., 2004); (ii) covalent bond, such as those in (Zhou et
l., 2008; Zhang, 2008; Zhang et al., 2009; Ding et al., 2007; Chen
t al., 2008).

Among various dendrimers, poly(amidoamine) (PAMAM) den-
rimers have received a great deal of attention due to its quite open
pherical 3D structures at high generation and good biocompati-
ility (Shen and Hu, 2005). The amino groups with high density

n PAMAM are easily functionalized by other substances, greatly
xtending their applications. Up to now, PAMAM dendrimers have
een successfully applied in the fabrication of biosensors such as
NA electrochemical biosensor (Shi et al., 2008) and amperomet-

ic glutamate biosensor (Tang et al., 2007). More attractively, novel
ulti-walled carbon nanotubes (MWNT) nanocomposite, synthe-

ized by grafting G4 PAMAM dendrimers on carboxylated carbon
anotubes, was reported for glucose detection based on the immo-
ilization of glucose oxidase (GOx) and horseradish peroxidase
HRP) (Zeng et al., 2007). This biosensor exhibited very high sen-
itivity and fast response to glucose, indicating that the further
esearch for the combination of PAMAM dendrimers and MWNT
s of great significance.

In this study, G4 PAMAM dendrimers and MWNT were
ispersed in chitosan (Chit) solution to form the resulting
WNT–PAMAM–Chit nanocomposite, which was used as the sub-

trate to immobilize Cyt c on glass carbon electrode (GCE) with
A acting as the coupling agent. The redox behavior of Cyt c and

he electrochemical response of the modified electrode to nitrite
ere researched. To our best knowledge, there are no published
ata for the application of MWNT–PAMAM–Chit nanocomposite in
he immobilization of Cyt c as well as the fabrication of the nitrite
iosensor.

. Experimental

.1. Reagents

Horse heart Cytochrome c (MW 12384) was purchased from
igma and used without further purification. 1 mM Cyt c stock solu-
ion was prepared by 0.1 M pH 7.0 phosphate buffer solution (PBS),
nd stored at a temperature of 4 ◦C. Chitosan was obtained from
ldrich and used as received. A 0.2 wt.% chitosan solution was pre-
ared by dissolving chitosan in 1 wt.% acetic acid solution. PAMAM
endrimers were synthesized according to the reported procedure
Tomalia et al., 1985, 1986). A methanol solution of 20% G4 PAMAM
endrimers was purified by dialyzing. MWNT were purchased from
achen S&T Ltd. (Beijing, China) and treated according to reported
rocedure (Zeng et al., 2007; Furtado et al., 2004). All other mate-
ials were of at least analytical grade and used as received without
urther purification. 0.1 M PBS was prepared by mixing the stock
olutions of Na2HPO4 and NaH2PO4. Doubly distilled and deionized
ater was used through this work.
.2. Preparation of the modified electrodes

Before modification, the bare GCE (from CH Instruments, Shang-
ai, China; diameter: 0.004 m; the type of glassy carbon is type II of
ctronics 24 (2009) 2991–2996

Europe) was polished to a mirror-like surface with 0.05 �m Al2O3
slurry, then rinsed with water, ultrasonicated in 1:1 (v/v) HNO3,
ethanol and doubly distilled water, respectively. Finally, it was dried
under the stream of high purity nitrogen for further use. The calcu-
lated amount MWNT and 5 �l solution of 20% PAMAM dendrimers
in methanol were homogeneously dispersed in 1 ml 0.2 wt.% chi-
tosan solution at room temperature with the aid of ultrasonic
agitation. Then 7.5 �l of the resulting mixture was dropped onto
the cleaned GCE surface to prepare MWNT–PAMAM–Chit/GCE. To
immobilize Cyt c onto the electrode, 5 �l 20% GA solution was
first spread onto the resulting MWNT–PAMAM–Chit/GCE surface
and exposed to the air for 2 h at room temperature, and then
rinsed with the double distilled water to remove any physically
adsorbed GA and dried in the air at room temperature (noted
GA/MWNT–PAMAM–Chit/GCE). Finally, 7.5 �l of 0.1 mM solution
of Cyt c in 0.1 M pH 7.0 PBS was dropped onto the surface of
GA/MWNT–PAMAM–Chit/GCE and reacted for 2 h. The electrode
referred in the text as Cyt c/GA/MWNT–PAMAM–Chit/GCE was
obtained and preserved in a refrigerator at 4 ◦C after being washed
with 0.1 mM PBS solution.

2.3. UV–vis and electrochemical measurements

Ultraviolet and visible (UV–vis) absorption spectrum was
obtained using Shimazu 5301 UV-spectrophotometer at room tem-
perature. All the electrochemical experiments were performed by
using a CHI 660C electrochemical workstation (CH Instruments,
Shanghai, China). A conventional three-electrode system was used
in the measurements with a saturated calomel electrode (SCE) as
the reference, a Pt wire as the auxiliary electrode and a bare or
a modified electrode as the working electrode. Electrochemical
impedance spectroscopy (EIS) was performed in 0.1 M KCl solu-
tion within the frequency range of 10−2 to 105 Hz with 5.0 mM
K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture as electroactive probe. Cyclic
voltammetry (CV) was conducted in 0.1 M pH 7.0 PBS containing
NaNO2 with different concentrations. Prior to measurement, elec-
trolytic solutions were purged with highly purified nitrogen for at
least 10 min, and then a nitrogen atmosphere was maintained over
the electrochemical cell during the experiments. All experiments
were carried out at room temperature.

3. Results and discussion

3.1. UV–vis absorption spectroscopic characterization

The UV–vis spectrum was used to determine whether the immo-
bilized Cyt c denatured or not. Cyt c aqueous solution gave a heme
band at 410 nm in 0.1 M pH 7.0 PBS as shown in Fig. 1a. There were no
absorption bands on MWNT–PAMAM–Chit nanocomposite as seen
from Fig. 1b. When Cyt c was immobilized on MWNT–PAMAM–Chit
nanocomposite (Fig. 1c, which was recorded by directly casting
MWNT–PAMAM–Chit nanocomposite, 20% glutaraldehyde solution
and Cyt c solution onto a glass sheet sequentially), a slight absorp-
tion band was observed at the same position to that of Cyt c solution,
indicating that the immobilized Cyt c maintained its native struc-
ture and retained its native conformation and bioactivity (Rusling,
1998). The weak absorption peak could be attributed to the small
quantity of the immobilized Cyt c.

3.2. Electrochemical impedance spectroscopy
EIS is a high effective method for probing the features of surface-
modified electrodes. In this study, EIS was carried out to investigate
the changes of electron transfer resistance (Ret) that aroused from
every surface modification step as shown in Fig. 2. The bare GCE
(Fig. 2a) manifested as a simple electron transfer reaction’s Nyquist
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ig. 1. The UV–vis absorption spectra for (a) Cyt c in 0.1 M pH 7.0
BS, (b) MWNT–PAMAM–Chit nanocomposite, (c) Cyt c immobilized on
WNT–PAMAM–Chit nanocomposite.

lot. It exhibited an almost straight line at low frequencies cor-
esponding to the diffusion process, and a very small semicircle
t high frequencies. Ret could be estimated about 600 � from
he diameter. After coated with PAMAM–Chit (Fig. 2b), the EIS
howed an almost straight line at all frequencies which suggested
hat the electrode reaction was controlled by diffusion. This revul-
ion could be attributed to the electrostatic interaction between
Fe(CN)6)3−/4− and amino groups of PAMAM dendrimers on the
urface of modified electrode. The same result was also observed
t MWNT–PAMAM–Chit/GCE (Fig. 2c), indicating that the doped
WNT did not fundamentally change the surface characteristics

f the electrode. From Fig. 2d it is apparent that the Ret increased
ramatically to about 3000 �, which proved the higher steric hin-
rance – ferri/ferrocyanide ions could not approach to the electrode
urface after binding of glutaraldehyde. However, obvious decrease
f interfacial resistance (Ret ≈ 800 �) is observed in Fig. 2e, which

ndicates the successful immobilization of Cyt c on the modified
lectrode surface. Because the bonding between negatively charged
ldehyde groups and positively charged lysine residue of Cyt c
ffered an easy access for the ferri/ferrocyanide ions in PBS to the

ig. 2. Nyquist plots of EIS in 0.1 M KCl solution containing 5.0 mM
3(Fe(CN)6)/K4(Fe(CN)6) (1:1) for bare GCE (a), PAMAM–Chit/GCE (b),
WNT–PAMAM–Chit/GCE (c), GA/MWNT–PAMAM–Chit/GCE (d), Cyt

/GA/MWNT–PAMAM–Chit/GCE (e). The amplitude: 0.005; the potential: 0.169 V.
Fig. 3. CVs of Cyt c/GA/GCE (a), Cyt c/GA/Chit/GCE (b), Cyt c/GA/PAMAM–Chit/GCE
(c) and Cyt c/GA/MWNT–PAMAM–Chit/GCE (d) in 0.1 M pH 7.0 PBS at 0.05 V s−1.

attached Cyt c. It is in close accord with the previous reports (Zhao
et al., 2005; Wang et al., 2002a).

3.3. Cyclic voltammetric behaviors of the immobilized Cyt c

The cyclic voltammetry was performed to investigate the influ-
ences of Chit, PAMAM dendrimers and MWNT on the direct
electrochemistry of Cyt c, respectively. Fig. 3 shows the cyclic
voltammetric behaviors of different modified electrodes in 0.1 M
pH 7.0 PBS at 0.05 V s−1. Neither Cyt c/GA/GCE (Fig. 3a) nor
Cyt c/GA/Chit/GCE (Fig. 3b) appeared any peaks, but a slight
oxidation–reduction was observed on Cyt c/GA/PAMAM–Chit/GCE
(Fig. 3c). This result clearly demonstrated that PAMAM dendrimers
successfully acted as a substrate for the immobilization of Cyt c on
the surface of glass carbon electrode and facilitated the electron
exchange between the Cyt c and the electrode. In addition, it must
be pointed out that GA, served as the coupling agent in the process
of immobilization of Cyt c, could react with the amino groups of
PAMAM dendrimers on the electrode surface and the lysine residue
of Cyt c (pI 10), respectively. The amount of amino groups on the
surface of PAMAM–Chit/GCE was much more than that of the bare
GCE and Chit/GCE. In other words, PAMAM–Chit/GCE would provide
more binding sites for reacting with GA and finally leading to the
increase of the fixation chamber of Cyt c on the electrode surface.

The subtle electronic properties suggested that carbon nan-
otubes had the ability to promote electron transfer reactions when
used as an electrode material in electrochemical reactions (Wang
et al., 2002b). In our work, this notable promotion was also con-
firmed. Upon comparison of Fig. 3c and d, the modified electrode
involving MWNT, Cyt c/GA/MWNT–PAMAM–Chit/GCE, exhibited a
couple of stable redox peaks at 0.203 V (anodic peak) and 0.104 V
(cathodic peak), which was 2.5 times larger than that of Cyt
c/GA/PAMAM–Chit/GCE.

The influence of the amount of doped MWNT on the elec-
trochemical property of the immobilized Cyt c was further
investigated, and the data are listed in Table 1. As we can see
from Table 1, both the anodic and cathodic peak currents firstly
increased with the increasing doped amount of MWNT, and
then decreased remarkably after doping 0.125 mg ml−1. Hence,
0.125 mg ml−1 was chosen as the optimal doping amount. Such

phenomena may be noted that MWNT with low concentration
(≤0.125 mg ml−1) mainly play a catalytic role in the electrode
reaction based on its essential characteristics, but with high concen-
tration (>0.125 mg ml−1), the increased amount of carboxy groups
involved in MWNT–PAMAM–Chit nanocomposite make high space
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Table 1
The influence of the amount of doped MWNT on the direct electrochemistry of
immobilized Cyt c.

MWNT (mg ml−1) Midpoint potential, E1/2 (vs. SCE) (V) Ipa (�A) Ipc (�A)

0.000 0.143 −0.24 0.23
0.050 0.164 −0.36 0.32
0.100 0.168 −0.83 0.71
0.125 0.154 −1.25 1.20
0.150 0.159 −0.85 0.76
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Fig. 4. (A) and (B) CVs of Cyt c/GA/MWNT–PAMAM–Chit/GCE at different scan rates

3.5. Biocatalytic oxidation of nitrite on Cyt
.200 0.164 −0.46 0.42

.300 – – 0.33

teric hindrance between amino group and GA on the surface of
odified electrode, finally leading to a less fixation chamber of Cyt
on the modified electrode. As a result, a decreased peak current
as observed.

The midpoint potential E1/2 (vs. SCE) of immobilized Cyt c,
.154 V, is more positive than that of native Cyt c (0.046 V). It may
e noted that the reversible electron exchange could occur with
onomeric Cyt c layer on the surface of modified GCE. In this sit-

ation, the apparent reversibility decreased since the surface was
artially covered with polymeric species which could only be oxi-
ized at higher potentials (Wael et al., 2008).

The pH effect of supporting electrolyte on the formal poten-
ial of the immobilized Cyt c was also investigated (not shown).
early reversible voltammograms with stable and well-defined

edox peaks were obtained in the pH range of 5.0–8.0. The formal
otential shifted negatively along with the increase of pH. A linear
elationship was obtained between the formal potential and pH
ith the slope of 15.1 mV pH−1, suggesting that the electrochem-

stry of Cyt c involved a proton process (Geng et al., 2008). This slope
s much smaller than the theoretical value (59 mV pH−1) for the
lectrons transfer accompanied with an equal number of protons in
lectrode reaction, which could be attributed to the influence of the
rotonation states of trans ligands to the heme iron and amino acids
round Cyt c, or the protonation of the water molecule coordinated
o the central iron (Yamazaki et al., 1978).

.4. Influence of scan rate

Fig. 4 shows CVs for Cyt c/GA/MWNT–PAMAM–Chit/GCE in 0.1 M
H 7.0 PBS at different scan rate. The cathodic and anodic peak cur-
ents linearly increased with the square root of the scan rate (�1/2)
rom 0.01 to 0.9 V s−1 (shown in insert of Fig. 4A). In other words,
he current function (ip/�1/2) had a constant value at different scan
ates, indicating that the electrode reaction of Cyt c immobilized on
he modified electrode was mainly controlled by a diffusion control
rocess.

With increasing of scan rate, the oxidation peak shifted to more
ositive potentials, while the reduction peak shifted to more nega-
ive potentials. As shown in insert of Fig. 4B, two linear relationships
ere observed when � > 0.3 V s−1, by plotting Ep vs. log�. On the
asis of Laviron’s method (Laviron, 1979): A graph of Ep = f(log �)
ields two straight lines with a slope equal to −2.3RT/˛nF for the
athodic peak, and 2.3RT/(1 − ˛)nF for the anodic peak, the charge
ransfer coefficient, ˛, was estimated to be 0.53. The average elec-
ron transfer rate constant, ks = 2.4 s−1, can be obtained according
o Eq. (1). This ks value is much higher than that of the first nitrite
iosensor based on Cyt c (1.39 s−1) (Geng et al., 2008) and other Cyt
modified electrodes such as Cyt c/poly-TTCA modified electrode

−1 −1
1.86 s ) (Koh et al., 2008) and Cyt c/NaY/GCE (0.78 ± 0.04 s ) (Dai
t al., 2004), indicating that the MWNT–PAMAM–Chit nanocom-
osite acted as a good platform for the immobilization of Cyt c,
t the same time, an excellent promoter for the electron transfer
in 0.1 M pH 7.0 PBS. Scan rates from (a) to (m) are 0.01, 0.025, 0.05, 0.075, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9 V s−1, respectively. Insert of (A): plots of anodic and cathodic
peak currents vs. the square root of scan rate. Insert of (B): variation of anodic and
cathodic peak potentials vs. the logarithm of scan rate.

between Cyt c and the electrode.

log ks = ˛ log(1 − ˛) + (1 − ˛) log ˛

− log
(

RT

nF�

)
− ˛(1 − ˛)nF�Ep

2.3RT
(1)

According to Q = nFA� , where Q is the charge involved in the
reaction, n the number of electron transferred, F the Faraday’s
constant, and A the electrode area (herein, the geometric area of
GCE is used). The surface coverage (� ) of Cyt c immobilized on
the surface of the modified electrode could be calculated to be
1.4 × 10−11 mol cm−2, which is 10 times the theoretical monolayer
coverage of 1.4 × 10−12 mol cm−2 (Dickerson et al., 1971). Because
G4 PAMAM dendrimers are approximately spherical molecules
with higher amino group densities, a three dimensional space will
be established for the connection between the amino groups of
PAMAM dendrimers and the lysine residue of Cyt c with the cou-
pling agent of GA. As a result, the real area for the immobilization
of Cyt c is much higher than that of the electrode geometric area for
the estimation of surface coverage.
c/GA/MWNT–PAMAM–Chit/GCE

The first oxidative nitrite biosensor based on Cyt c was reported
recently and a possible mechanism-biocatalytic oxidative property
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ig. 5. (A) CVs of Cyt c/GA/MWNT–PAMAM–Chit/GCE in 0.1 M PBS containing 0 (a),
aNO2 (d). Scan rate: 0.05 V s−1. (B) Typical current–time curve of the Cyt c/GA/MWN

tirred 0.1 M pH 7.0 PBS. Applied potential: 0.9 V. (C) Linear relation between the am

o nitrite was proposed (Geng et al., 2008), which could be divided
nto three steps as shown in the following reactions:

e2+–Cyt c → Fe3+–Cyt c + e− (2)

e3+–Cyt c → [Fe4+–Cyt c]• + 2e− (3)

Fe4+–Cyt c]•+NO2
−+H2O → Fe3+–Cyt c → + NO3

− + 2H+ (4)

Firstly, ferrous Cyt c was oxidized to ferric form at low potential,
nd then the ferric Cyt c was further oxidized into [Fe4+–Cyt c]• at
igher potential. [Fe4+–Cyt c]• is a highly reactive Cyt c �-cation
hich could oxidize NO2

− into NO3
− in the solution.

In this work, the oxidation of Cyt c and the biocatalytic
xidative property to nitrite were also investigated. Fig. 5A
hows the result obtained from investigation of the CVs of Cyt
/GA/MWNT–PAMAM–Chit/GCE in 0.1 M pH 7.0 PBS containing dif-
erent concentrations of NaNO2. In the bulk PBS solution, two-step
lectrochemical oxidation of Cyt c corresponding to reactions (2)
nd (3) is observed in Fig. 5A(a). The further oxidation of Cyt c
ppeared when the potential increased to 0.7 V. When 0.02 mM
aNO2 was added into the bulk solution (curve b, Fig. 5A), the
nodic peak current at higher potential enhanced obviously. It could
e herein attributed to the interaction between the highly reactive

yt c �-cation and NaNO2. Upon comparison of Fig. 5A(b) and (c),
harper peak current was observed at higher NaNO2 concentration,
ndicating the high sensitivity of the biosensor to the difference of
aNO2 concentration. Moreover, the peak current of 0.1 mM NaNO2
t Cyt c/GA/MWNT–PAMAM–Chit/GCE (curve c, Fig. 5A) is about
M (b), 0.1 mM (c) NaNO2, and the bare GCE in 0.1 M pH 7.0 PBS containing 0.1 mM
MAM–Chit/GCE upon the successive addition of 0.3, 2 and 29 �M NaNO2 into gently

etric response and NaNO2 concentration.

20 times than that of the bare GCE (curve d, Fig. 5A), suggest-
ing that the modified electrode mediates the oxidation of NaNO2
greatly.

Fig. 5B shows the amperometric response of Cyt
c/GA/MWNT–PAMAM–Chit/GCE at 0.9 V upon successive additions
of different concentrations of NaNO2. As NaNO2 was added with
regular speed into the gentle stirring PBS solution, the modified
electrode could attain the steady state current within less than
5 s, which is a very rapidly response to the change of NaNO2
concentration. The response was proportional to the concentration
of NaNO2 in the ranges of 0.1–29 �M (r = 0.996) and 29–254 �M
(r = 0.997), as shown in Fig. 5C. The total range of the biosensor,
0.1–254 �M, was rough agreement with that of the first nitrite
biosensor based on Cyt c (1–1000 �M), while the detection limit
was estimated to be 0.01 �M at a signal-to-noise ratio of 3, which
was obviously lower than that of the first one (0.5 �M) (Geng et
al., 2008), indicating an extraordinary improvement in sensitivity
of such nitrite biosensors. Furthermore, the detection limit was
also lower than that of other nitrite sensors and biosensors such
as MnO2/QPOE composite electrodes (0.36 �M) (Cao and Wang,
2009), Hb/HS–CdS modified GCE (0.08 �M) (Dai et al., 2008) and
Mb–ZnO-modified GE (4 �M) (Zhao et al., 2006), indicating that

this proposed method could potentially be used for monitoring of
the concentration of NaNO2 sensitively. The lower detection limit
could be ascribed to the high loading of Cyt c on the electrode
surface via the present method and the rapid electron transfer
between them.
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Possible interference for the detection of nitrite on this biosen-
or was also investigated by addition of various ions, such as K+,
a+, Mg2+, Ca2+, Zn2+, F−, Cl−, NO3

−, SO4
2−, H2PO4

−, HPO4
2− and

O4
3−, into the PBS solution (pH 7.0) containing 10 �M NaNO2. No

nterference was found with the determination in a 100-fold con-
entration, and in 50-fold amount of dopamine and l-tryptophane
lso.

The stability and reproducibility of Cyt c/GA/MWNT–PAMAM–
hit/GCE were analyzed. The peak currents of the modified elec-
rode after continuous scanning of 50 cycles, in the blank solution
ver the potential range from −0.8 to +0.7 V, were consistent with
he first scanning cycle. The standard deviation of the peak currents
as only 4.6% comparing to 7 times modified electrodes with same

reatment. The electrode still retained about 90% of its initial sen-
itivity for the oxidation of NaNO2 after stored in 0.1 M pH 7.0 PBS
t 4 ◦C for 30 days.

. Conclusions

MWNT–PAMAM–Chit nanocomposite was first used as the sub-
trate for the immobilization of Cyt c on GCE with the coupling
gent of GA. The facts that MWNT–PAMAM–Chit nanocomposite
rovides a perfect platform for the immobilization of Cyt c and facil-

tates the electron exchange between the Cyt c and electrode can
e obtained from the CV and EIS results. The immobilized Cyt c dis-
layed a good electrocatalytic response to the oxidation of nitrite,
hich was attributed to the highly reactive Cyt c �-cation gener-

ted by the further oxidation of Cyt c. The obtained novel nitrite
iosensor exhibited two wide linear ranges, low detection limit,
ood reproducibility and stability. This study provides an efficient
trategy for the immobilization of Cyt c and plays a great role in
romoting the construction of nitrite biosensors.
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