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To utilize synergetic effect of graphene’s higher conductivity and magnetic nanoparticles biocompatibil-
ity, an electrochemical nanobiosensor is constructed based on magnetic nanoparticle decorated graphene
(MRGO) using Horseradish peroxidase (HRP) for H,O, sensing. Sensors based on magnetic nanoparticles
(MNP) and reduced graphene oxide (RGO) are studied for comparison. MNP, RGO and MRGO were char-
acterized by X-ray diffraction (XRD), Transmission electron microscopy (TEM) and Fourier transform
infrared spectroscopy (FTIR). XRD studies have confirmed successful synthesis of Fe304 MNPs, RGO and

ﬁ:gggé nanoparticle decorated graphene MRGO. TEM micrographs revealed uniform decoration of MNPs on graphene. FTIR confirmed the immo-
MNP bilization of HRP on MNP, RGO and MRGO. The MRGO based sensor exhibited higher sensitivity (48.08 pA
RGO wM~1 cm~2) compared to MNP (39.08 wA wM~! cm~2) and RGO (41.08 wA wM~1 cm~2) based biosensors.
H,0, © 2018 Elsevier B.V. All rights reserved.

Horseradish peroxidase
Electrochemical biosensor

1. Introduction

Hydrogen peroxide (H,0,) sensing is very important in many
areas like food industry, pharmaceutical industry, clinical diagno-
sis and also in environmental investigates. Being an indicator of
oxidative stress H,0, is the trademark of many disorders includ-
ing atherosclerosis, alzheimer’s and cancer. Numerous oxidases
through different biological reactions are responsible to increase
the H,0, content in the body [1,2] and therefore the determination
of HyO5 is essential in many clinical diagnoses. Many techniques
have been developed to detect H,0,, including titrimetry [3], flu-
orimetry [4], spectrophotometry [5], chemiluminescence [6] and
electrochemical sensors [7-10]. Many of them are high cost and
time consuming, except for electrochemical sensors. Due to its sim-
plicity, high sensitivity and selectivity electrochemical methods are
extensively investigated for H,O, determination. Enzymes are well
known for their specificity, sensitivity and fast activity towards
their substrates. Horseradish peroxidase (HRP) catalyses the reac-
tion where H,0, gets converted to H,0 and oxygen radical which
can be measured by electrochemical methods. Along with this HRP
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is easily available in high purity and low cost and hence is most
extensively studied in the development biosensors [11-24].

Itis well understood that the modification of electrode materials
play a significant role in performance of electrochemical sensor for
detecting target molecules. Magnetic nanoparticles (MNPs) with
their unique properties like high surface energy, large surface area
and functioning as electron-conducting pathways facilitates elec-
tron transfer between redox systems and bulk-electrode materials
[25,26]. MNPs may also establish interfaces for the electrocatal-
ysis of redox processes of molecules (e.g., H,0,, O, or NADH)
involved in many significant biochemical reactions [27]. The han-
dling time for sample pre-treatment can be minimised by using
magnetic properties of MNPs which eliminate the need of cen-
trifugation or chromatography [28]. Most iron oxide MNPs are
biocompatible and they can be functionalized or encapsulated
in polymers, metal or silica NPs, or carbon materials to increase
the functionalities [29]. Thus, iron oxide based MNPs provide a
promising experimental platform for developing electrochemi-
cal biosensor. A high-performance biosensor has been reported
from chitosan/Fe304 nanocomposites [30]. Due to its high specific
surface area, exceptional electrical conductivity and biocompatibil-
ity, graphene could be the excellent material to modify electrode
[31-33]. Considering these facts, the combination of magnetic
nanoparticles and graphene can be a promising material to mod-
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ify electrode for obtaining improved performance of biosensor. In
previous reports reduced graphene oxide (rGO)/Fe304 nanocom-
posite has also been utilized for the sensing of H,0, [34]. The
Fe30,4/rGO modified electrode employed for sensing ascorbic acid
(AA) and other substances, applying the combined effect of mag-
netic nanoparticles and graphene report, showed higher sensitivity
with a wide linear range [35-37]. Chitosan is the natural polymer,
which has been considered as the most promising substrate for
enzyme immobilization due to its biocompatibility and multiple
functional groups [33,38,39].

In this work, magnetic particle decorated graphene (MRGO) is
synthesized to combine magnetic nanoparticle’s catalytic activity
and larger active surface area along with superior conductivity of
graphene. Here we have evaluated and compared performance of
electrochemical biosensors constructed by immobilizing HRP on
the chitosan coated MNPs, RGO and MRGO for the detection of
H,0,.

2. Materials and methods

Graphite powder and HRP was procured from Sigma Aldrich,
India. Ferric chloride (FeCl3-6H,0), ferrous chloride (FeCl,-4H,0),
NH3, hydrazine hydrate and sodium nitrite were procured from
Sd fine Chemicals India. Phosphate buffer solution (PBS) solu-
tion (0.1 M) was prepared with sodium dihydrogen phosphate
(NaH;PO4) and disodium hydrogen phosphate (Na,HPO,4) and used
as supporting electrolyte throughout electrochemical studies. The
chemicals used for PBS solution were purchased from Himedia,
India. All chemicals mentioned here were of analytical reagent
grade and were used as received. Double distilled water was used
for all the experiments.

2.1. Preparation of MNPs, RGO and MRGO

The details of experiments are given in Supporting Infor-
mation. The Fe304 magnetic nanoparticles were prepared by
co-precipitation method. Graphite powder was oxidized to
graphene oxide (GO) by Hummer’s method [40]. The GO was dis-
persed in 450 ml double distilled water and reduced with 1 ml of
hydrazine hydrate at 90°C for 4 h, to produce reduced graphene
oxide (RGO) nanosheets.

The MNP decorated reduced graphene oxide (MRGO) was syn-
thesized by method reported by Chandra et al., 2010, in which
simultaneous reduction of GO and coprecipitation of iron salts has
been carried out [41]. Briefly, 0.7 g GO was first dispersed in 450 ml
distilled water. Ferric chloride (3.24 g) and ferrous chloride (1.26 g)
were separately dissolved in 25 ml distilled water and mixed with
2:1 molar ratio. The prepared solution of ferric and ferrous ions
was slowly added to GO solution at room temperature. Then the
pH of solution was adjusted to 10 by using 30% ammonia solution.
The strong reducing agent, hydrazine hydrate (10 ml) was added
with constant stirring at 90 °C. The resulting black colour solution
was stirred vigorously for 4 h and the solution was cooled to room
temperature. The black MRGO nanocomposite obtained was mag-
netically separated from solution. MRGO was then washed several
times with water and ethanol and finally dried in a vacuum.

2.2. HRP complex preparation

The 10 mg/ml suspension of MNPs in water was prepared. Chi-
tosan coated MNPs were prepared by stirring MNPs suspension and
acylated chitosan in equal proportion for 3 h. Chitosan coated MNPs
were then obtained by washing it 2 times by magnetic decanta-
tion with double distilled water. HRP and chitosan coated MNPs
in equal proportion were gently shaken and incubated for 2 h at
room temperature to immobilize HRP on chitosan coated MNPs.
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Fig. 1. XRD patterns of a) MNPs, b) RGO and c) MRGO.

HRP immobilized MNPs are denoted as MNP/chit/HRP. Other elec-
trode modifying materials, viz. RGO/chit/HRP and MRGO/chit/HRP
are prepared by similar protocols.

2.3. Preparation of modified electrodes

Prior to modification, platinum electrode was carefully pol-
ished with 0.3 wm alumina powder and rinsed thoroughly with
pure water. After polishing, sonicated in ethanol and pure water
for 5min respectively and dried with nitrogen. The 10wl of
the HRP complex was casted onto the surface of the platinum
electrode. Prepared electrode was dried in vacuum at room tem-
perature. For comparison, Pt/MNP/chit/HRP, Pt/RGO/chit/HRP and
Pt/MRGO/chit/HRP electrodes were modified with similar method.

3. Results and discussion

Powder X-ray diffraction (XRD) patterns were obtained and ana-
lysed for MNPs, RGO and MRGO composites (Fig. 1). As can be
seen, the patterns of MNP (Fig. 1(a)) and MRGO (Fig. 1(c)) exhib-
ited diffraction peaks corresponding to Fe304. The peak positions
and relative intensities match well with the standard XRD data for
Fe;04 (JCPDS file No. 75-0033). The broad peak around 23.99 in
XRD pattern of RGO shown in Fig. 1(b) corresponds to RGO. This
RGO peak also exists in MRGO pattern, which confirms successful
synthesis of MNP decorated RGO.

Fourier Transform Infrared Spectroscopy (FTIR) was used
for characterisation of the MNP/chit/HRP, RGO/chit/HRP and
MRGO/chit/HRP composites before casting on the Pt electrode
(Fig. 2). The presence of magnetite nanoparticles can be seen by
strong absorption bands at around 602 cm~!_ Previously, the char-
acteristic absorption bands of the Fe — O was reported at the
590 cm~! [39]. However due to finite size effect of nanoparticles,
the breaking of a large number of bonds for surface atoms has
resulted in the rearrangement of un-localized electrons on the par-
ticle surface [42]. The absorption band at 1632 cm™! attributed to
C=0 of acetylated (-CONH, ) group confirms the chitosan existence
in all three composites. Peaks at 1550cm~! can be understood
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Fig. 2. FTIR spectra of a) MNP/chit/HRP, b) RGO/chit/HRP and ¢) MRGO/chit/HRP.

to arise from amide I linkages of HRP molecules [43]. The peak
of 1548 cm~! found in the RGO and MRGO containing complexes
which is due to the skeletal vibration of RGO [44].

TEM was used to reveal the microstructure of the magnetic
nanoparticle decorated graphene. The low and high magnification
TEM images of MRGO are shown in Fig. 3(a) and (b). Presence of
RGO and Fe304 nanoparticles can be clearly observed and it is evi-
dent that two dimensional RGO sheets are uniformely decorated
by a large quantity of Fe304 nanostructures.

3.1. Electrochemical properties of the biosensor

Cyclic voltammetry was used to study the electroanalyti-
cal properties of the fabricated hydrogen peroxide biosensor.
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Fig. 4. CVs of Pt/MNP/chit/HRP electrode in 0.1 mol/L PBS (pH 7) with various con-
centrations of H,0; (a-g) Bare, 00, 20, 40, 60, 80, 100 wM at 100 mV/s scan rate.
Inset: The calibration plot of Pt/MNP/chit/HRP electrode (scan rate: 100 mV/s).

Fig. 4 shows the cyclic voltammograms of Pt/MNP/chit/HRP in
0.1 mol/L deaerated PBS (pH 7) for different concentrations of H,0,
(0-100 M) for potential range of —0.2 to —0.9V at scan rate
100 mV/s. It can be seen from Fig. 4 that when the H, 0, exists, the
reduction peak current is increased compared to that for bare Pt
electrode. This shows that the reduction of H,0, was appeared on
the surface of the electrode. Further it can be seen that with increas-
ing concentration of H,0, the reduction peak current increases
rapidly. Here HRP gets converted to oxidized form due to H,0,,
which is then reduced at the electrode surface by direct trans-
fer of electron. Therefore, the reductive current increases linearly
with H,0, concentration. The calibration plot of Pt/MNP/chit/HRP
biosensor towards H,0, is extracted from cyclic voltammograms
and is depicted in inset of Fig. 4. It is evident from this figure that the
calibration plot of the biosensor is in a linear relationship with the
concentration of H,0, and the sensitivity is 39.80 wA wM~1cm~2.
Many studies has been undertaken to evaluate the sensitivity of
the Fe;04 magnetic particles based electrodes. Yuan et al. have
found the linear response range of the sensor from 10.0 x 1076 to
140.0 x 10~% M and a sensitivity was 11.05 wA mM~! for hydrother-
mally synthesized Fe304 magnetic particles [45]. Cao et al. reported
H,0, electrochemical sensor based on Fe30,4 nanoparticles and
sensitivity of the sensor was 0.77683 pAmM~! and the detection
limit was estimated to be about 1 mM [46]. Qu et al. have reported

Fig. 3. TEM of MRGO.
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Fig. 5. CVs of Pt/RGO/chit/HRP electrode in 0.1 mol/L PBS (pH 7) with various con-
centrations of H,0, (a-g) Bare, 00, 20, 40, 60, 80, 100 wM at 100 mV/s scan rate.
Inset: The calibration plot of Pt/RGO/chit/HRP electrode (scan rate: 100 mV/s).

the electrochemical behavior of hydrogen peroxide sensor by cyclic
voltammetry where Fe304 magnetic nanoparticles were synthe-
sized by chemical co-precipitation with sodium citrate surfactant.
They found the peak current increased linearly with concentra-
tion from 1.00 x 10~ to 1.00 x 103 mol/L with a detection limit
of 1.53 x 10-% mol/L [47].

The cyclic voltammetry has also been obtained for RGO modified
electrode for H,0, sensing. Fig. 5 shows the cyclic voltammo-
grams of Pt/RGO/chit/HRP in 0.1 mol/L deaerated PBS (pH 7) for
0-100 wM concentrations of H,O, in potential range of —0.2 to
—0.9V at scan rate 100mV/s. The linear increment in reduction
current was observed with increasing concentration of H, 0, as evi-
dent from calibration plot (inset of Fig. 5). The high conductivity of
RGO provides more conduction pathways for the electron-transfer
which has led to the increased peak current [48,35]. Hence, for
Pt/RGO/chit/HRP electrode the enhancement of reduction peak cur-
rent along with linearity with increasing concentration of H,0, was
observed as compared to Pt/MNP/chit/HRP electrode. The sensi-
tivity of RGO modified electrode is 41.08 pA pM~! cm~2 which is
higher than that of MNP modified electrode. Along with higher con-
ductivity, the large electroactive surface area of RGO is responsible
for the improvement in sensitivity. Previously HRP functionalized
graphene has been utilised for H,0, amperometric sensor showed
a fast response of<2s at 0.02V [49,50]. In another report H,0,
biosensor has been constructed, based on the HRP entrapped onto
the as prepared graphene/PANI, which showed an sensitivity of
294.9 pAmM-! for the detection of H0; [51].

To evaluate combined effect of MNPs and RGO on the signal
transduction, Pt/MRGO/chit/HRP electrode was studied by cyclic
voltammetry. The cyclic voltammograms of this modified electrode
in 0.1 mol/L deaerated PBS (pH 7.0) at 100 mV/s potential scan rate
was recorded for different concentrations of H,O, (0-100 wM) for
potential window of —0.2 to —0.9V (Fig. 6). The cyclic voltam-
metry of Pt/MRGO/chit/HRP modified electrode shows the higher
reduction peak current values with addition of H,0O, than that
of Pt/MNP/chit/HRP and Pt/RGO/chit/HRP electrodes. The peak
reduction currents of the Pt/MRGO/chit/HRP electrode increased
significantly for each addition of H,0,. The electron transfer rate
increased significantly due to RGO sheets whereas MNPs decorated
on RGO facilitated the catalytic sites of HRP accessible to H,0,
[48]. The enhanced linear response of Pt/MRGO/chit/HRP electrode
biosensor with concentration of H,0, is revealed in the calibra-
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Fig. 6. CVs of Pt/MRGO/chit/HRP electrode in 0.1 mol/L PBS (pH 7) with various
concentrations of H,0, (a-g) Bare, 00, 20, 40, 60, 80, 100 uM at 100 mV/s scan rate.
Inset: The calibration plot of Pt/MRGO/chit/HRP electrode (scan rate: 100 mV/s).

tion plot shown in inset of Fig. 6. The sensitivity of MRGO modified
electrode is 48.08 WA wM~1cm~2 which is higher than MNP or
RGO modified electrodes. Earlier reported MRGO based electrodes
have also showed improved sensitivity. Xiong et al. have devel-
oped a non-enzymatic hydrogen peroxide (H,0,) sensor based
on Fe304/reduced graphene oxide (Fe304/RGO) nanocomposite
material. They have found sensitivity of Fe304/RGO modified elec-
trode is higher than that of MNP and GO modified electrodes [52].
Noorbakhsh et al. have reported MRGO-chitosan modified with
DNA-celestine blue and used it for determination of H, O, in human
serum samples. They have obtained sensitivity of 8.5 wA/uM for
H,0, with linear range of 0.1 —1.1 and 17-38 (wM) [53]. Yang et al.
have reported electrochemical detection of H,O, based on Fe30y4
nanoparticles decorated graphene oxide modified with polyami-
doamine dendrimer. They have observed linear calibration range
of 20-1000 M with the detection limit of 2.0 x 10-6 M [54].

The apparent Michaelis — Menten constant (K, ) has been eval-
uated from the electrochemical version of the Lineweaver-Burk
equation [55], 1/Iss =(1/Imax) + (Km/Imax.C), where I is the steady
state current, Inax iS maximum current measured under satu-
rated condition and C is the concentration. The Ky, value of the
MRGO biosensor was found to be 0.19 mM, which is lower than
the reported values [56-58]. Further, we studied the relationship
between redox peak potentials and scan rate to investigate the
electron transfer kinetics using the Laviron equation (1) [59].

RT

logks = alog (1 —a)+ (1 — a)log — log (m)

o(1—o)nF (AEp)
2.3RT

(1)

Where, R is the universal gas constant (8.314] mol-1 K1), T is the
room temperature (298.5 K) and AEp is the peak separation and Fis
faraday’s constant. The number of electrons transferred is consid-
ered as 1 and « value is assumed as ~ 0.5. The electron transfer rate
constant (ks ) of HRP in this study was calculated to be 1.43 s~ 1. This
value is comparable with previously published studies [60,61]. The
electrochemical impedance spectroscopy (EIS) was employed to
study the electron transfer properties at the surface of the electrode.
Fig. 8 shows the Nyquist plots of the impedance spectroscopy of the
bare Pt and Pt/MRGO/chit/HRP electrodes in the frequency range of
50-5 x 10° Hz. The electron transfer resistance (Ret) at the surface
of the electrode is equal to the semi-circle diameter. The diame-



P.P. Waifalkar et al. / Colloids and Surfaces B: Biointerfaces 167 (2018) 425-431 429

o [3od
S S
= <>
1 [l

0-
o= -100 -~

-200

]

w

(=4

=]
[

-400 -

Current density(uA cm'z)

-500 4

T T T
-1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
E (V) Vs SCE

Fig. 7. CVs of a) Pt/MNP/chit/HRP, b) Pt/RGO/chit/HRP and c) Pt/MRGO/chit/HRP
electrodes in 0.1 mol/L PBS (pH 7) with 20 uM concentration of H,0, at 100 mV/s.

-700

-600 .
-500 -
p * )
-400 - e

-300 - (b) .

@ 9 9
] LY

200 ,9°

7" / Ohm

°
9 99%90,4,

L * )

-1004,0
' (a)

0 100 200 300 400
7' / Ohm

Fig. 8. EIS curves of (a) Bare Pt and (b) Pt/MRGO/chit/HRP electrodes in 5.0 mM
[Fe(CN)]*~/4- in 0.1 M PBS solution.

ter of the semicircle for Pt/MRGO/chit/HRP electrode (curve b) is
slightly larger than that of bare Pt electrode (curve a), suggesting
the successful modification of the electrode.

In order to explain the differentiated response of all the three
modified electrodes, the cyclic voltammograms of these electrodes
along with the bare electrode are plotted in Fig. 7 for similar con-
centration of H,0, (20 wM). The cyclic voltammograms of bare Pt
was obtained between —0.1 and —1.0V. Self-catalyzing capacity
of platinum towards H,0, reduction is responsible for the small
reduction current with bare platinum electrode. Also bare elec-
trodes response to H,0, is not linear which is obvious because of
its limited catalytic activity (supplementary information) [62]. As
can be seenin Fig. 7 response current of MNP, RGO and MRGO mod-
ified electrodes are in increasing order respectively. Every carbon
atom of RGO sheets is exposed on its surfaces, so minute changes
in the charge in its vicinity can give measurable transduction signal
[49]. This characteristic of RGO provides a favorable microenvi-
ronment for HRP and promotes the direct electron transfer from
oxidized HRP to electrode which results in better response of RGO

Table 1
The recovery of the real sample analysis at the Pt/MRGO/chit/HRP modified
electrode.

Sample H,0; added (wM) H,0, measured (M) Recovery (%)
1 60 59.68 99.46
2 80 79.37 99.21
3 100 98.83 98.83

modified electrode compare to MNP modified electrode. In case of
MRGO modified electrode, along with better charge transfer capac-
ity and high surface area of RGO, MNPs provides better stability to
enzyme. This synergetic effect of RGO and MNPs results in better
performance of MRGO modified electrode (Pt/MRGO/chit/HRP).

3.2. Real sample analysis

To test the practicability, the MRGO modified electrode was
used to determine H,0O, in natural orange juice. The 10 ml orange
juice sample was diluted down to 40 ml with a 0.1 M PBS (pH 7.0).
Then, known amounts of H,O, were added and their recoveries
were determined using developed sensor. The results are listed in
Table 1 and it can be seen that the measured H,0, concentrations
are close to that of added amount of H,0,. This suggests that the
matrix of orange juice sample does not interfere the H,O, sensing
of developed sensor.

4. Conclusions

Fe304 magnetic nanoparticles, RGO and MNP decorated
graphene were successfully synthesized. In MRGO, MNPs are
uniformly decorated over RGO. Synthesized MNP, RGO and
MRGO were used to construct modified electrodes which have
shown the linearity towards H,0O, sensing. Pt/MRGO/chit/HRP
has shown improved sensitivity (48.08 pA WM~! cm~2) compared
to Pt/MNP/chit/HRP (39.80 wA wM~!cm~2) and Pt/RGO/chit/HRP
(41.08 A pM~! cm~2). MRGO modified electrode presented bet-
ter sensing than that of MNP and RGO modified electrodes. MNP
provides the better stability to HRP, whereas RGO offers better
conductivity and larger surface area for HRP immobilization. The
synergy of these two has been utilized so that the MRGO modified
electrode exhibits improved electrochemical response compared
to MNP and RGO modified electrodes.
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