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Abstract—An electrochemical hydrogen peroxide biosensor was designed by immobilizing horseradish peroxidase
(HRP) on Ag nanoparticles/cysteamine/p-aminobenzene sulfonic acid/glassy carbon (GC) electrode. Ag nanoparticles
can act as tiny conduction centers on electrodes that adsorb redox enzymes, facilitating the transfer of electrons with
no requiring any loss of biological activity. The forerunner film was first electropolymerized on the glassy carbon elec-
trode with p-aminobenzene sulfonic acid (p-ABSA) by cyclic voltammetry. The cysteamine (CA) was bound on the
surface of the film by electrostatic force, then Ag nanoparticles were immobilized on the cysteamine monolayer, and
lastly HRP was adsorbed onto the surfaces of the Ag nanoparticles. A dramatic decrease in the overvoltage of H,O,
was observed with improved sensitivity, which makes the modified electrodes of great promise for oxidase-based am-
perometric biosensors. The biosensor responded to H,O, in the linear range from 1.2x10° mol/L to 9.8x 10° mol/L with
a detection limit of 1.1x10® mol/L. Moreover, the obtained biosensor exhibited good accuracy and high sensitivity.
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INTRODUCTION

The most challenging in developing enzyme-based biosensors
is the incorporation of sensing molecules in proper matrix as well
as monitoring the interactions between the analytes and those mole-
cules. The development of a suitable matrix to immobilize electro-
active compounds for biosensors is thus a significant task [1]. The
immobilization of enzymes has been an active research topic during
the fabrication of biosensors. Conventional immobilizing approaches
adopted for the biosensor comprise self-assembly [2], as well as
different kinds of sol-gel/hydrogel [3], cross-linking [4], and each
of these mentioned methods above has its drawback: there are still
numerous challenges related to effortlessness of fabrication, effi-
cient retention of enzyme activity and stability of biosensors. To
advance the performance of the biosensor, it is necessary to find an
easy-handling immobilization technique. Fast and reliable determina-
tion of hydrogen peroxide is very important in fields of food, indus-
try, environmental protection, clinical control and so on. The rapid
and accurate determination of hydrogen peroxide (H,0,) is of great
importance in pharmaceutical, clinical, industrial, and environmen-
tal analyses, so numerous techniques such as chemiluminescence
[5], titrimetry [6], spectrophotometry [7], and electrochemistry [8]
have been employed for detection of H,O,. Among these techniques,
electrochemical methods are significant for the determination of
H,0, because of their simplicity and high sensitivity. To develop
and to design electrochemical biosensors, an increasing number of
active compounds have been used [9] for detecting H,O, and some
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other target materials. For these biosensors, horseradish peroxidase
(HRP) is the most commonly used enzyme [10].

We selected HRP as a model because it is well-studied and it is
commercially available in a highly purified form [11], and colloidal
silver nanoparticles (AgNPs), which are easy to synthesize, have been
widely used to incorporate HRP because of their good biocompati-
bility and catalytic activity. Also, colloidal AgNPs can provide an
environment similar to the native environment of redox HRP and
be used to immobilize HRP for their direct electrochemistry [12].

Some research has been done based on electrochemical biosen-
sor for hydrogen peroxide biosensor. Yanxia et al. [13] made a hydro-
gen peroxide biosensor based on the direct electrochemistry of Hb
in Hb-Ag sol on GC electrode. This modified electrode showed a
sensitive response to the reduction of H,O, without any electron
mediator. Chuan et al. [14] made a hydrogen peroxide biosensor
based on the direct electrochemistry of myoglobin immobilized on
AgNPs doped carbon nanotubes film. Fengxian et al. [10] fabri-
cated a hydrogen peroxide biosensor with good accuracy and high
sensitivity by self-assembling of hemoglobin, gold nanoparticles
and L-cysteine on the precursor film formed by electropolymeriza-
tion of p-ABSA on the platinum disk electrode. AgNps were selected
due to their excellent conductivity, and also the synthesis of AgNPs
has been well-demonstrated.

AgNps were self-assembled to the electrode binding with cys-
teamine via strong Ag S covalent bond to fabricate the nano-Ag
self-assembled modified electrode. In other side, Ag nanoparticles
can act as tiny conduction centers on electrodes that adsorb redox
enzymes, facilitating the transfer of electrons with no requiring any
loss of biological activity.

In many earlier works, a drawback to physical adsorption and
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entrapment was that the distribution of nanoparticles and then the
enzyme molecules was not uniform on the surface of electrode and
also was sometimes unstable, tending to leach with time. To our
knowledge, covalent binding of HRP on the bonded AgNPs to cys-
teamine has longer reaction time. The ideal immobilization method
should employ mild chemical conditions and a short immobilization
time to allow for large quantities of enzyme to be immobilized, pro-
vide a large surface area for enzyme-substrate contact within a small
total volume, minimize barriers to mass transport of substrate and
product, and provide a chemically and mechanically robust sys-
tem. To our knowledge, the fabrication of an HRP biosensor based
on AgNPs immobilized on a cysteamine monolayer has been re-
ported only by Ren et al. [15]. They did immobilization of HRP on
AgNPs adsorbed on a cysteamine monolayer-modified gold elec-
trode toward H,O, via cyclic voltammetry and amperometry. At
our current research, we used GC modified electrode, which is more
convenient and also more sensitive than gold modified electrode
used by Ren et al. For doing this we had to use an intermediate be-
tween the surface of GC electrode and cysteamine because there
isn’t any tendency among them. So at the first stage we electropo-
lymerized p-ABSA to obtain negatively charged poly-(p-ABSA)
film to immobilize cysteamine. Here, immobilization of cysteamine
was attributed to the electrostatic force between positively charged
cysteamine and the negatively charged sulfonic acid groups in p-
ABSA polymer. AgNps attached to the CA monolayer through elec-
trostatic adsorption and finally HRP adsorbed on AgNP in three
dimensional. HRP was selected as a model enzyme, which immo-
bilized on AgNP adsorbed on a CA monolayer-modified GC to pre-
pare the biosensor. AgNP has large specific surface area and good
biocompatibility. Additionally, it can act as tiny conduction centers
which make easy the transfer of electrons [16]. The biosensor ob-
tained shows electrocatalytic activity, good accuracy, and a low cost.

MATERIALS AND METHODS

1. Apparatus and Chemicals

Ivium state (The Netherlands) was used to carry out the electro-
chemical analysis as well as cyclic voltammetric, amperometric meas-
urements and differential pulse voltammetry. A conventional three-
electrode system was employed with a modified GCE (2.0 mm in
diameter) as a working electrode, a saturated calomel electrode (SCE)
as a reference electrode, and a platinum wire as an auxiliary elec-

(a)
Fig. 1. AFM images of coated cysteamine monolayer (a), silver nanoparticles/cysteamine (b). The SEM of HRP Covered on GCE (c).

(b)

trode. All the potentials given in this paper were referred to the SCE.
The experimental solutions were deaerated by high pure nitrogen
for 15 min, and nitrogen atmosphere was kept over the solution during
measurements.

Cysteamine (CA) and AgNO; were obtained from Merck (Ger-
many). p-ABSA was obtained from Sigma Co. (USA). HRP (250
U/mg), and Sodium borohydride and sodium citrate were from Fluka.
All other reagents were of analytical grade and used as received. A
magnetic stirrer was used for the convective transport when neces-
sary. Phosphate buffer solutions (PBS) with different pH values were
prepared by mixing aqueous solutions of 0.1 M Na,HPO, and 0.1 M
NaH,PO, and adjusting the pH with 0.1 M H,PO, or NaOH. A fresh
solution of Hydrogen peroxide (30% w/v solution) was obtained
from Chemical Reagent Company, Chongging (China).

2. Preparation of AgNps

Following the descriptions in the literature [20], AgNps were pre-
pared by reducing metallic ions in aqueous solution with freshly
prepared NaBH, solution in ice-cold conditions and stored at 4 °C. An
aqueous solution of 2 mM NaBH, (2 mL) was cooled with ice and
then 1 mL of 2 mM AgNO; aqueous solution was added to it under
vigorous stirring, resulting in the light-brown Ag colloidal solution.
3. Preparation of Modified Electrode as Biosensor

The bare GCE was polished with 0.05 pm ALO; before modifi-
cation, rinsed with double-distilled water, sonicated in acetone, and
double-distilled water for 5 min, respectively.

After electrochemical cleaning of the freshly polished GC elec-
trode by sending it through several potential cycles between —0.5
and 1.2 V versus SCE in 0.1 M H,SO,, the electrode was immersed
in 2.0x10”° mol/L p-ABSA solution containing 0.1 mol/L. NaCl
and was conditioned by cyclic sweeping between —1.5 and +2.5 V
at 100 mV/s for 10 scans. After that, the electrode was washed by
water, dried in air, and immersed in a solution of 2 mM CA for 12 h.
Fig. 1(a) shows the AFM image coated cysteamine monolayer which
seems very smooth. After being cleaned with distilled water, the
electrode was immersed in Ag colloids for 8 h to form a nano-Ag
layer. Fig. 1(b) shows the immobilized AgNPs. Subsequently, the
resulting electrode was immersed in HRP solution (1 mg/ml, 0.1 mol/
L pH 6.0 PBS) for 12 h to obtain the hydrogen peroxide biosensor,
as shown in Fig. 1(c). The biosensor was stored in a refrigerator
(4 °C) until further use.

4. Experimental Measurements by Biosensor
The electrochemical characteristics of the modified electrode were
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characterized by amperometry at applied potential of —0.4V as
well as cyclic voltammetry (CV) with potential swept from —0.8
to 0.15 V (vs. SCE) at a sweeping rate of 100 mV/s, both in 5 ml
pH 7.0 PBS. Electrochemical experiments were performed in a con-
ventional electrochemical cell containing a three-electrode arrange-
ment. All experiments were conducted at room temperature, except
an experiment to survey the effect of temperature which was done
in artificial baths.

RESULTS AND DISCUSSION

After electropolymerization of p-ABSA on the GC surface, the
CA was immobilized on polymer because of the electrostatic force
between positively charged CA and the negatively charged sul-
fonic acid groups in p-ABSA polymer. On the other hand, the end
side of CA was protonated in order to load positive charges. There-
fore, the AgNPs, which were stabilized by negative ions could attach
to the CA monolayer through electrostatic adsorption. Electrostatic
repulsion between similar charges caused the AgNPs to be distrib-
uted on the CA monolayer homogeneously. HRP was either adsorbed
on the surface of a silver nanoparticle or buried in the interstices
between AgNPs, due to the interaction between the NH, + -lysine
residues of HRP and the silver surface. One silver nanoparticle was
capable of linking several HRP molecules; in other words, the two-
dimensional electrode surface was modified to be three dimensional,
so that more binding sites were provided by the AgNPs for the im-
mobilization of HRP. Therefore, the presence of AgNPs allows effi-
cient electron tunneling and electron transfer between the enzyme
and the bulk electrode surface. Furthermore, the AgNPs also act as
binding centers that increase the number of binding sites for HRP
[17], resulting in a higher catalytic response to the catalysis of H,O,.
1. Electrochemical Response to Hydrogen Peroxide

The electrocatalytical behavior of the modified electrode towards
the electrochemical reduction of H,O, was studied using cyclic volta-
mmetry. As shown in Fig. 2, in blank PBS, the biosensor only ex-
hibited the electrochemical behavior of CA, a pair of anodic and
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Fig. 2. Cyclic voltammograms of the biosensor in 0.1 mol/L pH 7.0

PBS (curve a) and in the presence of 1.5x10~ mol/L H,0,

(curve b) and 3.9x10™° moV/L H,0, (curve c). Scan rate: 100
mV/s. Inset: the calibration curve of the biosensor.
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Fig. 3. The chronoamperometry response of differently prepared
electrodes in the assembly process with successive injections
of 1.0x10” mol/LH,0, to the PBS (pH 7.0) under stirring.
(a) Poly(p-ABSA), (b) CA/poly(p-ABSA), (c) nano-Ag/CA/
poly(p-ABSA), (d) HRP/GCE and (¢) HRP/nano-Ag/CA/
poly(p-ABSA) modified GC electrode. Applied potential:
-04V.

cathodic waves (curve a). With the addition of H,O,, the cathodic
peak current increased and the anodic peak current decreased sig-
nificantly (curves b and c¢). The calibration plot of the hydrogen per-
oxide biosensor under optimal experimental conditions is illustrated
in the inset of Fig. 2. As expected, the response of the biosensor to
H,O, was linear in the range from 1.2x10° mol/L to 9.8%10 mol/
L with a detection limit of 1.1x10"* mol/L.

To confirm whether the current was due to the nonenzymatic re-
duction of H,0,, the electrode behavior was studied using chrono-
amperometry after each modified step. We compared the chrono-
amperometry response of differently modified electrodes in the as-
sembly process with successive injections of 1.0x10 > mol/L H,0,
to the PBS (pH 7.0) at applied potential of —0.4 VV. The GC elec-
trode electropolymerized with only p-ABSA hardly responded to
hydrogen peroxide as shown in Fig. 3(a). According to Fig. 3(b),
when CA was adsorbed into p-ABSA electropolymerized film via
the opposite-charged adsorption technique, a small amperometric
response to H,O, was observed. Furthermore, AgNP can act as tiny
conduction centers, which facilitated the transfer of electrons, so
the current response increased after the nano-Ag was immobilized
on the electrode as shown in Fig. 3(c). However, it had maximal
response to H,O, when HRP was chemisorbed on the electrode sur-
face, as shown in Fig. 3(e). The effect of only HRP coated GC elec-
trode is shown in Fig. 3(d) to compare with the performance of AgNP-
HRP coated GC electrodes toward H,0, sensing to clearly demon-
strate the effect of the use of AgNPs. It can be seen that the presence
of AgNPS increased the activity of HRP enzyme because of increased
active surface.

2. Optimum of Analytical Condition
2-1. The Effect of the pH

Differential pulse voltammetry (DPV) was used for finding the
effect of the pH value of the solution on the modified electrode re-
sponse. The PH value extended from 5.0 to 8.0, with the corre-
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Fig. 4. Influences of pH values of PBS solution on the peak cur-
rent of the response current to 0.1 mM H,0, at the enzyme
electrode. Data obtained from DPV which recorded from
—0.7t0 0.0 Vin 0.1 M pH 7.0 PBS.

sponding results shown in Fig. 4. From Fig. 4, the response current
of the modified electrode is observed to increase with an increase
in the pH value, and the maximum response current is seen at pH
7.0, in agreement with the results reported in the literature [18]. How-
ever, the neutral pH is close to the physiological environment and
can retain HRP the activity. Thus, pH 7.0 was chosen for the follow-
ing investigations, and therefore, pH 7.0 is used in further experi-
ments and determination of H,O,.
2-2. The Effect of the Temperature and Determination of Activa-
tion Energy

The outcome of temperature on the steady state response of am-
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Fig. 5. The effect of the temperature on the response of the enzyme
electrode to 0.1 mM H,0, in 10 mM PBS, pH 7.0 solution.
Inset was i vs. 1/T plot for the enzyme electrode. Data ob-
tained from DPV recorded from —0.35 to 0.0V in 0.1 M
pH 7.0 PBS.

perometric was also investigated in the range of 25-50 °C, shown
in Fig. 5. With temperature increase it can be seen increasing in the
response, reaching a maximum at 45 °C, and then decreasing. This
probably has been caused by denaturation of HRP or film instabil-
ity at the higher temperatures. The dependence of amperometric
current on temperature in an initial region can be expressed as an
Arrhenius relationship:

i(T)= ioexp{;:%”}
Where i, represents a collection of currents, R is the gas constant, T
is the temperature in degrees Kelvin, and Ea is the activation energy.
The activation energy for enzymatic reaction is calculated to be 1.42
kJ mol™" from the slope of I-1/T in the adoptive region of temper-
ature (inset of Fig. 5). This E value attained is smaller than that re-
ported by Xu et al. [19] for HRP immobilized on the polyaniline
films. The smaller E, value means that the HRP immobilized on
the modified electrode possesses higher enzymatic activity.
3. Repeatability and Stability of the Hydrogen Peroxide Bio-
sensor

A relative standard deviation (RSD) of 3.2% was obtained when
the present biosensor was repeated for eight succeeding measure-
ments at a hydrogen peroxide concentration of 1x10™* mmol/L (the
result not shown). RSD was 4.1% for four electrodes prepared in
the same conditions. The stability of the biosensor was investigated
by amperometric measurements in the presence of 1.0x10™* mol/L
H,0, periodically. When not in use, it was stored under dry condi-
tions at 4 °C in a refrigerator. The biosensor lost only 5.8% of the
initial response after ten days and maintained more than about 75%
of the initial values after storage for more than 1 month.
4. Selectivity of the Hydrogen Peroxide Biosensor

Discrimination of interfering species having electro-activities sim-
ilar to the target analyte is one of the most important analytical features
for an amperometric biosensor. Ascorbic acid (AA) and uric, acid
(UA) are the most common interfering electroactive species during
the amperometric detection of H,O,. In the experiment, seven inter-
fering substances (tryptophan, dopamine, acetic acid, ascorbic acid,
uric acid glucose and I-tyrosine) were used to assess the selectivity
of the biosensor. The current ratios were considered by reading the
current of the biosensor in the assay solution containing 1.0x10* mol/
L H,0, and 1.5%10™* mol/L interfering substance and comparing it
with the current from the biosensor in the same assay solution con-
taining only 1.0x10™* mol/L H,0,. Therefore, the degree of inter-
ference from the substances can be judged from the current ratios.
In our experiments, the seven tested substances did not interfere
significantly with the resulting biosensor. This was largely due to
the low working potential; no electrochemical reactions occurred
at this potential.

CONCLUSIONS

We have introduced a novel method for fabrication of an elec-
trochemical third-generation hydrogen peroxide biosensor based
on self-assembly technology. The biosensor shows an electrochemi-
cal activity to the reduction of H,O, with regard to low potential
requirement. During fabrication of the biosensor, HRP, as a model
protein, was adsorbed successfully on nano-Ag/CA/p-ABSA/GC-
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modified electrode. The resulting system has a promising potential
in constructing the third-generation electrochemical biosensor based
on the direct electrochemistry of HRP. In addition, the low determi-
nation limit, and wider response range point to a promising future in
various biosensing processes. The proposed biosensor shows favor-
able reproducibility, stability, selectivity and accuracy, and can be
used to determine H,O, in real samples with favorable recoveries.
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