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ABSTRACT

A novel electrochemical biosensor for the determination of pyrogallol (PG) and hydroquinone (HQ) has
been constructed based on the poly L-arginine (poly(L-Arg))/carbon paste electrode (CPE) immobilized
with horseradish peroxidase (HRP) and silver nanoparticles (AgNPs) through the silica sol-gel (SiSG)
entrapment. The electrochemical properties of the biosensor were characterized by employing the elec-
trochemical techniques. The proposed biosensor showed a high sensitivity and fast response toward the
determination of PG and HQ around 0.18 V. Under the optimized conditions, the anodic peak current of
PG and HQ was linear with the concentration range of 8 WM to 30 x 10-> M and 1-150 wM. The limit of
detection (LOD) and limit of quantification (LOQ) were found to be 6.2 wM, 20 uM for PG and 0.57 uM,
1.92 uM for HQ respectively. The electrochemical impedance spectroscopy (EIS) studies have confirmed
that the occurrence of electron transfer at HRP-SiSG/AgNPs/poly(L-Arg)/CPE was faster. Moreover the
stability, reproducibility and repeatability of the biosensor were also studied. The proposed biosensor
was successfully applied for the determination of PG and HQ in real samples and the results were found

to be satisfactory.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Pyrogallol (PG) and hydroquinone (HQ) are derivatives of phe-
nolic compounds which are important contaminants in medical
food and environmental matrices. Reliable analytical procedures
are required for the determination of PG and HQ in various
matrices with high sensitivity. So far, many methods have been
developed for their determination, including liquid chromatogra-
phy [1,2], synchronous fluorescence [3], chemiluminescence [4,5],
spectrophotometry [6], gas chromatography/mass spectrometry
[7], pH based-flow injection analysis [8], electrochemical meth-
ods [9,10], etc., However, most of the above methods have some
disadvantages, such as time consuming, high cost, low sensitivity
and complicate pretreatment. In recent past, more attention on the
development of biosensor was made due to its advantages such
as easy preparation, fast detection, low consume of time and high
sensitivity [11].

Horseradish peroxidase (HRP) is an important enzyme and is
always used as an electron acceptor. Among peroxidases, HRP has
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been one of the most widely studied enzymes in the development
of enzyme based biosensor. Because of the deep embedding of the
HRP-active site, which is in unfavorable orientation [12], it is a chal-
lenging task to obtain the direct electrochemistry of HRP. According
to Marcus theory, the electron transfer (ET) distance is a deci-
sive factor for the direct electrochemistry of redox enzyme, which
depends on the overall distance between the redox site within
the enzyme and the electrode surface, and the orientation of the
enzyme on the electrode [13]. In order to prepare good biosensors,
many materials such as nanoparticles, redox dyes, conducting poly-
mers, biomolecules and ionic liquids were employed to improve the
microenvironment around the enzyme to provide suitable orienta-
tion and to accelerate the electron transfer between the enzyme
and the surface of the electrode [11].

Noble metal nanoparticles have been extensively used in the
designing and in construction of enzyme biosensors due to their
unique characteristics, such as high surface energy and surface to
volume ratio, ability to decrease proteins-metal particle distance,
good mechanical, thermal and chemical stability [14,15]. So far,
the direct electron transfer of HRP has been reported at nano-
material surfaces such as gold nanoparticles (AuNPs) [16], gold
nanowire array electrodes [17], cadmium sulphide [CdS] nanorods
[18], and carbon nanotubes (CNTs) [19,20]. The stability and sen-
sitivity of a biosensor could be improved by choosing suitable
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enzyme immobilization matrix and by adapting better enzyme
immobilization strategies. Recently several valuable immobiliza-
tion strategies have been employed including absorption [21],
cross-linking [22], layer-by-layer assembly [23], sol-gel entrap-
ment [24], electropolymerization [25,26], etc., Among those silica
sol-gel (SiSG) entrapment technology has attracted much attention
in the field of immobilization of a variety of biomolecules, because
of its special features such as chemical inertness, physical rigid-
ity, high-thermal stability, biodegradation and optical transparency
[27,28]. However, these HRP-based biosensors require mediators to
transfer electrons between the electrode and HRP.

In our previous work, we have developed a biosensor based
on the CPE immobilized with HRP, through SiSG entrapment for
the determination of hydroquinone (HQ). The electrochemical
properties of biosensor were characterized by employing the elec-
trochemical methods like cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). The electrocatalytic response of HQ was
detected in methanol, ethanol, 2-propoanol, 1-butanol and ace-
tone. The good results were obtained in ethanol as a solvent and
acetate buffer solution (ABS) as supporting electrolyte, the exper-
iments were carried out in combination of these two media. The
electrochemical impedance spectroscopy (EIS) result confirmed the
occurrence of rapid electron transfer at HRP-SiSG/CPE. The pro-
posed sensor was successfully applied for the determination of HQ
in real samples and the result were found to be commensurate
[29].

In this present work, we have concentrated on embedding
HRP into the network of SiSG/AgNPs/poly(L-Arg)/CPE. This tech-
nology exhibited a remarkable advantage of AgNPs/poly(L-Arg) and
SiSG network. HRP was effectively embedded into the network of
AgNPs/poly(L-Arg) which in turn can promote the direct electron
transfer of the enzyme immobilized on the electrode surface. The
electrocatalytic behavior of this biosensor has also been investi-
gated in detail. The resulting biosensor exhibited high sensitivity
and good stability.

2. Experimental
2.1. Reagents

All chemicals were obtained from commercial sources and used without fur-
ther purification. Horseradish peroxidase (E.C. 1.11.1.7 type-VI-A-S/5 mg, Amoracia
rusticana source, 1840 U/mg), pyrogallol and hydroquinone were purchased from
Sigma-Aldrich chemicals Co., USA. Tetraethyl orthosilicate (TEOS), cetyltrimethyl
ammonium bromide (CTAB), Triton-X-100 were obtained from Sigma-Aldrich
chemicals Co., USA. The graphite fine powder was procured from Lobo Chemie
and silicon oil from Himedia. Silver nanoparticles (AgNPs) used in the present
study were synthesized from fungal culture Aspergillis niger and their size (1-3 nm)
and shape (spherical) were characterized according to Jaidev and Narasimha [30].
Acetate buffer solution (ABS) was prepared by mixing 0.1 M sodium acetate and
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0.1 M acetic acid. All the aqueous solutions were prepared with double distilled
water. The enzyme stock solution and working solutions of chemicals were stored
in cool place.

2.2. Apparatus

The electrochemical measurements were conducted in a three electrodes cell
at a room temperature 25 + 2 °C. The working electrode was a enzyme immobilized
carbon paste electrode (HRP-SiSG/AgNPs/poly(L-Arg)/CPE). The reference electrode
was a saturated calomel electrode system and glassy carbon rod electrode was used
as an auxiliary electrode. Electrochemical measurements were carried out using
CH-Electrochemical Analyzer (Model CHI-660D, CH Instruments, USA).

2.3. Preparation of poly(L-arginine) modified carbon paste electrode
(poly(L-Arg)/CPE)

The carbon past electrode was prepared by hand mixing 85% graphite powder
and 15% silicon oil in an agate mortar. The carbon paste was then packed into the
cavity of a homemade carbon paste electrode with a diameter of 2 mm and smoothed
on a weighing paper [31,32]. The 0.038 M of aqueous solution of L-arginine was
placed in the electrochemical cell and dipped with CPE and was scanned for eight
multiple cycles between the potential ranges from —0.6 Vto +1.6 V at 100 mV/s. After
polymerization, the poly(L-Arg) film was rinsed sufficiently with double distilled
water.

2.4. Fabrication of HRP-SiSG/AgNPs/poly(L-Arg)/CPE

A homogenous TEOS silica sol-gel was prepared by mixing 2 ml of TEOS, 1 ml of
H>0, 50 .l of 0.1 M KCl, 25 1 of 10% Triton-X-100. The mixture was stirred for 1h
for obtaining clear sol. The sol can be stored for about one month when it was kept
in refrigerator.

The 5 pl of 5mg/ml enzyme stock solution was added to the mixture of 5wl
of stock SiSG solution, 40 .l of ABS and 10 ] of AgNPs. A drop of this dispersion
with a volume of 5 pl was cast onto the surface of the poly(L-Arg)/CPE, then it was
allowed to polymerize at room temperature for 3-5 min. The electrode was gently
washed with ABS and was used for further experimental procedure [33]. The 2.5U
of enzyme was immobilized on the electrode surface. The fabrication procedure of
the biosensor is illustrated in Scheme 1.

3. Results and discussion

3.1. Electrochemical polymerization of L-arginine on carbon
paste electrode

L-Arginine is an amino acid and its electrochemical polymeriza-
tion potential was between +1.6 V to —0.6 V. The potential window
scan lies in the positive direction and this was the most important
factor in preparing the poly(L-Arg) film. If the potential window
was less than 1.6V or greater than —0.6V, it was observed that
the formation of poly film on the CPE was not stable. On the other
hand, a stable poly film was obtained by the electropolymerization
between the potential windows of —0.6 V to +1.6 V and with a max-
imum of eight cycles on CPE. Fig. 1A shows the growth of polymer
film 0f 0.038 M aqueous L-Arginine solution on the surface of carbon
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Scheme 1. A schematic diagram showing the steps involved in the fabrication of HRP-SiSG/AgNPs/poly(L-Arg)/CPE with reaction mechanism.



P. Raghu et al. / Enzyme and Microbial Technology 52 (2013) 377-385 379

2

NH [e)
HZN)I\ N/\/\‘)LOH
H
NH,

06 04 02 0
Potential / V

16 14 12 10 08 02 04 06

00 kv Signal A = SE1

WD = 7.0 mm Photo No. = 7077

Mag= 3.00 KX

EHT =20.00 kV
WD = 8.0 mm

Fig. 1. (A) Cyclic voltammogram for the electrochemical polymerization of (L-
arginine) at the carbon paste electrode, inset: structure of L-arginine. SEM images
of (B) CPE and (C) HRP-SiSG/AgNPs/poly(L-Arg)/CPE films captured at 3 WM magni-
fications.

paste electrode. During the process of multiple cycles the voltam-
mogram has gradually descended with increase of cycle time. This
indicates that the poly(L-Arg) film was formed and deposited on
the surface of carbon paste electrode [34].

3.2. Surface morphological characterizations using scanning
electron microscopy (SEM)

SEM study was employed to investigate the surface morphol-
ogy of bare CPE and HRP-SiSG/AgNPs/poly(L-Arg)/CPE films. The
surface of bare carbon paste electrode (bare CPE) was irregu-
larly shaped with 3 wm (3Kx) magnification and is shown in
Fig. 1B. In this image the flakes of graphite are evenly distributed
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Fig. 2. Cyclic voltammograms of CPE with buffer (a), CPE (b), HRP-SiSG/CPE (c), HRP-
SiSG/AgNPs/CPE (d) and HRP-SiSG/AgNPs/poly(L-Arg)/CPE (e) in 1 mM PG/0.1 M ABS
(pH 5.0) (A) or in 1 mM HQ/0.1 M ABS (pH 4.5) (B) at a scan rate of 25mV/s.

throughout the film surface. Fig. 1C shows the SEM image of HRP-
SiSG/AgNPs/poly(L-Arg)/CPE with magnification of 3 um (3Kx).
Unlike bare CPE film, the enzyme modified CPE film surface posses
several bright globular structures, along with uniform and gummy
nature background. The SEM results confirmed the formation of
HRP-SiSG/AgNPs/poly(L-Arg)/CPE film and clearly demonstrated
that AgNPs modified electrode surface is more effective for HRP
immobilization.

3.3. Investigation of electrochemical behavior of various film
modified CPE’s using cyclic voltammetric (CV) studies

The electrochemical behaviors of PG and HQ at the bare CPE,
HRP-SiSG/CPE, HRP-SiSG/AgNPs/CPE and HRP-SiSG/AgNPs/poly(L-
Arg)/CPE in 0.1 M ABS (pH 5.0/4.5) were studied using CV. Fig. 2A
shows the electrochemical responses obtained for the various film
modified CPEs in 0.1 M ABS (pH 5.0) with and without 0.1 mM PG.
As shown in Fig. 2A no peak was observed at the bare CPE without
PG (curve ‘a’). When the 0.1 mM PG solution was added, the anodic
and cathodic peaks of PG was observed at 0.228V and 0.069V at
bare CPE (curve ‘b’), respectively. The peak potential separation
(AEp) was about 0.159V, which indicates that the PG exhibits
a quasireversible electrochemical behavior at bare CPE. While at
HRP-SiSG/CPE (curve ‘c’) and HRP-SiSG/AgNPs/CPE (curve ‘d’), the
peak currents of both anodic and cathodic peaks slightly increases.
When it is modified with poly arginine (curve ‘e’), there was a good
agreement of increase in both anodic and cathodic peak currents,
the anodic and cathodic peaks appeared at 0.162V and 0.079V
respectively with peak to peak separation of 0.083V. Apart from
this, the anodic peak potential decreased from 0.228 to 0.162 V and
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the cathodic peak potentials shifted from 0.069 to 0.079 V. These
results indicate that the modifiers provide a mimic environment for
the functioning of proteins, in which the native conformations of
the proteins are retained and the electron transfer rates are greatly
enhanced compared with those involving proteins alone at bare
electrode [35].

The CV behavior of HQ was also studied at various film mod-
ified CPEs under the same conditions, as shown in Fig. 2B. At
HRP-SiSG/CPE (curve ‘c’), the anodic and cathodic peak potential
of HQ appears at 0.255V and 0.027V, respectively, with a large
AEp of 0.228 V. While at HRP-SiSG/AgNPs/poly(L-Arg)/CPE (curve
‘e’), the anodic and cathodic peaks appeared at 0.177 and 0.064V,
respectively, with a great reduced in the AEp value to 0.113 V. In
addition, the anodic and cathodic peak currents were also greatly
enhanced. The surface concentration of electroactive HRP (I") in
HRP-SiSG/AgNPs/poly(L-Arg)/CPE surface was estimated according
to following equation [36].

n2F2ATv
Ip = —-

4RT M

where Ip is the peak current, A is the electrode active surface area,
v is the scan rate, n is the number of electrons, R, T and F have their
usual meanings. By considering the above values, I" was calculated
as 8.63 x 10-8 molcm~2, which was found to be about 45 times
more than the monolayer coverage of HRP (5 x 10~!! molcm~2)
on 3-mercaptopropionic acid modified gold electrode [37]. These
results indicated that the multiple layers of active HRP were coated
on the electrode surface. The AgNPs/poly(L-Arg)/CPE/SiSG matrix
was more efficient for HRP immobilization. The surface concen-
tration of electroactive HRP (/") with different immobilization
matrices was compared with the present immobilization matrix
in Table 1A.

3.4. Effect of solution pH

HRP and PG/HQ was observed in the pH range varying from 3.5
to 6.5. The redox peak currents increased with increase in pH of
the ABS up to 5.0/4.5 for PG/HQ and thereafter decreased grad-
ually. From these results pH 5.0/4.5 for PG/HQ were selected as
the optimum pH values for subsequent experiments. The peak
potentials decreases linearly with the increase of pH value and the
same is shown in the inset of Fig. 3A and B for PG and HQ respec-
tively. The regression equations between the potential (E) and pH
was E (V)=-0.07 pH+0.5205 (r=0.9961) for PG and E (V) = —0.052
pH+0.3694 (r=0.9798) for HQ. The slopes of potential (E) vs. pH
were —70mV/pH for PG and —52 mV/pH for HQ. These slope val-
ues were close to the theoretical slope of (59 mV/pH), which is in
accordance with Nernst equation for transfer of equal number of
electrons and protons in the reaction [31,32].

3.5. Influence of scan rate

The cyclic voltammograms (CVs) corresponding to various scan
rates were also investigated for the fabricated biosensor. Both the
anodic and cathodic peak currents increased with increasing poten-
tial scan rate. As shown in Fig. 3C and D, a well characterized
redox peaks were observed for PG and HQ respectively. Moreover,
it was found from the inset of Fig. 3C and D, that the peak currents
were proportional to the square root of scan rates, suggesting a
typical the semi-infinite linear diffusion-controlled electrochem-
ical behavior feature for both PG and HQ. The catalytic process
of HRP-SiSG/AgNPs/poly(L-Arg)/CPE surface toward PG/HQ can be
expressed as follows [41].

HRP (Fe)" + C6H703/C5H602
— CompoundI([Fe"V=0]*) + CgH503/CsH40; (R1)

Compound I ([FeV=0]*) + e~ + H" - CompoundII([Fe!V=0])

Fig. 3A and B shows the effect of pH on the electrochemi- (R2)

cal response of the HRP-SiSG/AgNPs/poly(L-Arg)/CPE toward the

determination of PG and HQ respectively. A well defined quasi- v "

reversible redox peaks corresponding to Fe(l/I) redox process of ~ CompoundII([Fe"'=0]) + e~ +H* — HRP(Fe"") + H,0 (R3)

Table 1A

Michaelis-Menten constant and I values for HRP in different biosensors.
Biosensor ra KPPo Refs.
HRP/MPA®/Aud 5 x 10~ mol cm~2 R [37]
HRP/nano-Au/ch¢/GCE’ 1.2 x 10~ mol cm~2 1.55mM [38]
HRP/DPPA# [PGEM 1.5 x 10-1° mol cm—2 R [39]
HRP/colloidal Au/CPE! 7.5 x 10~ mol cm—2 3.69mM [40]
HRP/nano-Au/Cys’/SiSGK/Au - 1.1mM [46]
HRP/colloidal Au/SPCE! R 1.3mM [47]
HRP/MB™/MWNT" /GCE 3.2 x 10-12 mol cm~2 0.12mM [48]
CPE/sol-gel-Fer® /HRP/sol-gel 0.19 mM [49]

HRP-SiSG/AgNPsP [poly(L-Arg)d/CPE 8.63 x 10~8 molcm—2

0.25mM (for PG)0.11 mM (for HQ) Present work

a I', electroactive concentration of HRP on the immobilized electrode surface.
b KPP apparent Michaelis-Menten constant.
¢ MPA, 3-mercaptopropionic acid.

4 Au, gold electrode.

¢ ch, choline.

f GCE, glassy carbon electrode.

DPPA, dipalmitoylphosphatidic acid.

PGE, pyrolytic graphite electrode.

CPE, carbon paste electrode.

Cys, cysteine.

SiSG, silica sol-gel.

SPCE, screen printed carbon electrode.

MB, methylene blue.

MWNT, multiwalled carbon nanotubes.
Fer, ferrocene.

AgNPs, silver nanoparticles.

Poly(L-Arg), poly(L-arginine).
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Fig. 3. (A and B) The effect of pH on the redox behavior of HRP-SiSG/AgNPs/poly(L-Arg)/CPE in 0.1 M ABS solution with pH ranging from 3.5 to 6.5 for PG and HQ respectively.
The inset is Ipa/Epa vs. pH plot. (C and D) Typical cyclic voltammograms of HRP-SiSG/AgNPs/poly(L-Arg)/CPE and the calibration plot of wave current at different scan rates
for 1 mM of PG/0.1 M ABS pH (5.0) ((a) 10 mV/s, (b) 15mV/s, (c) 20mV/s, (d) 25 mV/s, (e) 30 mV/s, (f) 35mV/s, (g) 40 mV/s, (h) 45 mV/s, (i) 50 mV/s, (j) 55 mV/s, (k) 60 mV/s,
(1) 70mV/s, (m) 80 mV/s, (n) 90 mV/s, (0) 100 mV/s) and 1 mM HQ/0.1 M ABS pH (4.5) ((a) 20mV/s, (b) 25 mV/s, (¢) 30 mV/s, (d) 35mV/s, (e) 40 mV/s, (f) 45 mV/s, (g) 50 mV/s,
(h) 55mV/s, (i) 60mV/s, (j) 65mV/s, (k) 70mV/s, (1) 80 mV/s, (m) 90 mV/s, (n) 100 mV/s, (0) 110mV/s, (p) 120mV/s). (E and F) Differential pulse voltammograms of (a)
0.8x10°5M, (b) 1x 10-5M, (c) 2x 10 M, (d) 3 x 105 M, (e) 4 x 105 M, (f) 5x 105 M, (g) 6 x 10-5 M, (h) 8 x 10-5 M, (i) 9 x 105 M, (j) 10 x 10-5 M, (k) 14 x 105 M, (1)
18 x 105 M, (m) 22 x 10-5 M, (n) 26 x 105 M, (0) 30 x 105 M for PG in 0.1 M ABS (pH 5.0) and (a) 1 x 106 M, (b) 3 x 10~ M, () 6 x 10~ M, (d) 10 x 10-6 M, () 15 x 106 M,
(f) 20 x 105 M, (g) 25 x 106 M, (h) 30 x 10-6 M, (i) 40 x 105 M, (j) 50 x 10-5 M, (k) 60 x 10-5 M, (1) 70 x 10-6 M, (m) 80 x 10~ M, (n) 90 x 10-5 M, (0) 100 x 10-6 M, (p)
150 x 10~ M for HQ in 0.1 M ABS (pH 4.5). Inset (A and C) graph of peak current vs. the concentration of PG and HQ respectively. Inset (B and D) Lineweaver-Burk plots for

PG and HQ respectively.

3.6. Electrocatalytic determination of PG and HQ at fabricated
biosensor

The electrocatalytic activity of HRP-SiSG/AgNPs/poly(L-
Arg)/CPE toward PG and HQ was investigated by employing
differential pulse voltammetry (DPV) experiment. Fig. 3E and
F shows DPV curves for different concentrations of PG/HQ in
0.1M ABS (pH 5.0/4.5). The results showed that the anodic peak
current was proportional to the concentration from 0.8 x 10~
to 30x10°M and 1-150 M for PG and HQ respectively. A
good linear relationship was obtained (inset A and C of Fig. 3E
and F) with the regression equations of Ip, (A)=0.3861C
(10>MI-1)+1.65 (r=0.9968) for PG and Ip, (wA)=0.42C
(WMI1-1)+0.7056 (r=0.9994) for HQ respectively. The LOD
and LOQ of this biosensor were estimated to be 6.2 M and 20 uM

for PG, 0.57 M and 1.92 uM for HQ respectively. The higher
sensitivity of the sensor may result from the good biocompatible
microenvironment around the enzyme [42]. The LOD and LOQ
values were calculated by using the following expressions [43,44].

35,
Lop = % 2)
LOQ = % 3)

where S, is the standard deviation of mean values for ten
differential-pulse voltammograms of blank solution, S is the slope
of the working curve.

The apparent Michaelis-Menten constant (K3PP), gives an indi-
cation toward the enzyme-substrate kinetics for the biosensor,
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Fig. 4. (A) EIS of (a) bare CPE, (b) HRP-SiSG/AgNPs/poly(L-Arg)/CPE, (c) bare Pt, (d)
HRP-SiSG/AgNPs/poly(L-Arg)/Pt, (e) bare GCE, (f) HRP-SiSG/AgNPs/poly(L-Arg)/GCE
recorded in 0.1 M KCl containing 1 mM K3 [Fe(CN)s]/K4[Fe(CN)s]. Amplitude: 5mV,
frequency: 1 Hz to 100 kHz. (B) EIS of (a) HRP-SiSG/AgNPs/poly(L-Arg)/CPE, (b) bare
CPE, (¢) CPE/AgNPs, (d) CPE/AgNPs/poly(L-Arg) recorded in 0.1 M ABS pH (4.5)/1 mM
K3[Fe(CN)s]/Ks4[Fe(CN)s]/2 wM of HQ. Amplitude: 5 mV, frequency: 1Hz to 100 kHz.

and it was calculated from the electrochemical version of the
Lineweaver-Burk equation [45].

1 1 KPP

=+ (4)

iSS imax imax C

where igs is the steady state current after the addition of substrate
and imax is the maximum current measured under saturated sub-
strate condition. The KPP and imax values of the biosensor were
found to be 0.25 mM and 20 p.A for PG and 0.11 mM and 10 p.A for
HQ respectively (inset B and D of Fig. 3E and F). Smaller is the K;*?
value, higher is the enzyme activity (HRP) and it shows higher affin-
ity toward PG and HQ. The KPP value of the proposed biosensor was
compared with K3PP values of other biosensors in Table 1A.

3.7. Electrochemical impedance spectroscopy (EIS)
characterization of biosensor

The EIS is a powerful analytical tool to characterize the elec-
trochemical process occurring at the solution/electrode interface.
The curve of the EIS consists of a semicircle portion and a linear
portion. At the higher frequencies the semicircle portion was
observed, which gives the information of impedance in the form
of a diameter. A linear portion was observed at lower frequencies,
which represents higher electron transfer. The electron transfer
rate at the surface of the electrode was influenced by the sur-
face electron-transfer resistance (Re;) of the electrode. Fig. 4A
shows the curves of Nyquist plots (Z” vs. Z') for different types
of electrodes. The electrochemical impedance measurements
were carried out in 1 mM K3[Fe(CN)g]/K4[Fe(CN)g] and 0.1 M KCl
solution. The alternating voltage was 5mV and the frequency

range was 1Hz to 100 kHz. It was seen that the bare CPE (a) and
HRP-SiSG/AgNPs/poly(L-Arg)/CPE (b) exhibited an almost straight
lines, meaning that the probe found it easier to access the surface
of the electrode. The Nyquist diameter for bare Pt electrode (c)
and bare glassy carbon electrode (GCE) (e) was much larger
than that of the corresponding modified HRP-SiSG/AgNPs/poly(L-
Arg)/Pt (d) and HRP-SiSG/AgNPs/poly(L-Arg)/GCE (f), which
indicates the modified electrodes shows less impedance and
more electron transfer rate. The order of impedance for different
electrodes was as follows, bare GCE>HRP-SiSG/AgNPs/poly(L-
Arg)/GCE > bare Pt > HRP-SiSG/AgNPs/poly(L-Arg)/Pt > bare
CPE > HRP-SiSG/AgNPs/poly(L-Arg)/CPE.

Fig. 4B shows EIS results for the different assembly stages
of biosensor in 1mMK;3[Fe(CN)g]/K4[Fe(CN)g] solution pre-
pared by 0.1M ABS (pH 4.5) and 2pM of HQ solution. The
Randles equivalence circuit model was employed to fit the
obtained impedance data, which was shown in inset of Fig. 4B
(where Rs represents the solution resistance, Cy is the dou-
ble layer capacitance, Re; is the electron transfer resistance,
Rp is the polarization resistance and Q is the CPE (constant
phase element)). The curves a-d in Fig. 4B express HRP-
SiSG/AgNPs/poly(L-Arg)/CPE (a), bare CPE (b), CPE/AgNPs (c)
and CPE/AgNPs/poly(L-Arg) (d) electrodes respectively. Accord-
ing to the curves, ‘a’ has less impedance (straight line) and the
remaining electrodes show slight curve nature. The electron trans-
fer rate constant (Ket) values of various electrodes were, bare CPE
(0.073 cm/s)<CPE/AgNPs  (0.076 cm/s) < CPE/AgNPs/poly(L-Arg)
(0.099 cm/s) < HRP-SiSG/AgNPs/poly(L-Arg)/CPE (0.12 cm/s). From
the above results it was noticed that the increase in electron
transfer rate constant corresponds to the decrease in impedance.

3.8. Stability and reproducibility of biosensor

The fabricated biosensor was continuously tested for 50 suc-
cessive cycles in the potential range from —0.2 to 0.5V at the scan
rate of 50 mV/s in ABS (pH 4.5/5.0) containing 1 mM PG/HQ. It was
noticed that after 50 cycles there was no disturbance in the peak
potentials of the system, whereas the peak currents of the system
reduced to 88% in comparison with the initial signal. This indi-
cates that the assembly layer was stably fixed on the electrode
surface. The results obtained for the developed procedure toward
the determination of PG/HQ were reproducible, because there was
no significant difference between the RSD values of the both ana-
lytes. The results are shown in Table 1B. The long term stability of
the HRP-SiSG/AgNPs/poly(L-Arg)/CPE biosensor was investigated
under the storage conditions (in a refrigerator, i.e. 4°C); it was
observed that the activity of immobilized HRP was stable up to
one month.

Table 1B
The various parameters determined for PG and HQ.
Parameters PG HQ
Response time (min) 1 1
Linear range 0.8x107°t030x10°M 1-150 M
Intercept of calibration curve 1.65 0.7056
(x10°6A)
Slope of calibration curve 0.3861 0.42
(x10-SA/MI-1)
Correlation coefficient 0.9968 0.9994
Standard deviation of calibration 0.2988 0.0611
curve
Limit of detection (LOD) 6.2 uM 0.57 pM
Limit of quantification (LOQ) 20 pM 1.92 pM
Repeatability (%RSD) (n=3) 2.59 3.52
Reproducibility (%RSD) (n=3) 3.14 4.19

n, number of assays.
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Table 1C
Recovery results for PG and HQ in spiked samples.
S. No. Sample matrix Added (M) Found? (M) Recovery (%) S.D. (%) Bias
PG HQ PG HQ PG HQ PG HQ PG HQ
20 20 20.5 19 102 95 0.18 0.12 +2 -5
1. Mineralized water 40 40 39 41.5 97.5 103 0.21 0.15 -2.5 +3.7
60 60 61 59 101.6 98 0.17 0.16 +1 -2
20 40 21 40.5 105 101 0.16 0.13 +5 +1
2. Tap water 40 60 38 58.5 95 97.5 0.19 0.15 -5 -2.5
60 80 64 81 106 101 0.18 0.14 +6 +1
2 Average of four determinations.
Table 1D
Comparison of different electrochemical/other techniques for the determination of HQ and PG.
Electrode Analyte (linear Technique Limit of detection Refs.
Conc. range) (LOD)
GCE? HQ (3.9-1360 wM) cym 3.9uM [50]
PG (66-440 M) cv 33.2uM
CNTP-GCE HQ (2.9-1430 nM) cv 2.9 uM
PG (66-1660 M) cv 20.0 M
HRP¢-SiSGY/CPE HQ (5-1000 M) DPV® 1.5uM [29]
Si0,/Ce HQ (39-1250 pM) DPV 1.6 mmol/l [51]
GCE HQ (0.5-30 mg/1) AdSve 50 mg/1 [52]
OMIM-PF6/IL-CPE! HQ v 0.81 mmol/l [53]
(0.01-10 mmol/l)
p-(Glu)CPE# HQ (5-80 M) DPV 1.5 M [54]
SPCEh PG (10-1000 M) FIAP 0.33 uM [55]
PG (75-1000 M) LTCC-microchipsd 75 uM [56]
Aul/CNT/PPYi/HRP PG (1.6-22.4 pM) cv 1.24 M [57]
HRP-SiSG/AgNPsk [poly(L-Arg)!/CPE HQ (1-150 uM) DPV 0.57 pM Present work
PG (8-300 uM) DPV 6.2 uM

GCE, glassy carbon electrode.
CNT, carbon nano tubes.

HRP, horseradish peroxide.

SiSG, silica sol-gel.

SiO,/C, silica on carbon electrode.

p-(Glu)CPE, poly(Glutamic acid) carbon paste electrode.
SPCE, screen printed carbon electrodes.

Au, gold electrode.

PPY, poly pyrrole.

AgNPs, silver nanoparticles.

Poly(L-Arg), poly(L-arginine).

CV, cyclic voltammetry.

DPV, differential pulse voltammetry.

AdSV, adsorptive stripping voltammetry.

FIA, flow injection amperometry.

LTCC-microchips, fabricated by low temperature co-fired ceramic technique.

2T 0 3 3 & ® o - TW om0 AN T

3.9. Analytical applications

The practical usage of the biosensor was assessed under opti-
mized conditions by the determination of PG, HQ in the local
tap water and mineralized water samples. The spike and recov-
ery experiments were performed through the DPV responses. The
amounts of PG/HQ in the tap water/mineralized water samples
were determined by calibration method and are summarized in
Table 1C. The recoveries were 95-103% and 95-106% for PG and HQ
respectively, which clearly indicates the applicability and reliability
of the proposed method. The detection limit of various electroan-
alytical/other methods proposed for the determination of HQ and
PG was compared with the present method and shown in Table 1D.

4. Conclusions

In this work, we have successfully developed a method
for the determination of PG/HQ by using CV and DPV at
HRP-SiSG/AgNPs/poly(L-Arg)/CPE. The method of fabricating the
biosensor has many advantages such as ease of fabrication,
enhanced electrocatalysis, and long term efficiency in preserving

OMIM-PF6/IL-CPE-1, octyl-3-methylimidazolium-hexafluorophosphate/ionic liquid-carbon paste electrode.

the activity of enzyme molecules. The biosensor exhibited a fast
response, a broad liner range, a low detection limit with satisfac-
tory stability, repeatability and good potential application in the
determination of PG/HQ in real samples. Attending to these results,
the poly(L-Arg)/AgNPs/SiSG matrix was not only a useful tool for
facilitating the communication between enzyme and electrode, but
also it provides a proper microenvironment for enzyme-substrate
interaction.
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