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Abstract: An electrochemical H,0O, sensor was developed using an alginate/water-soluble prussian blue/reduced
graphene oxide (A/s-PB/rGO) composite on carbon screen printed electrodes for use in bioapplications. Carbon screen-
printed working electrodes were modified with A/s-PB, A/rGO, and A/s-PB/rGO composite solutions by in situ gelation.
The composites were characterized by Fourier transform infrared spectroscopy and field emission scanning electron
microscopy. The cyclic voltammetric measurements made using the electrode modified by A/s-PB/rGOs showed
improved electrochemical reaction and stability over the A/s-PB and A/rGO modified electrodes. A two-electron transfer
process is indicated at the modified electrode surface. The oxidation current showed a detection limit of 4 mM (S/N = 3)
and linear range of 4-28 mM. The A/s-PB/rGO modified electrode provides a tool for high-sensitivity (2.7 pA-mM™"-cm?)
and stable H,0, analyses with a low limit of detection. Development of biosensor-based modified electrodes is important
for biomedical and environmental applications.

Keywords: A/s-PB/rGO modified electrode, A/s-PB modified electrode, A/rGO modified electrode, electrochemical sen-
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Introduction

Hydrogen peroxide (H,0,), as a kind of reactive oxygen spe-
cies, is an important signaling molecule in the biological pro-
cesses associated with many diseases,' as well as in food
manufacturing,” pharmaceutical,’ and environmental applica-
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tions.* Electrochemical biosensors have been used for medical,
biological and biotechnological applications such as real-time
electrochemical neurotransmission monitoring, H,O, and cell-
based biosensing, and antibody fragments or antigens used to
monitor binding.’ Development of electrochemical sensors for
H,0O, detection has focused on the enhanced electrochemical
sensitivity of electrodes modified by nanomaterials such as
one-dimensional carbon nanotubes (CNTs), two-dimensional
graphene, or reduced graphene oxide (rGO) and prussian blue
(PB) on bare gold and glassy carbon electrodes.®® In recent
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years, electrodes modified using two-dimensional graphene or
rGO have also been investigated because of their unique prop-
erties such as fast electron transport, good biocompatibility,
high thermal conductivity, and electro-activity for redox reac-
tions.” Two-dimensional graphene modified electrodes used as
electrochemical sensors have enhanced ability to detect the
electrocatalytic activity of small biomolecules such as enzymes,
dopamine, H,O, and nicotinamide adenine dinucleotide
(NADH)." The physical and electrochemical properties of tGO,
such as carbon structures, defects, and functional groups on the
surface have been used in electrochemical applications." Stud-
ies have shown electrochemically rGO modified electrodes
used for electrochemical sensing of nitric oxide' and detection
of tyrosine”® and H,0,"

Researchers have reported high sensitivity and detection lim-
its using electrodes modified by rGO/PB composites for glu-
cose," dopamine, and H,0, sensing,'® spontaneous deposition
of PB on rGO-gold nanoparticle composites,” and other com-
pounds."” PB or ferric ferrocyanide (Fe,[Fe(CN)];) has been
investigated for use in electrochromic applications,'® secondary
batteries,'” chemical and biological sensors,”” and hydrogen
storage.”! The electroactive layers of PB deposited onto the
surface of an electrode has been improved by forming com-
posites of PB with different nanomaterials.”’ However, PB is
insoluble in most common solvents and dispersion of PB into
a solvent is needed to make composites with various nano-
materials or polymers. A water-soluble form of PB (s-PB;
CsFe,KNgxH,0) is known as an inorganic pigment containing
ferric ferrocyanide and has been used to track transplanted
cells such as mesenchymal stem cells* and monitor iron oxide
particle labeling dilution through cell division.” Alginate/CNT
composite modified electrodes formed by in situ gelation have
been used to monitor caffeic acid derivatives. The alginate
forms an interconnected CNT network on a modified elec-
trode.** Sodium alginate (SA) is a natural polysaccharide used
for the removal of pollutants from water and is an excellent

natural adsorbent.”

SA as immobilized agent was formatted
the water-insoluble alginate hydrogel with hydrophobicity by
binding of Na' ions dissociated from the polysaccharides and
divalent cations such as Ca*".*® The sodium alginate was con-
verted to calcium alginate gel and the alginate composite was
obtained by washing. Other researchers have reported that algi-
nate and rGO composites become hydrophilic and the rGO can
be well dispersed.”

In this study, we develop A/s-PB/rGO composite modifi-

cation of a carbon screen printed electrode (SPE) for the elec-

trochemical sensing of H,0,. The A/s-PBAGO modified
electrode is used in cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) studies as a H,O, biosensor and its
suitability as an electrode material was assessed.

Experimental

Preparation of rGO. GO sheets were synthesized from
purified natural graphite flakes (Sigma Aldrich, St. Louis, MO,
USA) using a modified Hummers’ method.”” For reduction of
the GO sheets, a solution of GO sheets (6 mg) and deionized
water (2 mL) was dispersed by ultrasonication for 2 h. To this,
15mL of NN'-dimethylformamide (DMEF, 99.5%;, Junsei,
Tokyo, Japan) solvent and 1 mL of hydrazine hydrate solution
(24 ~ 26%, Sigma Aldrich) were added. The resultant solution
was stirred for 24 h at 80 °C and then washed with ethanol at
room temperature.

Modification of the Carbon Electrode. The electrochem-
ical sensors used were carbon SPEs (DRP-110, Dropsies, Astur-
ias, Spain) and included: a working electrode (radius=0.2 cm,
area=0.13 cm?), a carbon counter electrode, and a Ag/AgCl
reference electrode structured on a ceramic platform (34
mm X 10 mm % 0.5 mm). It was connected to a mini poten-
tiostat and controlled by software (Dy2100B, Digi-Ivy, USA).
All potentials were measured against the Ag/AgCl electrode.

For modification of the electrodes, a solution of A/s-PB/rGO
composite was prepared by mixing 2 wt% sodium alginate
(Sigma Aldrich, USA) and water-soluble PB (Sigma Aldrich,
USA) powders after 2 wt% concentration of the rGO sheets
were sonicated in distilled water (DW, 20 mL). To coat the
composite films uniformly on the electrode surface, droplets of
SA/s-PB/rGO solution were placed on the surface using a 5 pL.
micropipette (Accumax Tips, India) and air dried at room tem-
perature. To form in situ gelation on the modified electrodes,
30 pL of 2 wt% calcium chloride solution in DW was dropped
by micropipette for 1 h and the sodium alginate was converted
to the calcium alginate gel. The calcium alginate composite on
the carbon SPEs were converted to the alginate composite by
washing with DW and drying overnight at room temperature.

Evaluation and Calibration of the Modified Electrode.
The experiments with the electrochemical sensors were per-
formed with a 30 uL solution of 10 mM K;[Fe(CN)] (99%,
Sigma Aldrich). Cyclic voltammetry (CV) was conducted for
the modified carbon SPEs using a potentiostat electrochemical
workstation. The parameters for the CV were as follows: the
potential sweep range was from -0.5 to 0.5 V vs. an Ag/AgCl

Polymer(Korea), Vol. 42, No. 6, 2018



1106 Ok Ja Yoon

according to a scan rate. All the experiments were performed
under a sealed tip. The sealed tip was constructed by attaching
the upper section of a cut-tip (Sorenson, USA) to the ceramic
surface of the SPEs using cyanoacrylate glue. The differential
pulse voltammetry (DPV) was conducted after adding 4 mM
H,0, (34.5%, Sigma Aldrich) to a phosphate buffer solution
(pH 7.4) (Gibco, USA) by applying an initial potential of 1V,
and varying the potential from -1 to 1 V, with increments of
0.005 'V, a pulse amplitude of 0.05 V, a pulse width of 0.05 s,
a sample width of 0.02 s, and a pulse period of 0.2 s. The cal-
ibration for molar concentration of H,O, was performed from
4 to 28 mM by adding 4 mM of H,O, solution.

Analytical Methods. The surfaces of the alginate, s-PB
powder, rGO sheets, composite materials of A/s-PB, A/rGO,
and A/s-PB/rGO were prepared by coating on a silicon wafer
and analyzed by Fourier-transform infrared spectroscopy (FT-
IR) (Bruker IFS-66/S, Bruker Corporation, Germany). The
modified electrode based electrochemical sensor was imaged
using a field emission scanning electron microscope (FE-SEM;
JSM 890, JEOL Ltd., Japan).

Results and Discussion

Characteristics of the Composite Materials for the
Modified Electrode. The s-PB powder and rGO sheets for the
modified electrodes dispersed well on the silicon wafer (Figure
1). The s-PB particles in Figure 1(a) and 1(b) are shown before
and after dissolution in DW. The particles were smaller than the
average value ranging from 43.28 +39.76 um to 80.7 +7.91 nm,
and were more uniform after dissolution. The rGO sheets
(Figure 1(c)) were typically ~1.5 nm thick, as reported by
Yoon et al. ¥’ Figures 1 (d) and 1(e) show the surface images of
the electrodes modified with the A/s-PB and A/rGO composite
film, respectively. Figure 1(f) shows the surface of the
electrode modified by the A/s-PB/rGO composite. All the
surface images of the modified electrode demonstrated that the
composite films were formed by good dispersion of the s-PB
powder and rGO sheets in alginate solution.

Figure 2 shows the FTIR transmittance spectra (4500-700
cm™) of the alginate, s-PB powder, rGO sheets, and the com-
posite materials of A/s-PB, A/rfGO and A/s-PB/rGO.

The absorption peaks of the alginate appeared at 3700-3000
cm’! (COO-H/O-H stretching vibration), 1594 cm™ (C=C
stretching vibration), 1415 ¢cm™ (O-H stretching vibration), and
1024 cm™ (C-O stretching vibration). The absorption peaks of
the rGO sheets appeared at 1596 cm™ (C=C stretching vibration),
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Figure 1. FE-SEM images of (a) the s-PB powders; (b) the s-PB
powders after dissolution in DW; (c) rGO sheets, electrodes mod-
ified with (d) the A/s-PB composite film; (e) the A/rGO composite
film; (f) the A/s-PB/rGO composite film by in situ gelation method.
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Figure 2. FTIR spectra of (a) alginate; (b) s-PB powder; (c) rGO
sheets, and composite materials of (d) A/s-PB; (e) A/rGO; (f) A/s-
PB/rGO.

1465 cm™ (O-H stretching vibration), and 1357 and 1047 cm™
(C-O stretching vibration).

The absorption bands of the s-PB powder appeared at 2064
cm” (C-H stretching vibration), 1610 cm™ (C=C stretching
vibration), 1411 em™ (O-H stretching vibration), and 1126 and
1052 cm™ (C-O stretching vibration). The 2073 cm™ (C-H
stretching vibration) peak in the spectra of the A/s-PB com-
posite compared to those of the alginate and s-PB powder indi-
cates characteristics of the s-PB powder. The peak at 3700-
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3000 cm™ (COO-H/O-H stretching vibration) in the A/rGO
composite spectra compared to those of the alginate and rGO
sheets spectra is related to the characteristics of the rGO
sheets.”® Spectral analysis demonstrated that the composite
materials combined well with dispersion of the s-PB powder
and rGO sheets in the alginate solution.

Electrochemical Characterization of the Modified
Electrode. The working electrode was a composite film
formed from a 5 pL drop of A/s-PB/rGO solution (Figure
1(f)). The composite modified working electrode, carbon
counter electrode, and Ag/AgCl reference electrode were mea-
sured for CV. The CV curves of the A/s-PB/rGO modified
electrode vs. the Ag/AgCl reference electrode at different val-
ues of v (10, 30, 50, 70, and 90 mVs™) in 10 mM K;[Fe(CN)]
solution at a volume of 30 pL are shown in Figure 3(a). For
sensitivity comparison analysis of the A/s-PB/rGO modified
electrodes, CV measurements from the composite modified
electrode and carbon SPE were carried out at a scan rate (v) of
50 mVs™! in the 10 mM Kj;[Fe(CN),] solution (Figure 3 (b)).
The peak current of the A/s-PB/rfGO modified electrode
increased significantly compared to those of the carbon and
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other composite modified electrodes.

The difference between the cathodic and anodic potential
peaks, AE, = |E,. — E,| at v= 50 mVs" measured 199 mV. AE,
increased linearly with increasing scan rate. The ratio of 1, to
I is close to one. These results demonstrated that the redox
process is an electrochemically quasi-reversible process. The
relationships between the anodic (/,,) and cathodic (/,.) peak
currents and v"?are shown in Figure 3(c). The linear regression
equations are /,,= 18.67 v'*+1.62 (uA, (mVs")"”, R*=0.97)
and [,,=—17.93v"*+ 131 (uA, (mVs")"?, R*=0.98). The
linear dependence of 7, vs. v' indicates diffusion controlled
redox processes.”

The anodic peak potential (£,) and the cathodic peak poten-
tial (E,.) as a function of the natural logarithm of v in Figure
3(d), are E,=0.05 log v+0.007 (v, log (mVs™), R*=0.93)
and E,.=-0.065 log v+0.006 (v, log (mVs'), R*=0.97),
respectively. From Laviron’s equation,” the slopes of /,, and I,
in Figure 3(c) correspond to 2.3 RT/(1-@) nF and -2.3 RT/anF,
respectively, where R=8.314J] mol' K', T=298K, F=
96493 C mol”, a is the electron transfer coefficient, and # is
the electron transfer number.
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Figure 3. (a) The CV curves of the composite modified carbon SPEs vs. Ag/AgCl at potential sweep rates of 10, 30, 50, 70, and 90 mV s
in 10 mM K;[Fe(CN)g]; (b) CV curves of the A/s-PB/rGO modified, A/rGO modified, A/s-PB modified and bare carbon SPE; (c) relationships

between 1"

and the peak currents /,, and I,.; (d) the linear regression equations of E,, and E,. vs. the natural logarithm of v.
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Figure 4. (a) DPV of different concentrations of H,O, (4, 8, 12, 16, 20, 24, and 28 mM); (b) Calibration plot of 7, vs. Cy; plot at various H,O,

concentrations.

The o and n values were proved to be 0.48 and 1.9, respec-
tively. The redox reaction at the A/s-PB/GO modified elec-
trode was a two-electron oxidation process.”!

Calibration of the H,O, Concentration on the A/s-PB/
rGO Modified Electrode. For the electrochemical sensing of
H,0, for bioapplications, DPV curves were used to obtain a
calibration plot for oxidation peak current increasing from 4 to
28 mM in a pH 7.4 phosphate buffer solution. The linear func-
tion of the calibration plot (Figure 4(a)) shows two different
slopes corresponding to the H,O, concentration ranges of 4-12
and 12-28 mM. The calibration of /,, was calculated as the lin-
ear function of 7,=0.35C;+0.01 (uA, R* = 0.99) and I, =
1Cy +0.13 (A, R* = 0.97) in the ranges of 4-12 and 12—
28 mM, respectively (Figure 4(b)). Electrochemical sensing
using the A/s-PB/rGO modified electrode showed good lin-
earity, a detection limit of 4 mM, a wide dynamic range (4—
28 mM for H,0, concentration) and high sensitivity (2.7 pA
mM" cm?). The performance of the A/s-PB/rfGO modified
electrode was better than the SPEs modified with PB nanopar-
ticles by piezoelectric inkjet printing (sensitivity = 762 pA
mM™" em? and detection limit of 2 x 107 M).*> Yoon et al.
showed that an indium tin oxide electrode modified with
graphene and Nafion composite had a H,O, detection limit of
I mM and sensitivity of 82.6 yA mM*' cm?>%

Stability of the Modified Electrode. The stability of the A/
s-PB/rGO modified electrode was also measured by repetitive
potential sweeps at a scan rate of 50mVs' in 10 mM
K;5[Fe(CN)g] solution. The peak current showed only a minor
shift after 20 repetitive scans. The CV response of the A/s-Pb/
rGO modified electrode after 24 h showed no changes com-
pared to the initial signal in Figure 5. The results confirmed the
long-term stability of the A/s-PB/rGO modified electrode.
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Figure 5. Twenty times CV curves of the A/s-PB/rGO modified
electrode vs. Ag/AgCl with potential sweep rates of 50 mV s in
10 mM K;[Fe(CN)g].
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Conclusions

A new composite modified electrode for the detection of
H,0, was developed using carbon SPEs modified with A/s-
PB/rGO composite film applied by in sifu gelation. The A/s-
PB/rGO modified electrodes showed excellent electrochemical
sensing characteristics with good sensitivity, linear response,
and stability. The CV measurements using the A/s-PB/rGO
modified electrode showed better and more stable oxidation
reaction compared to the electrochemical signals obtained by
the A/s-PB and A/rGO modified electrodes. The DPV mea-
surements showed high sensitivity (2.7 pA mM"' ¢cm?), the
detection limit of 4 mM (S/N = 3), and a linear rage of 4 to
28 mM. The results of the A/s-PB/rfGO modified electrode
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indicate that this electrode can provide enhanced detection of
H,0O, in bioapplications.
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