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A new approach to fabricate an enzyme electrode was described based on the immobilization of horseradish
peroxidase (HRP) on dithiobis-N-succinimidyl propionate (DTSP) self-assembled monolayer (SAM) formed
on gold-nanoparticles (Au-NPs) which were electrochemically deposited onto glassy carbon electrode (GCE)
surface. The overall surface area and average size of Au-NPs could be controlled by varying deposition time
and were examined by Field Emission-Scanning Electron Microscope (FE-SEM). The O, reduction capability
of the surface demonstrated that Au-NPs were thermodynamically stable enough to stay on GCE surface. The
immobilized HRP electrode based on Au-NPs/GCE presented faster, more stable and sensitive amperometric
response in the reduction of hydrogen peroxide than a HRP immobilized on DTSP/gold plate electrode not
containing Au-NPs. The effects of operating potential, mediator concentration, and pH of buffer electrolyte
solution on the performance of the HRP biosensor were investigated. In the optimized experimental conditions,
the HRP immobilized GCE incorporating smaller-sized Au-NPs showed higher electrocatalytic activity due to
the high surface area to volume ratio of Au-NPs in the biosensor. The HRP electrode showed a linear response
to H»O» in the concentration range of 1.4 uM-3.1 mM. The apparent Michaelis-Menten constant (Ky™P)
determined for the immobilized HRP electrodes showed a trend to be decreased by decreasing size of Au-NPs
electrodeposited onto GCE.
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Introduction

There has been considerable attention in the immobili-
zation of redox enzymes on electrode surfaces for fabri-
cation of bioelectronic devices and electrochemical bio-
sensors.! These enzyme-based amperometric biosystems
usually show high specificity and sensitivity in analysis of
biologically important substances because they employ
enzyme as a bioelectrocatalyst. Among these analytes,
hydrogen peroxide has been detected to characterize perfor-
mance of many electrochemical biosensors because it is not
only an important by-product formed from a lot of per-
oxidase-catalyzed reactions but also a signal transducer
molecule in food, clinical, pharmaceutical, industrial, and
environmental assays.”* Recently, the conjugation of nano-
particles with biomaterials has been intensively studied
because it provides electronic or optical transduction of a
variety of biological phenomena. For example, Crumbliss
and co-workers>® have shown that the activity of enzymes
adsorbed on colloidal Au sols, a kind of biomolecule-
nanoparticle conjugate, is well retained when deposited onto
conducting matrixes. After their findings, gold-nanoparticle
(Au-NP) has been extensively used in the fabrication of
HRP biosensors to detect hydrogen peroxide. Chen er al.’
investigated H>O, reduction in the presence of catechol as a
mediator using HRP-labeled Au colloid attached to SAM on
gold. However, Dong et al® reported a novel method
constructing a mediatorless third-generation HRP biosensor,

which is developed by self-assembling gold-nanoparticles to
a thiol-containing sol-gel network. Yu and co-workers
studied the immobilized HRP on the nano-Au monolayer
modified chitosan-entrapped carbon paste electrode’ and
GCE!" and reported the detection limit of ca. 6.3 uM in
determination of hydrogen peroxide. All these reports utilize
the direct adsorption of HRP on gold-nanocolloidal particle
which is chemisorbed on SAM or incorporated in polymer
matrix.

In this paper, we describe a new approach to immobilize
HRP enzyme on GCE using molecular self-assembly'' and
electrochemical deposition of gold nanocrystallites.'>!> The
self-assembled monolayer of alkanethiolate on gold has
been used as a powerful procedure for construction of well-
defined chemical interface due to its simplicity, versatility,
and convenience. In recent years, McDermott and Finot!?
reported that the size and spatial density of electrochemi-
cally deposited gold nanocrystal can be controlled by
deposition condition. The combination of these methods is
our platform to build a novel HRP-based amperometric
sensor. First of all, well-dispersed gold nanocrystals are used
as a support for formation of monolayer by the chemisorp-
tion of dithiobis-N-succinimidyl propionate (DTSP) as an
enzyme cross-linking reagent for HRP immobilization. In
addition, the gold-nanoparticles (Au-NPs) deposited onto
GCE provide higher electrocatalytic activity than that of a
planar gold electrode. With combining these advantages of
self-assembly, nanoparticle, and bioenzyme, a novel HRP
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immobilized biosensor has been developed and its ampero-
metric response and factors influencing the performance of
the biosensor have been studied in this work. Especially, this
electrochemical enzyme biosensor shows the size-dependent
electrocatalytic activity of Au-NPs electrodeposited onto
GCE surface toward the reduction of H,O in the presence of
hydroquinone as a mediator.

Experimental Section

Materials and Reagents. Glassy carbon (GC) plate (10
cm x 10 cm x 3 mm in dimension) was obtained from Tokai
Carbon Co. for SEM sample preparation. Horseradish per-
oxidase (EC 1.11.1.7, 120 unit/mg solid, m.w. 44 kDa) and
dithiobis-N-succinimidyl propionate (DTSP) were purchased
from Sigma and stored as received at —20 °C. Sodium
tetrachroloaurate(IIT) and dimethyl sulfoxide anhydrate (DMSO)
were obtained from Sigma. Disodium hydrogen phosphate
and potassium dihydrogen phosphate (Junsei) were used in
the preparation of a buffer solution. Hydrogen peroxide,
hydroquinone, and sulfuric acid were of analytical grade and
purchased from Junsei Chemical. Hydrogen peroxide stock
solution was prepared by diluting a 30% solution. The
accurate concentration of H»O, solution was determined
with the absorbance measurement at 240 nm using ex-
tinction coefficient of 39.4 mM™ cm™."* Milli-Q water
(Millipore, Japan) was used to prepare all aqueous solutions.

Electrochemical Measurements. Electrochemical mea-
surements were carried out in a single compartment cell with
a platinum wire counter electrode, an Ag/AgCI/KCI (sat'd)
electrode as a reference electrode, and HRP immobilized GC
(3 mm in diameter) working electrode. Voltammetric experi-
ments were performed using a computer-controlled CHI
760B electrochemical analyzer (CH Instrument Co.) and
carried out at room temperature. Cyclic voltammetry experi-
ments were done in quiescent solution. Amperometric
measurements of HRP enzyme-modified electrode were
performed in a stirred solution after a steady-state back-
ground current had been obtained prior to addition of H,O,
standard solution into the buffer solution. In order to obtain a
steady-state current-time curve, aliquots of H»>O, standard
solution was successively added to the buffer solution with
microsyringe. Phosphate buffer solution (PBS) (0.1M, pH
7.0) prepared with KH,PO,4 and Na,HPO4 was used in the
amperometric measurements. All experimental solutions
were purged with Ny at least 15 min before use, and were

Ay
|———=lcls AM;
E nanoparticle

DTSP

C . /\)L@ —— Au/\k
A)"KHQ EL AN

Bull. Korean Chem. Soc. 2006, Vol. 27, No.5 673

kept with N, blanket during measurements.

Electrochemical Deposition of Au-NPs on GCE. In
order to obtain FE-SEM image of electrochemically deposit-
ed Au-NPs, a large GC plate was cut into small pieces of 1.5
cm x 1.5 cm x 3 mm in dimension. Before electrodeposition,
the small GC plate electrode was polished with 1.0-, 0.3-,
and 0.05-¢m alumina slurry on a polishing microcloth, and
sonicated in Mill-Q water for 10 min. A home—made
electrochemical cell, similar to reported in the literature,' is
mounted on the polished GC plate electrode with a Vitron O-
ring between them. The electrode surface area confined by
the O-ring is ca. 0.38 cm?. Au-nanoparticles from 0.5 M
H>SOs solution containing 1.0 mM NaAuCls were electro-
deposited on the GC plate electrode by applying a potential
step from 1.1 to 0.0 V vs. Ag/AgCI/KCI (sat'd). The deposi-
tion time was varied from 3 to 600 s to obtain Au-NPs with
different characteristics in size and surface density. Oxygen
reduction was performed at both a bare GCE and an Au-NP
deposited GCE in an O»-saturted 0.1 M PBS of pH 7.0 to
ascertain the electrocatalytic activity of Au-NPs deposited
onto GCE.

SEM Imaging. FE-SEM image of Au-NPs deposited
onto GC plate under different deposition condition was
characterized using scanning electron microscope (JEOL
JSM-6700F) at the acceleration voltage of 5-30 kV and a
working distance of 6-19 mm.

HRP Enzyme Immobilization on Au-NP Deposited
onto GC Disk Electrode. Scheme 1. shows the fabrication
procedure to prepare a HRP enzyme-immobilized ampero-
metric biosensor based on Au-NPs electrodeposited onto
GCE. First, GC disk electrode (6 mm in diameter) was
polished, pre-cleaned, and finally electrochemically deposit-
ed with Au-NP on its surface in the same manners as
described in the previous section. The resulting Au-NPs/
GCE was thoroughly rinsed with deionized water and
DMSO. This electrode was immersed in DMSO solution
containing 4 mM DTSP for 1 h at room temperature. The
Au-NPs/GCE modified with DTSP SAM was thoroughly
rinsed with DMSO, acetone, and was conditioned in 0.1 M
PBS (pH 7.0) for 1 h. According to the report by Abruna ez
al.'® the resulting DTSP/Au-NPs/GCE electrode was
immersed in a 0.1 M PBS (pH 7.0) containing HRP enzyme
at a concentration of 1.0 mg/mL and kept for 24 h at 4 °C.
After copious rinsing the enzyme modified electrode with
phosphate buffer, it was stored in 0.1 M PBS at 4 °C when
not used.

(7]
(7]

(i

Scheme 1. Stepwise fabrication procedure of a HRP/DTSP/Au-NPs/GCE.
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Results and Discussion

Characterization of Au-NPs on GCE. The Au-NPs
electrodeposited onto GCE under different deposition condi-
tions were studied with scanning electron microscopy. And
the typical FE-SEM images of the Au-NPs on GCE are
shown in Figure 1. These micrographs indicate that the size
and surface density of Au-NP can be controlled by applying
a different electrochemical deposition time. Recently,
McDermott and Finot'? reported the effects of concentration
of tetrachloroaurate(IIl) ion and deposition potential on the
size of Au-nanocrystals, which were electrochemically
deposited onto GCE. In reality, Au-NP at first grows slowly
on glassy carbon surface during the reduction process of
AuCly™ ionsin acidic solution. However, its average size and
surface density increase as the electrodeposition time be-
comes longer. The similar trend of Au-nanoparticle growth
observed in our work has been also reported by Ohsaka et
al.'” In order to estimate total surface area of Au-NPs
deposited onto GCE, cyclic voltammogram (CV) of each
Au-NPs/GCE was measured in 0.05 M H,SO4 solution
(Figure 2). These background CVs show that the electro-
chemically deposited Au-NPs behave like pure polycrystal-
line gold electrodes in the anodic potential range. The gold
surface oxide reduction peak current at ca. 0.86 V increases
with increase in the deposition time. The real surface area of
Au-NPs was estimated from the area under the gold oxide
reduction peak using the reported value of 400 uC/cm>'®
The average Au-nanoparticle size and the gold surface area
values of Au-NPs formed under different deposition condi-
tion were estimated from the SEM micrographs and sum-
marized in Table 1.

Before the immobilization of HRP enzyme on Au-NPs/
GCE, we examined the electrocatalytic activity of the Au-
NP in reduction of O, because the electrochemical durability
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Figure 1. FE-SEM micrographs of the electrochemically deposited
gold-nanoparticles on GCE from 1 mM NaAuCly/0.5 M H,SO4
solution. Electrodeposition time: (a) 3, (b) 5, (c) 120, and (d) 600 s.
Potential step from 1.1 to0 0.0 V vs. Ag/AgCIl/KCl (sat'd) was used.
Length of white bar in micrographs = 1.0 um.
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Figure 2. Typical cyclic voltammograms obtained in N»-saturated
0.05 M HSO4 for Au-NPs/GCEs formed under the different
electrodeposition time: (a) 3, (b) 5, (c) 120, and (d) 600 s with a
same potential step from 1.1 to 0.0 V vs. Ag/AgCI/KClI (sat'd) was
used. All scan rates were 100 mV s™'.

Table 1. The average size and total surface area of electro-
chemically deposited Au-nanoparticles on GCE

Electrode Deposition time Average size Average surface area

no. (sec) (nm) of Au loading (cm?)
1 3 31+8 54+107
2 5 40+ 15 2.1+1072
3 120 59+25 8.9+ 1072
4 600 138+ 54 1.9+10"

and stability of Au-NPs electrodeposited onto GCE is of
importance for further modification. Figure 3 shows typical
CVs for Os reduction at a bare GCE and an Au-NPs/GCE in
O,-saturated phosphate buffer solution of pH = 7.0. In
Figure 3a, the first reduction peak at ca. =828 mV is due to
the O, reduction to H»O», and the second peak at ca. —1380
mV is due to the H,O; reduction to H,O. However, the two
reduction peaks largely shift in the positive direction to ca.
—220 and —633 mV as shown in Figure 3b, respectively. The
positive potential shifts indicate that Au-NPs catalyze two
successive 2e- reduction processes of O,. A similar result
has been reported for Au-NPs deposited onto GCE in
reduction of O,.'7 In order to check the electrochemical
stability of Au-NPs deposited onto GCE, continuous
potential cycling was conducted in the O reduction potential
range from 0.0 to —1.0 V vs. Ag/AgCI/KClI (sat'd) for 40 min
in 0.1 M PBS (pH=7.0). However, we could not observe any
change in the cyclic voltammogram b in Figure 3. This fact
demonstrates that Au-NPs were strongly adhered to a glassy
carbon electrode surface.

Electrochemical Characterization of a HRP/DTSP/
Au-NPs/GCE. Figure 4 shows the CVs obtained for both a
DTSP/Au-NPs/GCE and a HRP enzyme-immobilized DTSP/
Au-NPs/GCE in a Np-saturated 0.1 M PBS (pH = 7.0). First
of all, the Figure 4a indicates that the HRP/DTSP/Au-NPs/
GCE does not show the direct electron transfer between a
heme group of HRP and a GC electrode, resulting in no
voltammetric wave. When hydroquinone (HQ) as a diffu-
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Figure 3. Cyclic voltammograms in O,-saturated 0.1 M PBS (pH
=7.0) at a bare GCE(a) and an Au-NPs/GCE formed with electro-
deposition time (600 s) (b). Potential scan rate: 100 mV s™.
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Figure 4. Cyclic voltammograms in N»-saturated 0.1 M PBS (pH =
7.0) at a HRP/DTSP/Au-NPs/GCE (a, b) and a DTSP/Au-NPs/
GCE(c). Scan rate : 100 mV s™!. CVs were observed in the buffer
solution without hydroquinone (a) and with 2.0 mM hydroquinone
(b, ©).

sional mediator was added, the enzyme-modified electrode
shows the Figure 4b in which a pair of redox peaks is
observed due to 2e”, 2H* coupled redox reaction of HQ
molecule. However, the peak separation of ca. 314 mV in
the Figure 4b decreases down to that of ca. 209 mV in the
Figure 4c, which is observed at the DTSP/Au-NPs/GCE in
the presence of HQ. The decrease in the peak-to peak
separation clearly indicates the faster heterogencous electron
transfer of HQ at DTSP/Au-NPs/GCE than at HRP/DTSP/
Au-NPs/GCE. This phenomenon is due to the easier accessi-
bility of the diffusional mediator to an electrode surface in
the absence of an immobilized HRP. Figure 5 shows cyclic
voltammetric responses for the HRP modified electrode in
the presence of HQ. When H,O, was absent, only HQ in
solution gives its diffusional redox wave. However, in addi-
tion of 0.5 mM hydrogen peroxide to 0.1 M PBS (pH = 7.0),
the reduction peak current remarkably increases and the
oxidation current consequently decreases. This electrocata-
lytic behavior presents that HQ has a capability of mediating
electron transfer from the GC electrode to the redox center
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Figure 5. Cyclic voltammograms of a HRP/DTSP/Au-NPs/GCE
in 0.1 M PBS (pH = 7.0) containing 2.0 mM hydroquinone in the
absence (a) and presence (b) of 0.5 mM H>0». Scan rate: 10 mV s™".

of HRP immobilized to DTSP/Au-NPs/GCE even at the
redox potential of HQ. The similar results have been
reported with HRP immobilized on nano-gold colloide film
on cysteamine monolayer’ and chitosan film.”'" Scheme 2
shows the electron relay mechanism for hydrogen peroxide
reduction via HRP enzyme immobilized.

Optimization of Experimental Conditions. We studied
the effect of experimental conditions on the amperometric
sensitivity of the HRP modified electrode for the reduction
of hydrogen peroxide. The experimental variables such as
the applied potential, the concentration of mediator, and the
pH of buffer solution can affect the performance of an
enzyme-modified electrode. The amperometric response for
hydrogen peroxide reduction was checked to find an
appropriate applied potential by changing a potential from
50 to =200 mV. The current response was well-stabilized
with the lowest background current at =50 mV in 0.1 M
PBS. Since the sensitivity of the HRP modified electrode
substantially decreased at potential lower than =50 mV vs.
Ag/AgCI/KCI (sat'd), =50 mV was chosen for the ampero-
metric measurements. Figure 6 shows the amperometric
response due to concentration change of hydroquinone as a
mediator for heterogencous electron transfer of the immo-
bilized HRP enzyme. The current response increased as
increasing the mediator concentration and showed maximum
at 2 mM, and decreased as increasing the concentration at

HQ HRP, H,0
G
Ca
E

BQ HRP, 1 H,0,

Scheme 2. Electron relay for electrochemical reduction of hydrogen
peroxide on HRP/DTSP/Au-NPs/GCE.
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Figure 6. Plot of amperometric response of the HRP/DTSP/Au-
NPs/GCE versus concentration of hydroquinone in 0.1 M PBS (pH
7.0) containing 0.584 mM H,O; at the applied pontential of —50
mV.
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Figure 7. Plot of pH effect on the amperometric response of the
HRP/DTSP/Au-NPs/GCE in phosphate buffer solution containing
0.264 mM H»0> and 2.0 mM hydroquinone. The applied potential
was —50 mV vs. Ag/AgCI/KCI (sat'd) electrode.

higher concentration than 2 mM. This result is slightly
different from those previously reported”' in which the
current response was leveled off afterward at a certain
concentration (usually 1-2 mM of mediator) when hydro-
quinone concentration increased. This phenomenon might
be due to not only the high background current incurred
when the hydroquinone concentration is higher at the
operation potential of =50 mV but also the limit by the
enzyme-substrate kinetics.” Figure 7 presents pH depend-
ence of the current response of the HRP modified electrode
in 0.1 M PBS containing 2 mM hydroquinone and 0.264
mM hydrogen peroxide. The maximum current response
was observed at pH 7.0 as expected, which is quite close to
optimum pH reported for soluble plant peroxidases.’ We
used these optimum condition of pH 7.0 and mediator
concentration (2 mM) for the remainder experiments.
Amperometric Characteristics of the HRP/DTSP/
Au-NPs/GCE. In order to characterize the electrocatalytic
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Figure 8. Typical calibration curve of HRP/DTSP/Au-NPs/GCEs
prepared under different electrodeposition time of Au-NP: (a) 600s;
(b) 120s; (¢) Ss; (d) 3s. The curve in the inset was measured at
HRP/DTSP/gold plate electrode under the same condition. Aliquot
of 20 pL of 36.5 mM H,O, was successively added into 0.1 M PBS
(pH = 7.0) containing 2.0 mM hydroquinone at the applied
potential of =50 mV vs. Ag/AgCI/KCI (sat'd).

response of the HRP modified electrode under the optimized
experimental conditions, steady state chronoamperometric
curve was measured at the applied voltage of =50 mV in a
stirred PBS (pH 7.0) containing 2.0 mM hydroquinone.
Figure 8 shows typical steady state current calibration curves
of HRP biosensors prepared on GCE and gold plate elec-
trode for successive addition of 20 pL of 36.5 mM hydrogen
peroxide in PBS. Au-nanoparticles were electrochemically
deposited on GCE under different deposition time with the
same potential step from 1.1 to 0.0 V vs. Ag/AgCI/KCI
(sat'd). The curve a, b, ¢, and d in Figure 8 were observed at
HRP/DTSP/Au-NPs/GCEs in which the deposition time was
600, 120, 5, and 3s respectively. However, the curve in the
inset was obtained at HRP/DTSP/gold plate electrode
without deposition of Au-nanoparticle. The HRP modified
on Au-NP/GCE shows faster and more sensitive current
response to the addition of hydrogen peroxide when
compared with the enzyme electrode not containing gold
nanoparticle. This contrast indicates that Au-nanoparticle
plays a role not only as a site for the spontaneous adsorption
of DTSP monolayer but also as a catalytic center, the nature
of nanosized metallic crystal on electrode surface. Figure 9
shows the linear calibration curve of a HRP/DTSP/Au-NPs/
GCE in which Au-nanoparticles were deposited for 600 s.
The dynamic linear calibration range of the HRP modified
electrode is 1.4-78 uM with a correlation coefficient of
0.9994. Detection limit and response time to the continuous
addition of hydrogen peroxide were observed to be 1.4 uM
and ca. 9-10 s, respectively. This linearity is generally
maintained up to a few mM of hydrogen peroxide. However,
the amperometric response of the HRP immobilized GCEs
remains constant as shown in Figure 8 when the H>O;
concentration is higher than ca. 3 mM. As an indicate of the
enzyme-substrate kinetics, the apparent Michaelis-Menten
constant (Ky™P) can be estimated from the electrochemical
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analogue of the Lineweaver-Burk equation®':
1/Iss = 1/Imax + KMapp/ImaxC

where I is the steady-state current due to the addition of
substrate, C is the bulk concentration of the substrate, and
Imax is the maximum current measured under saturated
substrate condition. The slope and intercept in the plot of
/I vs. 1/C provides value of Kn™P for the HRP modified
electrode. The values of K™ of the HRP/DTSP/Au-NPs/
GCEs in this work were found to be 1.86, 1.08, 0.78, and
0.69 mM when the deposition time of Au-NP was 600, 120,
5, and 3s, respectively.

These Kn™ values were smaller than those reported by Ju
et al?® and Li et al.,* slightly larger than those by Chen et
al.” and Yu et al.’ Our result indicates that HRP immobilized
on the smaller sized Au-NP shows higher enzymatic activity
and affinity for H>O». The reason of smaller Km value for
smaller size of Au-NPs might be due to smaller adsorption
amount of HRP enzyme on DTSP monolayer. On the
contrary, Chen et al.” reported that HRP adsorbed directly on
the larger gold colloids shows higher activity and suggested
that the higher activity may be ascribed to larger colloids
providing more freedom in orientation and channels bet-
ween the prosthetic groups of HRP and mediator molecules.
Currently, we cannot address the difference in trend of
nanoparticle size and enzyme activity. However, the trend
difference might be due to substantially structural differ-
ences introduced in fabrication of HRP immobilized bio-
sensor system: e.g. direct adsorption of HRP on gold
colloids linked via formation of two Schiff base bridges
between glutaraldehyde and cysteamine on gold electrode
surface.

The size-dependent electrocatalytic behavior of Au-NPs is
shown in Figure 10. The reduction current of hydrogen
peroxide was divided by total surface area of Au-NPs on
GCE and the electrocatalytic current density was plotted

Current / pA

0.0 [ ] s 1 ' 1 L 1 L 1 ]
0 20 40 60 80
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Figure 9. Linear calibration curve from the amperometric response
of a HRP/DTSP/Au-NPs/GCE in which Au-NP was electrochemically
deposited for 600 s. Aliquot of 20 pL of 0.365 mM H>O» was
successively added into 0.1 M PBS containing 2.0 mM hydro-
quinone.
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Figure 10. Plot of electrocatalytic current density of Au-NPs vs.
Average nanoparticle size. Data were taken from Figure 8.

with respect to the average size of nanoparticles. The current
density on the smaller sized Au-NPs is much higher than
that on the larger sized nanoparticles on GCE. The effect of
the particle size is due to the high surface area to volume
ratio of Au-NPs in the biosensor. The similar size effects of
HRP-labeled gold colloid with different sizes adsorbed on
cysteamine monolayer,” and trapped in mercaptoptopyltri-
methoxysilane sol-gel network® on gold have been reported
for reduction of hydrogen peroxide. In these reports, Au
colloids were not in direct contact with an electrode surface.
The effect of the size of Au colloids with different sizes is
attributed to the fact that the smaller-sized Au colloids could
be more densely packed on the base monolayer than the
larger-sized colloids, resulting in more active sites for the
immobilization of electroactive self-assembled monolayer
as Willner et al.** reported.

Conclusions

We prepared an enzyme electrode based on the immo-
bilization of HRP on dithiobis-N-succinimidylpropionate
self-assembled monolayer formed on Au-nanoparticles
which were electrochemically deposited onto glassy carbon
electrode surface. The average size as well as total surface
area of Au-NPs could be controlled by varying deposition
time. The deposited Au-NPs were thermodynamically stable
and durable enough to show good electrocatalytic behavior
of O, reduction. The HRP/DTSP/Au-NPs/GCEs show
faster, more stable and sensitive amperometric response for
H,0» reduction than the HRP/DTSP/gold plate electrode in
the presence of hydroquinone as a mediator. In the optimized
experimental conditions, the HRP immobilized electrode
incorporating smaller-sized Au-NPs showed higher electro-
catalytic activity due to the high surface area to volume ratio
of Au-NPs in the biosensor.
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