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Horseradish peroxidase (HRP) multimer on a graphene modified glassy carbon electrode (GCE) has
been fabricated by carbodiimide coupling reaction. The possible adsorption sites of HRP on graphene
were predicted by Lamarckian genetic algorithm. It has been observed that HRP has five possible sites
for its adsorption to graphene. Scanning electron microscopy and atomic force microscopy
measurements support the evidence of formation of HRP multimer graphene. The graphene—HRP
multimer film showed good electrocatalytic activity for the reduction of hydrogen peroxide. The
electrochemical studies showed that graphene on the GCE increased the effective surface area, reduced
the charge transfer resistance of the electrode and enhanced the electrochemical signal. The detection
limit of H,O, (9 nM) at graphene-HRP multimer was also lower than that of other electrodes studied in
this work. The sensitivity of the graphene—HRP multimer film towards H,O, determination was 7.8 pA
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uM ™! cm™2. Differential pulse voltammetry and selectivity studies revealed that GCE modified by
graphene-HRP multimer film can be efficiently used for H,O, determination in real samples.

1. Introduction

Graphene is a two dimensional sheet of carbon atoms with sp?
bonds arranged in a hexagonal structure. Graphene has
extraordinary properties, such as large surface area, high
mechanical strength and high elasticity."* Among various gra-
phene structures, the electrochemistry of multilayer graphene is
as important as that of graphene. Similarly to carbon nanotubes
(CNT), graphene sheets have edge planes which have excellent
electrochemical properties; however, the basal plane of graphene
has no such electrochemical properties.> Graphene’s heteroge-
neous electron transfer is also faster than that of CNT, because
of the greater number of edges in the graphene structure.®* The
above mentioned electrochemical properties of graphene
matrices have received considerable attention in recent years.
Various electrodes modified with graphene have been synthesized
for the electrochemical determination of chemical and

Electroanalysis and Bioelectrochemistry Lab, Department of Chemical
Engineering and Biotechnology, National Tuaipei
Technology, No. 1, Section 3, Chung-Hsiao East Road, Taipei-106,
Taiwan (ROC). E-mail: smchen78@msl5.hinet.net; Fax: +886 2270
25238; Tel: +886 2270 17147

T This article is part of a web theme in Analyst and Analytical Methods on
Future Electroanalytical Developments, highlighting important
developments and novel applications. Also in this theme is work
presented at the Eirelec 2011 meeting, dedicated to Professor Malcolm
Smyth on the occasion of his 60th birthday.

1 Electronic supplementary information (ESI) available. See DOI:
10.1039/c2ay25276¢g

§ Present address: College of Engineering, University of Georgia, Athens,
GA 30602, United States.

University  of

biochemical compounds, where the graphene matrix acts as an
electrocatalyst.>™®

Horseradish peroxidase (HRP) is a member of the peroxidases
which is also an oxidoreductase enzyme and an electron acceptor
compound. HRP forms an enzymatic oxidizing agent containing
oxyferryl heme and porphyrin radical in the presence of H,O,.
This enzymatic oxidizing agent is catalytically active and takes an
electron from the substrate and forms a second intermediate,
which reduces back to the native enzyme (Fe™) by receiving
another electron from the substrate.® This redox reaction of HRP
has been widely utilized in biosensors for H,O, determination.!®
In biological systems, H,O, is the most valuable marker for
oxidative stress.'™'? Generally, H,O, is also present in under-
ground and rainwater as a result of pollution from industries and
atomic power stations. These factors increase the necessity for
the quantitative measurements of H,0,."*!* As a result, elec-
trocatalytic reduction and accurate determination of H,O, at low
potential constitute a valuable task and there is an ongoing
search for sensitive and selective methods. Other major appli-
cations of electrocatalysis of O, and H,0O, reduction are in fuel
cells.

A carbodiimide coupling reaction involving N-ethyl-N'-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) is one of the methods employed for coupling
carboxylic acid groups containing matrices with enzymes.’>'” In
this coupling reaction, the EDC/NHS cross-linking agents
introduce amide cross-links between carboxylic acid groups and
amino acid residues present in the enzyme.'® The carbodiimide
coupled enzyme hybrid matrices have good electrocatalytic
properties.'” Furthermore, EDC/NHS cross-linked collagens are
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reported to be non toxic and biocompatible.’*! In the present
work, instead of coupling an enzyme with a matrix, two or more
HRP have been coupled to form an enzyme multimer. The
prepared HRP multimer was immobilized on graphene matrix by
van der Waals interactions. A thorough survey of the literature
reveals that there have been no previous attempts made to
prepare HRP multimer or graphene-HRP multimer films. The
graphene matrix was chosen as an immobilization matrix
because of its excellent electrochemical properties. In this paper,
we report the fabrication, characterization, electrochemical and
electrocatalytic properties of graphene-HRP multimer film. The
application of graphene-HRP multimer for real sample analysis
has also been reported.

2. Experimental
2.1. Materials

Graphene dispersion (PureSheets MONO, average flake area =
~10 000 nm?) obtained from Nanolntegris was used as received.
HRP, EDC, NHS and H,0, obtained from Aldrich and Sigma-
Aldrich were also used as received. All other chemicals used were
of analytical grade. The aqueous solutions were prepared with
twice distilled deionized water. Solutions were deoxygenated by
purging with pre-purified nitrogen gas. Phosphate buffer solu-
tion (PBS) pH 7.0 was prepared from 0.1 M Na,HPO, and 0.1 M
NaH,PO,4 aqueous solutions.

2.2. Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed using analytical system models CHI-1205
and CHI-750 potentiostats respectively. A conventional three-
electrode cell assembly consisting of an Ag/AgCl reference elec-
trode and a Pt wire auxiliary electrode was used for electro-
chemical measurements. The working electrode was glassy
carbon electrode (GCE) modified either with graphene, gra-
phene-HRP (composite-1), graphene—-EDC-NHS (composite-2)
or graphene-HRP multimer (composite-3) films. For all the
experimental results, potential is reported with respect to Ag/
AgCl reference electrode. Electrochemical impedance spectros-
copy (EIS) measurements were performed using IM6ex ZAH-
NER (Kroanch, Germany). The morphological
characterizations of various films were done by means of scan-
ning electron microscopy (SEM) (Hitachi S-3000H) and atomic
force microscopy (AFM) (Being Nano-Instruments CSPM4000).
Raman spectrum was acquired using Micro-Raman spectrom-
eter (RENISHAW in Via system, U.K) by a 514.4 nm He/Ne
laser. All the measurements were carried out at 25 °C + 2.

2.3. Preparation of graphene—HRP multimer film modified
electrode

Preparation of graphene-HRP multimer film modified GCE was
carried out by systematic consecutive steps. The GCE was pol-
ished well using a Bioanalytical Systems (BAS) polishing kit with
0.05 pm alumina slurry, and then rinsed and ultrasonicated in
deionized water. Then, 1.25 ug cm 2 of graphene was uniformly
coated on the GCE using homogeneous graphene dispersion and
dried at room temperature. The homogeneous graphene

dispersion, in which the graphene was dispersed in ionic type
surfactant solution, was obtained from NanolIntegris. 2 ul of 0.4
M EDC and 0.1 M NHS solution mixture was drop cast onto
graphene modified GCE. Following the EDC/NHS addition, 25
pgem 2 of HRP was dropped from HRP solution. Then the EDC/
NHS/HRP solution mixture on the graphene modified GCE
surface was allowed to react at room temperature for 4 h to form
HRP multimer on the graphene (composite-3). The modified
composite-3 GCE was then carefully washed with deionized water
to remove EDC and NHS. Composite-1 film modified GCE was
prepared by coating 25 pg cm 2 of HRP over graphene modified
GCE. Similarly, composite-2 film was prepared by coating 2 pl of
0.4 M EDC and 0.1 M NHS solution mixture on graphene
modified GCE and dried at 25 °C. The composite-2 film has been
studied to understand the electrochemical and morphological
changes occurring in graphene matrix due to the presence of EDC
and NHS during the composite-3 film preparation.

3. Results and discussions

3.1. Preparation and characterization of HRP multimer on
graphene modified electrode

The preparation of HRP multimer on graphene modified GCE
was carried out by a carbodiimide coupling reaction using EDC,
in which NHS was added to assist the carbodiimide coupling.'
Briefly, in a carbodiimide coupling reaction, the EDC converts the
carboxylic acid group into a reactive intermediate which is
susceptible to reaction with primary amines. EDC cross linking is
most efficient in acidic conditions, particularly at pH 4.5, and
4-morpholinoethanesulfonic acid buffer is suitable. PBS with
neutral pH is also compatible with the EDC reaction; however, the
efficiency is lower. An increased amount of EDC in the reaction
mixture can compensate for the reduced efficiency, therefore a
higher concentration of EDC has been used in this experiment. At
physiological pH the reactive intermediate formed in the presence
of NHS is more stable than in its absence. Thus, NHS increases the
efficiency and yield of the coupling reaction.?

Among the twenty different amino acids in HRP, aspartic acid
and glutamic acid have free carboxylate groups without any
peptide linkage. Both these amino acids are considered to be
carboxylate group donors for the coupling reaction. Similarly,
lysine present in the HRP has free primary amine groups without
any peptide linkage, and it is involved in the coupling reaction.'®
The other amino acids present in the HRP such as alanine,
cysteine, glycine, ezc., do not have any free carboxylate groups or
primary amine groups without peptide linkage, so they are not
involved in the carbodiimide coupling reaction. Since neutral pH
conditions are used, the possibility of hydrolysis of amide groups
and their participation in the coupling reaction can be elimi-
nated. The three step carbodiimide coupling mechanism for HRP
multimer formation is given in Fig. 1. Step 1: the free carboxylate
groups present on the outer surface of HRP react with EDC to
form active intermediates. Step 2: these active intermediates
undergo a condensation reaction with NHS and form amine
reactive sulfo-NHS ester. Step 3: these amine reactive ester
intermediates react with free amine groups present on the
neighbouring HRPs to form the HRP multimer coupled through
amide bonds.
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Fig. 1 Carbodiimide coupling reaction mechanism for HRP multimer formation.

These HRP multimer formation reactions, described above,
were carried out on the graphene modified GCE surface.
Computer simulation experiments were carried out to under-
stand the structural interaction between graphene and HRP. The
possible adsorption sites of graphene (Gl to G5) on HRP
monomer are given in Fig. 2(a). In these simulation experiments,
HRP monomer was used instead of HRP multimer to reduce
complications and to understand the binding sites on a single
HRP. The simulation was carried out using Lamarckian genetic
algorithm,?*** where many double layer graphene molecules
were docked on HRP. The simulation conditions such as pop-
ulation size (50), maximum generations (3000), crossover rate
(0.8), mutation rate (0.2), elitism (5), local search rate (0.06) and
local search maximum steps (100) were kept constant and the
area around the binding site was maintained in the ratio of 9 x
9 x 9 nm for all the experiments. The results reveal that among
numerous graphene sheets used in docking experiments (not
shown in figure), five graphene sheets adsorb on the HRP with
minimum free energies of —23.54 (G1), —16.43 (G2), —15.74
(G3), —17.36 (G4) and —16.71 kcal mol ™! (G5). These five sheets

represent the five possible adsorption sites on HRP for double
layer graphene sheets. In these simulation experiments double
layer graphene sheets were used as a model because a high ratio
of double layer graphene was present in the dispersion.

Graphene, composite-1, 2 and 3 film modified and bare GCEs
were characterized by CV. The cyclic voltammograms presented
in the inset of Fig. 3 are the redox reactions of Fe' at
composite-1 and 3 modified GCEs (composite-2, graphene and
bare GCE are given in ESI}). From the current values obtained
from cyclic voltammograms and by using Randles-Sevcik
equation, the effective area of the above mentioned modified and
unmodified GCEs are calculated. The effective area of bare
GCE, graphene, composite-1, 2 and 3 are 0.19, 0.20, 0.14, 0.21
and 0.22 mm? respectively. These results show that the presence
of HRP multimer on the electrode gives higher effective area than
that of the HRP monomer on the electrode, which in turn would
enhance the electrocatalysis of analyte. Similarly, the presence of
graphene also enhances the effective area.

The EIS was carried out to study the charge transfer resistance
of bare GCE, graphene, composite-1, 2 and 3 modified GCEs.
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Fig. 2 (a) Possible adsorption sites of graphene (G1-G5) at HRP given
by Lamarckian genetic algorithm, (b) composition and concentration
gradient of composite-3 film modified electrode.
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Fig. 3 Nyquist plots of bare GCE, composite-1 and composite-3
modified GCEs in 5 mM [Fe(CN)s>~ in PBS. Amplitude: 5 mV,
frequency: 0.1 Hz to 1 MHz. Top left inset shows the Nyquist plots of
graphene, composite-2 and 3 modified GCE. Top right inset is the cyclic
voltammograms of composite-1 and 3 modified GCEs at 50 mV s~ ! in the
same electrolyte. The bottom right inset is Randles equivalence circuit for
the above mentioned electrodes.

Fig. 3 and its top left inset shows the impedance spectra repre-
sented as Nyquist plots (Z. vs. Z;,) for the above mentioned
modified and unmodified GCEs in 5 mM [Fe(CN)¢>~*~. The
bottom right inset in Fig. 3 represents the Randles equivalent
circuit model used to fit the experimental data, where Ry is
electrolyte resistance, R charge transfer resistance, Cq; double
layer capacitance and Z,, Warburg impedance. The curves which
appear in the Nyquist plots indicate the parallel combination of
charge transfer resistance and double layer capacitance resulting
from electrode impedance.* As shown in Fig. 3, all the electrodes
exhibit curves of various sizes in the frequency range from 0.1 Hz
to 1 MHz. The size of the curve (diameter of the semicircle
portion) for composite-1 is higher than all other modified and
unmodified GCEs, which reveals the charge transfer resistance
due to HRP monomer on the electrode surface. This higher R
value is an indication of immobilized enzyme. Similarly, R
result for composite-3 can be seen in the top left inset of Fig. 3,
which also indicates enzyme immobilization. However, when
comparing the curve size of composite-1 and 3, composite-3 has
lower area because of its reduced electron transfer resistance. The
size of curves obtained was in the order of composite-1 > bare
GCE > composite-3 > graphene > composite-2. In order to find
the electron transfer efficiency of the electrodes, the R values
were obtained for both modified and unmodified electrodes by
fitting the Nyquist plot results with Randles equivalent circuit
model. The obtained R values of bare GCE, graphene,
composite-1, 2 and 3 with respect to their effective area are 39.2,
4.8, 125.2, 2.6 and 6.0 kQ cm™2 respectively. The above values
reveal that the R, in presence of HRP multimer (in composite-3)
is lower than HRP monomer (in composite-1). Similarly the
presence of graphene also reduces the R.. These results prove
that the HRP multimer and graphene present on GCE enhances
electron shuttling between reactant and the electrode surface.
Thus, composite-3 film modified GCE has excellent electro-
chemical properties, such as high effective area and faster elec-
tron transfer rate. These electrochemical properties are useful for
the electrocatalysis of analyte.

3.2. Morphology of graphene and its composite films

Graphene, composite-2 and 3 films were prepared on indium tin
oxide (ITO) electrodes with the same experimental conditions as
that of GCE, and the modified electrodes were characterized
using SEM and AFM techniques. The top views of microstruc-
tures on the ITO electrode surface in Fig. 4(a)shows the presence
of micro-size flakes of graphene deposited from a uniform
dispersion. The presence of graphene was confirmed by the
characteristic bands***” obtained in Raman spectrum (see ESIY).
As mentioned in section 2.3, the composite-2 film was studied to
understand the influence of EDC and NHS over graphene matrix
structure. Fig. 4(b) reveals that coagulation of graphene flakes
occurred after the addition of EDC and NHS over graphene
matrix. However, this coagulation would not affect the catalytic
property of graphene, because the EDC and NHS were washed
away after the cross-linking of HPR. Finally, because a
concentration gradient exists between HRP monomer and mul-
timer during film preparation, the surface of composite-3
(Fig. 4(c)) looks similar to the surface of HRP.?® This concen-
tration gradient, displayed in Fig. 2(b), could occur due to low
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Fig.4 SEM images of (a) graphene, (b) composite-2 and (c) composite-3
films.

access of EDC and NHS in the top layer of HRP solution during
film preparation process. The magnified view of the images of the
same three modified electrodes by AFM, shown in Fig. 5(a)—(c),
also reveals the difference in surface structures.

The morphologies of all three modified electrodes obtained
using AFM were similar to the results obtained using SEM. The
thickness of graphene, composite-2 and composite-3 films
obtained using AFM results were 60, 57 and 232 nm respectively.
These values show that composite-3 film is thicker than the other
two films. The thickness of the concentration gradient layer
displayed in Fig. 2(b) was ~173 nm (£3). These SEM and AFM
results reveal the coexistence of graphene and HRP in the
composite film.

3.3. Electrochemical and pH studies of graphene-HRP
multimer film

The cyclic voltammograms of composite-3 modified GCE in PBS
at different scan rate show that the anodic and cathodic peak
currents of the Fe™ redox couple of the heme group in HRP
increase linearly with increasing scan rate (figure not shown). The
ratio of I,./I,,. for composite-3 film demonstrates that the redox
process was not controlled by diffusion until 300 mV s~ ..
However, the peak separation, AE,, of the redox couple increases

57

30

nm

200

100E

0 4000
nm

8000

Fig.5 AFM images of (a) graphene, (b) composite-2 and (c) composite-
3 films.

as the scan rate increases (see ESIf). The effect of pH on
composite-3 film was also studied, as the cyclic voltammograms
of composite-3 modified GCE were obtained in various pH
aqueous buffer solutions (see ESI{). The composite-3 film
preparation was carried out as described in section 2.3, and then
washed with deionized water before transferring it into various
pH solutions. The results show that the film is stable in a pH
range between 5 and 9. The values of E,,, and E,. depend on the
pH of the buffer solution, and the 7, of composite-3 was higher
in pH 7.0 than in other pH solutions. The response from the plot
of formal potential (E') vs. pH shows a slope of 59.6 mV pH™!,
which is close to the theoretical value given by Nernstian equa-
tion for equal number of electrons and protons transfer.

3.4. Electroanalytical response of H,O, at graphene and its
composite films

The graphene, composite-1 and 3 film modified GCEs were
prepared at similar conditions, as given in section 2.3. These film
modified GCEs were then washed carefully in deionized water
and transferred to PBS for the electrocatalytic studies of H,O,.
All the cyclic voltammograms were recorded at a constant time
interval of 1 min with N, purging before the start of each

This journal is © The Royal Society of Chemistry 2012
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experiment. Fig. 6 shows the electrocatalytic reduction of H,O,
(0.22 uM) at various film modified and bare GCEs with a scan
rate of 50 mV s~ !. The film modified GCEs tested were graphene,
composite-1 and 3 films. For composite-3 film, cyclic voltam-
mograms are shown for both the presence and absence of H,O,.
The cyclic voltammogram for composite-3 film exhibits revers-
ible redox couples in the absence of H,O,. Upon addition of
H,0,, a growth in the reduction peak of H,O, appears at E,. =
—260 mV. However, there is no H,O, reduction peak for bare
GCE, graphene and composite-1 films. For composite-3 film, an
increase in concentration (34 nM to 0.22 uM) of H,O, simulta-
neously produced a linear increase in reduction peak current of
H,0, with good film stability. However, there is a decrease in the
peak current for composite-1 film as shown in the inset of Fig. 6.
These results prove that the electrocatalytic reduction of H,O,
takes place at composite-3 film modified GCE, but not at the
other three electrodes.

From the slopes of the linear calibration curve (Fig. 6 inset) the
sensitivity of composite-3 modified GCE is 16 pA pM~! cm ™2,
and the correlation coefficient is 0.9357. From the same results,
limit of detection (LOD) of H,0, at composite-3 film with a
signal to noise ratio of 3 is 30 nM. The overall view of this result
reveals that composite-3 film is efficient for H,O, analysis. To
study the reproducibility of the electrode fabrication, four indi-
vidual electrodes were fabricated and their cyclic voltammo-
grams recorded. The current was measured for the oxidation of
0.2 uM H,0, in N, saturated PBS. The electrodes showed a
relative standard deviation (RSD) of 6.96%.

3.5. DPYV and selectivity studies of H,O, at graphene-HRP
multimer film

Fig. 7 shows the differential pulse voltammograms recorded for
the addition of different H,O, concentrations at composite-3
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Fig. 6 Cyclic voltammograms of H,O, (0.22 uM) at bare GCE, gra-
phene, composite-1 and composite-3 modified GCEs in PBS at 50 mV
s~'; where composite-3 is shown both in the absence and presence of
0.22 uM H,0,. The inset is the plot of peak current vs. concentration of
H,O0, for composite-1 and composite-3.

modified GCE in PBS. After each successive H,O, addition, pre-
purified N, gas was purged into PBS for 1 min before recording
the next differential pulse voltammogram. From the corre-
sponding differential pulse voltammograms, the I,,. values were
plotted against H,O, concentrations as shown in Fig. 7 inset.
From this inset plot, it is obvious that composite-3 film exhibits a
steady state response towards the addition of various H,O,
concentrations, and the reduction peak current increases linearly
from 10 nM to 0.22 uM H,0,. From the slopes of linear cali-
bration curve the sensitivity of composite-3 film modified GCE is
7.8 pA uM~! ecm™2, and the correlation coefficient is 0.9947.
Similarly, LOD of H,O, at composite-3 film with a signal to
noise ratio of 3 is 9 nM. In general, DPV results reveal that
graphene-HRP multimer film is efficient for H,O, determina-
tion. The comparison of composite-3 modified GCE with
previously reported electrodes (Table 1) reveals composite-3
exhibits lower overpotential for H,O, reduction and lower
detection limit for HyO, determination. The DPV experiments
for selectivity studies were carried out using various analytes
such as ascorbic acid, acetic acid, uric acid and dopamine. In
selectivity experiments the concentration of H,O, was kept
constant at 0.22 pM, and then 0.2 mM of each analyte was
added. The results show that the /. values of H,O, before and
after addition of the analytes do not vary obviously (ESI). The
stable 7, value is due to the fact that the overpotential window of
the interfering compounds is not same as that of H,O, reduction
potential at composite-3. These DPV results indicate that
composite-3 film can be used for H,O, determination in real
samples.

3.6. Real sample analysis of H,O, using graphene-HRP
multimer film

The performance of composite-3 modified GCE in real sample
analysis was tested by applying it to the determination of H,O, in

y=-0.6268x - 0.0688
R*=0.9947

-Current (pA)

0.1 0.2 0.3
[H.0.1/uM

Current

0.6 -0.4 -02 0
E/V vs. Ag/AgCl

Fig. 7 Differential pulse voltammograms of H,O, (a—f = 4.98 nM to
0.22 pM) at composite-3 modified GCE in PBS. Inset represents the plot
of peak current (/) vs. concentration of H,O, at composite-3 modified
GCE.
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Table 1 Comparison of electroanalytical results of H,O, at various modified electrodes in various conditions

Electrodes pH Ep Epe (V) Linear range Sensitivity LOD Ref.
Composite-3 7.0 —0.16 10 nM to 0.22 uyM 7.8 pA pM ! cm ™2 9 nM This work
HRP/laponite/chitosan 7.0 —0.13 29 uM to 1.4 mM 19.7 mA M~ cm ™2 5uM 29
Graphene oxide sheet-prussian blue 5.0 0.2 0.05 to 140 mM — — 30
Graphene oxide/prussian blue 6.0 0.1 5.0 uM to 1.2 mM 408.7 pA mM ! cm ™2 0.12 uM 31
MB/MWCNT/CF* 7.2 —0.33 1 uM to 0.7 mM — 1 uM 32
Spinach ferredoxin 7.0 —0.2 — 68.24 pA mM ! cm 2 — 33
Ni/Al-LDHs” 13.0 0.06 0.036 to 175 uM 74.82 pA mM ! 9 nM 34
Co/Al-LDHs? 13.0 0.49 0.2 to 674 uM 97.61 pA mM ! 50 nM 34
Roughened macroporous Au-/nPts® 7.4 0.1 — 264 pA mM~! em ™2 50 uM 35
PP-GCE? 7.0 —0.35 1 to 80 uM 0.000967 pA pM~! 1 uM 36
(NGB/LDH),* 13.0 0.38 8 uM to 0.18 mM — 0.9 uM 37
Diazo-ATP monolayerf 6.0 —0.25 1.0 uM to 6.38 mM — 0.67 uM 38

“ MB — methylene blue; MWNT — multiwall carbon nanotube; CF —ciprofloxacin. ” LDHs — layered double hydroxides. ¢ nPts — nanoparticles. ¢ PP — p-

nitrophenyl phosphate. ¢ NGB — naphthol green B./ ATP — 4-aminothiophenol.

Table 2 Electroanalytical values obtained for H,O, determination in
real sample using DPV in PBS at composite-3 film modified GCE

Added Found

(nM) (nM) Recovery (%) RSD (%)
14.8 139 92 1.5

244 19.5 94

33.8 28.7 96

commercially available H>O, solution. DPV was used with same
experimental conditions described in section 3.5. The H,O,
solution was obtained from Jen Sheng Pharmaceutical Co. Ltd.,
Taiwan. The concentrations added in the experiment, found and
RSD obtained from the experiments are given in Table 2. From
the results, the recovery of H,O, was =94%, based on the
assumption that the composition was exactly as mentioned by
the manufacturer. These above results show that composite-3
film is efficient for H,O, determination.

4. Conclusion

We demonstrated a simple method for fabrication of graphene—
HRP multimer film on GCE. The developed graphene-HRP
multimer film showed good electrocatalytic activity for the
reduction of H,O,. Graphene-HRP multimer has the combined
advantages of ease of fabrication, high reproducibility and
sufficient stability. SEM and AFM results have shown the
difference between the graphene and HRP multimer structures.
Further, graphene-HRP multimer film has good functional
properties together with electrocatalytic activity on H,O,. CV
and DPV techniques used for graphene-HRP multimer film
characterization in this article provide an opportunity for qual-
itative and quantitative characterization of this H,O, sensor.
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