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A viable and simple method for preparing porous graphene network using silver nanoparticles (AgNPs)
etching was proposed, and a sensitive biosensor was constructed based on the porous graphene (PGN)
and horseradish peroxidase (HRP) to measure the release of H,0, from living cells. Owing to the large
surface area and versatile porous structure, the use of nanoporous materials can significantly improve
the analysis performance of the biosensor by loading large amounts of enzyme and accelerating diffusion
rate. Meanwhile, the constructed electrode exhibited excellent electrochemical performance toward
H,0, with a determination limit as low as 0.0267 nM and wide linear range of 7 orders of magnitude,
which was superior to other H,O, electrochemical sensors. Thus, this novel biosensor can detect the
H,0, release from living cells not only under normal physiological conditions (10~8-10~7 M) but also in
emergency state with the increased concentration (~10~4 M). This work provides tremendous potential
for real-time tracking of the secretion of H,O, in different types of physiological and pathological in-

vestigations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Reactive oxygen species (ROS) are important intracellular sig-
naling molecules, mainly regulating protein synthesis, DNA da-
mage, cell apoptosis, etc. (Chang et al., 2013). Nevertheless, the
excessive amount of ROS accumulation in cells could lead to a
series of cell damage and cause aging and disease, including car-
diovascular disease, Alzheimer’s disease and cancer (Pagliari et al.,
2012; Wu et al., 2011). H,0,, a common representative of reactive
oxygen species (ROS), has received much consideration since its
long lifetime allows it to penetrate into other cellular compart-
ment to induce various harmful biological modifications poten-
tially. It is closely related to people’s safety and health (Zhang
et al., 2013; Trachootham et al., 2009). Hence, developing a rapid,
sensitive, and accurate method to measure H,O, dynamic release
process from living cells is essential in studying the biological ef-
fect of H,0, and preventing relative diseases associated with hu-
man inflammatory (Rhee et al.,, 2010; Zhang et al., 2014a; Maji
et al., 2014; Oh et al., 2012).

Compared with fluorometry, spectrophotometry, and
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chromatography, electrochemical methods are more effective for
in situ and real-time analysis of H,O, due to their fast response,
good selectivity, high sensitivity, excellent reproducibility, and
facile operation (Yuan et al., 2012; Xu et al., 2014; Xi et al., 2015). In
particular, electrochemical methods based on the catalytic reduc-
tion of H,O, by the natural enzyme, for example, horseradish
peroxidase (HRP), have witnessed an increasing interest because
of their high efficiency, good selectivity and sensitivity toward
H,0, (Chen et al., 2016; Feyzizarnagh et al., 2016). However, the
immobilization and stabilization protocol of the enzyme on the
electrode are complicated, and the activity of the enzyme elec-
trode is easy to reduce (Lippert et al., 2011). Moreover, due to the
low concentration of H,0, in cell, the detection limit still needs to
be improved. In order to solve these problems, it is necessary to
develop the excellent support matrix that provide better en-
vironment for loading the enzyme efficiently and maintaining the
enzymatic bioactivity.

Porous graphene, the isolated two-dimensional carbon nano-
material with some holes/pores within the atomic plane, has at-
tracted great attention recently in the fields of nanomaterial and
electrochemistry on account of its extraordinary physiochemical
properties including larger surface area, higher electron con-
ductivity and better biocompatibility (Zhou et al., 2014; Xi et al.,
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Scheme 1. Schematic of the HRP/PGN modified GCE used for detecting H,0, release from cells stimulated with ascorbic acid (AA).

2012). Moreover, construction of graphene into porous structure
can effectively prevent aggregation of graphene sheets (Han et al.,
2014; Jiang and Fan, 2014), and is beneficial of the adsorption of
enzyme. Meanwhile, nanopores are advantageous for ions passing
through (Sint et al., 2008). These merits made porous graphene
(PGN) an excellent supporting material. However, little work is
available on the application of enzyme/porous graphene as elec-
trochemical sensors.

In this work, we developed a novel enzymatic H,O, sensor
based on PGN and HRP to measure the release of H,0, from living
cells (Scheme 1). As demonstrated later, such a biosensor can fa-
cilitate the electron transfer of HRP and improve analytical per-
formance for the determination of H,0,. Most importantly, the
outstanding features of PGN, combined with the excellent selec-
tive catalysis of HRP, enable this biosensor to be used for de-
termining the release of H,O, from living cells with satisfaction.

2. Material and methods
2.1. Apparatus

The transmission electron microscopy (TEM) images were ob-
tained from JEM-3010 transmission electron microscope (JEOL Co.,
Ltd., Japan). Raman spectra were recorded on a Renishaw inVia
Raman microscope system with 632.8 nm laser excitation. Nitro-
gen sorption isotherms were obtained with a Micromeritics TriStar
II 3020 surface area and porosity analyser at 77 K. The samples
were degassed overnight at 110 °C. The Brunauer-Emmett-Teller
(BET) method was used to calculate the specific surface area.
Electrochemical measurements were performed on a CHI660C
electrochemical workstation (Austin, TX, USA) using a three-elec-
trode system with a glassy carbon electrode (GCE, d=3.0 mm) or
modified GCE as the working electrode, a saturated calomel elec-
trode (SCE) and a platinum electrode as the reference and counter
electrode, respectively. All potentials given in this paper were re-
ferred to the SCE. Before each electrochemical measurement, so-
lutions were thoroughly deoxygenated by bubbling nitrogen
through the solution for at least 20 min to remove dissolved
oxygen.

2.2. Reagents
Graphite (99.99% SP-1, Bay carbon) with average particle size of

45 um was obtained from Shanghai Chemical Reagent (Shanghai,
China). Hydrogen peroxide solution (30 wt%) and nitric acid

(HNO3) were purchased from Beijing Chemical Reagent (Beijing,
China). Silver nitrate (AgNOs;) and ammonia (NHs-H,0) were
bought from Xi'an Chemical Reagent (Xi’an, China). Sodium do-
decyl benzene sulfonate (SDBS) and sodium borohydride (NaBH,4)
were obtained from Tianjin Chemical Reagent (Tianjin, China).
Horseradish peroxidase (HRP) and ascorbic acid (AA) were ob-
tained from Sigma. The catalases (20004000 units/mL) was pur-
chased from Beijing Chemical Reagent (Beijing, China). A 0.2 M
phosphate buffer solution (PBS, pH 7.0) comprising NaH,PO4 and
Na,HPO4 was used as the supporting electrolyte. A physiological
PBS solution containing KH,PO4 (1.76 mM), Na,HPO,4 (10.14 mM),
NaCl (136.75 mM), and KCl (2.28 mM), was mainly used for
washing of PC12 cells and observing the release of H,0, from the
cells. Other chemicals were all of analytical grade, and the solu-
tions were prepared by doubly distilled water.

2.3. Preparation of the porous graphene

Graphene oxide (GO) dispersions were prepared from the
graphite powder by a modified Hummers’ method (Li et al., 2008).
The AgNPs-graphene nanocomposites were carried out by a facile
and versatile hydrothermal synthetic strategy and the detailed
preparation steps are as follows: as-prepared graphene oxide
(0.05 g) was initially dispersed into 50 mL water under ultrasonic
for 3 h, and SDBS (0.05 g) was dissolved into 20 mL water. Then
SDBS solution was added into aqueous GO dispersion followed by
approximately 60 min of ultrasonication to achieve the SDBS-GO
suspension. NHs - H,O (3%) was dropped into aqueous AgNOs3 so-
lution (0.02 M, 10 mL) continuously until the precipitates dis-
appeared and the Tollens’ reagent was obtained. Next, the Tollens’
reagent was dropped into as-synthesized SDBS-GO suspension and
adequately stirred for 3 h. Following this, 70 mL of NaBH, (40 mM)
solution was added into the above mixture at a stirring rate of
600 rpm for 12 h at 90 °C. The solution was filtered by nylon
membrane with 0.22 um pores, thoroughly washed with water to
remove the free materials in the solution. The obtained black
product, named as AgNPs-graphene (AgNPs-GN), was immersed in
aqueous HNOs solution (1.0 M) and stirred for 3 days to remove
AgNPs. Finally, the porous graphene (PGN) sample was collected
by filtration and washed with water and ethanol. The product was
obtained through freeze drying process.

2.4. Preparation of the H,0, sensor

Prior to the modification, the glassy carbon electrode (GCE) was
polished with 1.0, 0.3 and 0.05 pm alumina slurry to a mirror-like,
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respectively, followed by rinsing thoroughly with doubly distilled
water. 8 pL of PGN aqueous solution (1.0 mg mL~') was dropped
on the surface of a GCE and dried in air to obtain PGN/GCE-1 and
then this modified electrode was soaked in HRP aqueous solution
(5.0 mg mL~ 1) for 1 h to gain HRP/PGN/GCE-1. In addition, in order
to detect H,O, more sensitive, we have adopted another approach
to construct the modified electrode based on the porous graphene.
The HRP@PGN solution was initially prepared by mixing 5 mg
horseradish peroxidase (HRP) with 2 mL porous graphene solution
(0.5 mg mL~!) under ultrasonication for 10 min at room tem-
perature. Then 6 pL of the HRP@PGN solution was dropped on the
surface of a GCE and dried in air, and was denoted as HRP/PGN/
GCE-2. Graphene nanosheet (GN) could also be used to prepare
modified electrode with the same condition mentioned above, and
the relative sample was named as HRP/GN/GCE-2.

2.5. Cell culture

PC12 (rat adrenal medulla pheochromocytoma) cells were ob-
tained from Institute of Hematology, Chinese Academy of Medical
Sciences. They were maintained in DMEM (high glucose, Gibco)
medium supplemented with 10% heat-inactivated fetal calf serum
(Sigma, USA), 100 U/mL penicillin (Sigma, USA), and 100 mg/mL
streptomycin (Sigma, USA) at 37 °C with 5% CO, in a 95% humi-
dified atmosphere.

2.6. Electrochemical detection of H,0, released from cells

PC12 cells grown in 25 cm? cell culture flasks were seeded in a
6-well plate (1.0 x 10° cells per well) for 24 h for electrochemical
experiments. Cell number was estimated by a cell counter. The
media was removed and the cells were washed two times with
deoxygenated phosphate-buffered saline, and then 3 mL deox-
ygenated phosphate-buffered saline was added for real sample
measurements. The amperometric detection of the release flux of
H,0, from PC12 cells was performed using the HRP/PGN/GCE-2 at
—0.7V (vs SCE), which was placed inside the 6-well plate and
exposed to the cell solution. Ascorbic acid (AA) was injected to the
cells suspension, which can motivate cells generation of H,0, and
H,0, produced from the cancer cell was monitored by ampero-
metric measurements. As a control group, 300 pL of catalase
(2000-4000 units/mL) was then added to the solution that con-
tained cells.

3. Results and discussion
3.1. Characterization of the porous graphene

3.1.1. Morphological and structural characterization

We have initially characterized the porous graphene (PGN)
using transmission electron microscopy (TEM), Raman spectra and
Nitrogen adsorption/desorption isotherm.

The porous graphene was prepared using silver nanoparticles
(AgNPs) to etch graphene sheets by a one-pot reduction method.
From the TEM images of Fig. 1A, one can see that spherical silver
particles with diameters of 10-30 nm were embedded in the
graphene film, and the corresponding energy dispersive X-ray
spectroscopy (EDX) was shown in inset of Fig. 1A, displaying
strong peaks of C, O and Ag. Furthermore, as shown in Fig. 1B, the
high-resolution TEM (HRTEM) image of AgNPs—-GN nanocompo-
sites reveals that AgNPs with a highly ordered crystalline structure
displays a lattice spacing of 0.236 nm, corresponding to the Ag
(111) plane (Qin et al, 2012). When AgNPs were removed by
treatment with HNOs, well-developed nano-scaled porous struc-
ture can be observed in the graphene surface, and marked by the

red circles in Fig. 1C, which are better than our previous work (Liu
et al., 2015b). The corresponding EDX was also shown in inset of
Fig. 1C, and there are only peaks of C and O, suggesting an effective
removal of AgNPs in the graphene by acid. As a comparison, Fig. 1D
is TEM of the graphene (GN) sample, which was prepared without
AgNPs etching, revealing a view of graphene nanosheets clearly.

Another evidence for the introduction of pores on graphene
sheets is the change of the D/G intensity ratio in Raman spectrum.
Fig. 1E shows the Raman spectrum of GO and PGN. Compared with
GO (Ip/lg=0.9), there is a high D/G intensity ratio for PGN (Ip/
Ig=1.3), suggesting more defects on the graphene sheets (Fan
et al.,, 2012; Cao et al., 2015).

Moreover, the N, adsorption/desorption plots of PGN sample
(Fig. 1F) show a type Il isotherm with a steep increase of nitrogen
absorption at a high relative pressure and the hysteresis loop of
adsorption/desorption isothermal, indicating that the main pores
are contributed by mesoporous (Fu et al., 2006). The BET specific
surface area and pore volume of PGN are 430.27 m?g~! and
0.44 cm® g~ !, which are higher than pure graphene (79.05 m? g~!
and 0.14 cm® g~ 1) (Liu et al., 2015a). The pore size distribution of
PGN is exhibited in the inset of Fig. 1F, illustrating that the pore
sizes are mainly distributed at 20 nm, which is in agreement with
the TEM image of Fig. 1C.

3.1.2. Electrochemical characterization of PGN/GCE

In order to verify the electrical conductivity of prepared com-
posites, a comparative study of the cyclic voltammetry for the
different modified electrodes was carried out in 5.0 mM Fe
[(CN)s]>~/4~ and 0.1 M KNO; as shown in Fig. 2. Compared with
bare GCE (curve a), the current response increased when porous
graphene modified on GCE surface (curve c), and the peak differ-
ence between anodic and cathodic peaks (AEp) at PGN/GCE is
smaller, indicating that the porous graphene is an excellent elec-
tric conducting material. Whereas, the current response of AgNPs-
GN modified electrode decreased in curve b. The reason, we think,
may be ascribed to the quantum size effect of nanoparticles. Ac-
cording to Kubo theory (Chen et al., 2010), the smaller of silver
nanoparticle, the more obvious of quantum size effect, and the
poor conductivity it has.

Electrochemical impedance spectroscopy (EIS) is also an ef-
fective method for monitoring the interfacial properties of surface-
modified electrodes (Liao et al., 2010). In the Nyquist plots of the
impedance spectra, a semicircle portion observed at higher fre-
quencies would correspond to the charge-transfer limited process,
and a linear section at the lower frequencies is attributed to the
diffusion-limited process. The semicircle diameter corresponds to
the electron-transfer resistance (Ret), which can be used to de-
scribe the interface properties of the electrode. Fig. 2B shows the
Nyquist plots of different electrodes using Fe[(CN)s]* /4~ as the
electrochemical probe, and the inset is the fits of equivalent cir-
cuit. It is observed that the bare GC electrode after polishing shows
a semicircle domain about 65 £ at high frequencies and a linear
part at low frequencies (curve a). When the GC electrode is
modified with AgNPs/GN, the Ret increases to 75 Q (curve b). Most
importantly, the Ret of PGN/GCE (curve c) significantly decreases,
implying the favorable conductivity of porous graphene. This re-
sult indicates that the higher electron conduction pathways are
formed on the porous graphene between the electrode and elec-
trolyte. This is agreed with the results from cyclic voltammetry
(Fig. 2A).

In addition, a comparative study was carried out by calculating
the electroactive surface areas of the three kinds of electrodes:
bare GCE, GN/GCE and PGN/GCE. From Fig. S1 in the Supporting
information, the electroactive surface areas of electrodes were
calculated in the trend of bare GCE (0.0504 cm?)< GN/GCE
(0.0836 cm?) < PGN/GCE (0.1470 cm?), suggesting that PGN could
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Fig. 1. TEM images of AgNPs-GN (A), PGN (C) and GN (D); Insets are EDX images of AgNPs-GN (up) and PGN (down); HRTEM image of AgNPs-GN (B); Raman spectra of PGN
and GO (E); Nitrogen adsorption/desorption isotherm and pore size distribution (inset) of PGN (F).

enlarge the specific surface area because of its porous structure.
3.2. Direct electrochemistry of HRP/PGN/GCE-1

As stated in the introduction section, the porous graphene
carbon nanomaterial could serve as excellent support matrix for
immobilizing enzyme on the electrode surface. Thus direct elec-
trochemistry of HRP enzyme is studied as shown in Fig. S2. The
results suggested that the porous graphene could immobilize en-
zyme effectively, and provide a favorable microenvironment to

retain the bioactivity of HRP.
3.3. Electrochemical response of H>0, at HRP/PGN/GCE-2

Fig. 3 shows the cyclic voltammograms at HRP/PGN/GCE-2 in
1.0 mM H,0, and N,-saturated 0.2 M PBS. As a comparison, HRP/
GCE-2, PGN/GCE-2 and HRP/GN/GCE-2 were also prepared under
the same conditions to detect H,O,. For HRP/GCE-2 (curve a), a
poor cathodic peak current at around —0.6 V was observed, sug-
gesting that the reduction of H,0, was hardly achieved due to
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Fig. 3. Cyclic voltammograms of different electrodes in 1.0 mM H,0, and N,-sa-
turated 0.2 M PBS (pH 7.0): (a) HRP/GCE-2 (b) HRP/GN/GCE-2 (c) PGN/GCE-2
(d) HRP/PGN/GCE-2 at 50 mV/s.

slow electrode kinetics and high overpotential (Chen et al., 2012).
Generally, the enzyme is easy to lose its bioactivity when directly
adsorbed on a bare electrode surface (Hong et al., 2006). As PGN
was modified on the electrode (curve c), the peak current in-
creased, because the porous structure of PGN could provide large
active area to contact H,0, and facilitate its electron transfer. Most
important, we found that the current enhanced obviously as
shown in curve d when the electrode modified by HRP@PGN. It
was 3.2 times and 1.5 times as large as that of HRP/GCE-2 (curve a)
and PGN/GCE-2 (curve c), respectively. The excellent current re-
spond may result from the following two factors. On the one hand,
PGN could load on great amount of HRP and offer a biocompatible
microenvironment for retaining the HRP bioactivity. On the other
hand, the nanoporous structure of PGN may confine H,0, in the
pores to obtain a higher occurrence of H,05-active site encounters
and then a higher activity. The result of comparing curve b and d
further illustrates that HRP@PGN shows excellent electrocatalytic
effect toward H,0,.

3.4. Performance of the hydrogen peroxide sensor

3.4.1. Optimization of the experimental variables
In order to obtain an efficient sensor for detection H,0,, the
analytical conditions, such as the concentration ratio of HRP and

PGN, the deposition volume of HRP@PGN, were optimized by the
prepared hydrogen peroxide sensor as shown in Fig. S3. The ex-
periment results show that HRP/PGN/GCE-2 has the best response
current for HO, at 5:1 of concentration ratio for HRP and PGN.
Our observations also indicate that the sensitivity response in-
creased with the increasing volume of deposition and reached a
summit at a volume of 6 pL of HRP@PGN, afterward it decreased
upon addition of much larger deposition volume. Therefore, 5:1 of
concentration ratio for HRP and PGN and 6 pL of HRP@PGN were
used in the experiment.

3.4.2. Amperometric response and calibration curve

The chronoamperometry is a control potential step of electro-
chemical analysis method. Under the optimal experimental con-
ditions, the amperometric responses of the HRP/PGN/GCE-2 are
shown in Fig. 4 by successive additions of H,O, to N,-saturated
0.2 M PBS (pH 7.0) at an applied potential of —0.7 V. The current
responses of the sensor increased along with H,0, concentrations
and the relevant linear range for the detection of H,O, contained
two segments: the response to logarithm of the H,0, concentra-
tion showed linear range from 8.0 x 10~ ! to 6.64 x 10~ 7 mol/L,
and the linear regression equation was Ip(pA)=0.16151g[H,0,]+
5.6702 with a correlation coefficient of 0.9952 (Fig. 4B). Another
linear relationship could be established between the peak current
and the concentration of H,0, in the range from 2.77 x 10~ to
8.35 x 10~* mol/L, and the linear regression equation was Ip(pA)=
0-0052[H,0,](uM)+4.7364 with a correlation coefficient of
0.9987 (Fig. 4D). Moreover, the obtained biosensor also shows very
low detection limit (ratio of signal-to-noise S/N=3) of
2.67 x 10" mol/L. A comparison of linear range and detection
limit for HRP/PGN/GCE-2 with other H,O, sensors reported in
literature are summarized in Table S1. The data demonstrate the
analytical parameters of HRP/PGN/GCE-2 are better than those
obtained at several electrodes reported recently, which is ascribed
to the 3D architectures of porous grapheme. Moreover, the out-
standing merit of the enzymatic H,O, sensor lies in its super low
detection limit, excellent selectivity and sensitivity.

3.4.3. Interference immunity, reproducibility and stability of the
H505 sensor

Since there are a variety of interferences coexisting in biological
samples, the sensor used for the practical measurements should
have significant specificity against potential interferences. Ascor-
bic acid (AA), Dopamine (DA) and uric acid (UA) are three of the
most commonly existing interference species in the physiological
environment. Fig. 5A showed the current responses of the sensor
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with the addition of 0.2 mM AA, 0.2 mM DA, 0.2 mM UA, 0.2 mM The reproducibility of the modified electrode was also tested.
H,0, and a second injection of 0.2 mM H,0, in the same sample. Five independently HRP/PGN/GCE-2 were estimated from the re-
There were remarkable current responses with the addition of sponse to 1.0 mM H,0,, and showed a good reproducibility with
0.2 mM H,0,, while AA, DA, and UA yielded little current response an acceptable RSD of 3.23% for the sensitivity to H,0, in Fig. S4A.

at the HRP/PGN/GCE-2 under the applied negative potential, ver- Moreover, it could retain 85.14% of the original value after 50
ifying that the HRP/PGN/GCE-2 could be used for the selective and

2. . consecutive measurements as shown in Fig. S4B.
sensitive detection of H,0,.
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3.5. Detection of H>0, release from living cells

H,0, is one of the most important molecules related to many
cell functions, and is a potential marker for tumor cells (Sun et al.,
2012). Owing to the remarkable analytical advantages of the de-
veloped sensor, in this work, HRP/PGN/GCE-2 was also utilized for
the real-time detection of H,O, released from living cells. Here, rat
adrenal medulla pheochromocytoma cell (PC12) was chosen as the
model cancer cell, and ascorbic acid (AA) was employed as the
stimulant agent to induce H,O, generation from cancer cells.
Fig. 5B depicts the amperometric responses obtained at the HRP/
PGN/GCE-2 under an applied potential of —0.7 V versus SCE in
different conditions. Curve b describes the response of modified
electrode in PC12 cells, and one can see that the current is higher
than that in blank PBS (curve a), illustrating HRP/PGN/GCE-2 is
able to detect the ROS generation from cancer cells. More im-
portantly, the current response of curve b will increase slowly
when the time is over 120 s, revealing further the PC12 cells could
release ROS constantly by themselves and can be detected sensi-
tively by the constructed electrode. When PC12 cells were sti-
mulated by AA, as shown in curve c, the current responses in-
creased significantly accompanying by the successive addition of
AA in a few seconds. In order to confirm whether the increased
current signal is caused by the H,0, produced from the stimulated
cells, we carried out another experiment by adding the catalase,
which is a selective scavenger of H,0, (Wang et al., 2013). As
shown in Fig. 5C, the increased currents were also observed in the
living cells by successive addition of AA. However, as injecting the
catalase at 250 s, the current response decreased immediately to
its background level due to the decomposition of H,0-,. These re-
sults together suggested that the amperometric responses are
ascribed to the electrochemical reduction of H,0, released by
living cells upon being stimulated by AA, which are consistent
with the earlier reports (Maji et al, 2014; Zhang et al., 2014b).
Moreover, Fig. S5 shows the bright-field microscope images of
PC12 cells in different conditions, indicating the good bio-
compatibility of HRP/PGN/GCE-2. Thus, we can draw the conclu-
sions that HRP/PGN/GCE-2 has the super sensitive electrochemical
response and could be effectively used for reliable and durable
determination of H,0, in living cells.

4. Conclusions

In summary, we have synthesized a new type of supporting
material for immobilizing enzyme, and explored its practical ap-
plication as an electrode material in an electrochemical sensor for
in situ detecting the H,0, release from living cells. These 3D ar-
chitectures of porous graphene exhibit high specific surface area as
well as fast mass and electron transport kinetics due to the com-
bination of porous structures and the excellent intrinsic properties
of graphene. These advantages make PGN nanocomposites a pro-
mising candidate for electrochemical sensors and biosensors de-
sign. More importantly, the electrochemical sensor fabricated from
the HRP@PGN has shown great potential application for H,O,
detection in biological environments. Since H,0, is a byproduct of
many oxidative biological reactions, which is very significant in
biochemical, physiological, and pathological investigation, this
work serves as a pathway for the application of HRP/PGN/GCE in
the fields of electrochemical sensing and bioanalysis.
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