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In this work we present a comparative study of carbon derivative applications in amperometric biosensors and
their effects on the properties of these biosensors. Biosensors were prepared by Horseradish peroxidase (HRP)
immobilization on the composite electrodes composed of carbon black, carbon nanofiber (CNF), extended graph-
ite, multiwalled carbon nanotube (MWCNT), reduced graphene oxide (REGO) and poly(glycidyl methacrylate-
co-vinylferrocene) (P(GMA-co-VFc)) as mediator, covalent linker, and host matrix for carbon derivatives. The
modified pencil graphite electrode (PGE) was used for the detection of hydrogen peroxide and to follow electro-
chemical behavior of different carbon derivatives which were recorded. The electrochemical characterization
was investigated by cyclic voltammetry and electrochemical impedance spectroscopy methods. Amperometric
measurements showed that the REGO and MWCNT modified electrodes have excellent performance in compar-
ison with other carbon derivatives studied.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biosensors are generally defined as analytical devices — or units in-
corporating a biological or biologically derived sensing element, inte-
grated or associated with a physio-chemical transducer [1-3] which
converts a biological response into a quantifiable and processable signal
[4,5]. Whereby biosensor is composed of three main parts: (1) the bio-
logical recognition element that recognizes the target molecule in the
presence of various chemicals, (2) a transducer which converts the
bio-recognition event into a measurable signal, and (3) a signal process-
ing system that converts the signal into readable form [3,6-8]. Biosen-
sors have two basic principles which differentiate them from chemical
sensors: (i) sensing elements, which are biological structures such as
cells, enzymes, or nucleic acids, and (ii) the sensor's usage for measure-
ments of biological processes or physical changes [9]. Owing to the con-
stant desire for developing a biosensor which fulfills the contemporary
necessities at the time of unceasing technological development, we can
produce small compact devices of higher sensitivity, greater analytic de-
termination, and lower operating costs.

Nowadays, there are different methods used to detect biological and
environmental chemicals, including high performance liquid chroma-
tography (HPLC) [10,11], gas chromatography [12], chemiluminescence
[13], and spectrophotometry [14]. Biosensors especially based on
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electrochemical methods are mostly used and have increasing trend
to the analysis of biological and environmental substances. Due to the
onsite detection, low cost, fast response, high sensitivity, simple instru-
mentation, and low energy requirement electrochemical techniques for
determination of these substances have been studied. [15-19].
Amperometric biosensors are one of the most studied sensor types
because of their real-sample application ability, high sensitivity, wide
range of analyte detection, and lower operating costs. One of the studied
amperometric biosensors is based on Horseradish peroxidase (HRP) for
hydrogen peroxide (H,0,) detection [25] being a byproduct of several
highly selective oxidases and also an essential mediator in food, biology,
industry, environmental analysis, and medicine [20,21,26]. H,0, is also
characterized as non-radical reactive oxygen species (ROS), and ROS is
accounted as one of the responsible species for mutagenic DNA damage
in mammalian cells [22]. Many techniques for H,O, determination have
been employed such as spectroscopy [23], chemiluminescence [24], and
titrimetry [25]. Because these techniques have some drawbacks such as
interferences, long analysis time, and involvement of expensive reagents,
they hardly fit into technological demands that continuously expand. One
of the ways of achieving good electron transfer ability in amperometric
biosensors is to introduce a mediator such as ferrocene between enzyme
and electrode. Ferrocene (Fc) polymeric mediators are widely used to
construct mediated amperometric biosensors due to the properties of
having excellent electron transfer capability and allowing the incorpora-
tion of reagents to the sensing system that may be a requirement for
further sensor developments [25]. Some redox copolymers widely used
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for the covalent attachment of ferrocene are ferrocene-containing
polythiophene derivatives [27], poly(vinylferrocene-co-hydroxyethyl
methacrylate) [18], acryl amide copolymers [29], poly(glycidyl
methacrylate-co-vinylferrocene) [16], and poly(N-acryloylpyrrolidine-
co-vinylferrocene) [30]. The electrochemical behavior of Fc (Fc — Fc+)
attributed to the redox couple has been proved to be highly effective for
electrode modification and functionalization [31]. Various ferrocene
bioelectrodes have been developed to show the effectiveness of Fc deriv-
atives such as in the study reported by Senel et al. [36] named “ampero-
metric hydrogen peroxide biosensor based on covalent immobilization
of horseradish peroxidase on ferrocene containing polymeric mediator”,
another research has been reported by the Erden et al. [32] named “am-
perometric enzyme electrode for xanthine determination with 1,4 benzo-
quinone and poly (vinylferrocene) as a mediators”, and by Tanushree
et al. [31] in which uric acid biosensor is developed based on uricase
electro-activated with ferrocene on a Nafion coated glassy carbon elec-
trode. In general, construction of biosensor has to be designed with the
emphasis on tight fixation of the mediator (and all other sensor compo-
nents needed) to the electrode surface to create so-called “reagentless”
biosensors [33].

Nanomaterials, particularly carbon based nanomaterials, have been
the subject of intense research over the past twenty years [34,35], and
they have a significant role to play in new developments in each of
the biosensor size domains as they can help address some of the key
issues in the development of all biosensors [36,37]. Those main issues
include: i) constructing and developing of the biosensing interface
so that the analyte can easily interacts with the biosensing surface
[38,39]; ii) achievement of efficient transduction of the biorecognition
event [36,40,41]; iii) increment in the sensitivity and selectivity of the
biosensor [42,43]; and iv) improvement of response time in very sensi-
tive systems [44]. There has been an explosion of interest in application
of nanomaterials such as carbon black (C.Black), carbon nanotubes
(CNTs), carbon nanofiber (CNF), expanded graphite (E.Graphite), and
reduced expanded graphite oxide—(it is called as graphene in the
text) (REGO) for the development of amperometric biosensors. Carbon
derivative important properties and application in amperometric bio-
sensor selected examples have been summarized in Table 1.

In this work, we aim to determine the performance effect of the car-
bon derivatives on amperometric detection that is important for the
consistency of the sensor's system fabrication. Although almost all of
the carbon derivatives were studied for biosensor development to

Table 1

obtain highly efficient amperometric biosensors, these studies were
not effectively conducted together under the same experimental
setup. For the purpose of obtaining good electrochemical signals the hy-
drogen peroxide biosensor was constructed as model biosensor. This
study indicates that REGO and MWCNT have an important role in
terms of providing enhanced electrochemical sensing properties to bio-
sensors when compared with other carbon materials studied.

2. Experimental part
2.1. Materials

Horseradish peroxidase (HRP) was purchased from Sigma-Aldrich
(USA), vinylferrocene (VFc) purchased from Aldrich (Japan) and
Glycidyl methacrylate and hydrochloric acid (37% HCl) were purchased
from Sigma-Aldrich (Germany), Iron (III) nitrate nonahydrate,
Fe(NOs)3-9H,0, iron (II) chloride tetra hydrate (FeCl,-4H,0), sulfuric
acid (H,SO4 fuming), hydrogen peroxide (30% H,0,), potassium per-
manganate (KMnO,4), ammonia solution (28% NHs), sodium nitrate
(NaNOs), and hydrazine hydrate (N,H4-H,0) were purchased from
Merck (Germany). All the chemicals employed in the study were analyt-
ical grade and used as-received without purification. The EG was a com-
mercial grade, thermally expanded product (TIMREX® BNB90), kindly
provided by TIMCAL (Switzerland). The density, surface area, average
particle size (dgo) and the oil adsorption number (OAN) values of EG
were reported as 2.24 g/cm?, 28 m?/g, 85.2 um and 150 ml/100 mg,
respectively by the producer.

2.2. Preparation of poly (GMA-co-VFc)

The redox polymer, containing different compositions, was prepared
according to our previous study [91]. A mixture of vinylferrocene (VFc)
and glycidyl methacrylate (GMA) at a known molar ratio was injected
into a Pyrex tube, AIBN (1 mol% based on the total monomer concentra-
tion was identical for all samples, 5 mol/dm?), after which the mixture
was degassed with Argon gas and vacuum sealed. In the next step, the
tubes were placed in constant temperature baths, with constant tem-
perature of 70 °C for 2 days. After, the reaction mixture was added
drop wise, while rapidly stirring the diethyl ether to precipitate the co-
polymer. In the end, precipitated copolymer was washed with diethyl
ether and reprecipitated in this manner, twice and finally vacuum dried.

Comparison of different carbon derivatives properties and applications in different amperometric biosensors.

Carbon derivatives Properties Biosensor application
C.Black —particles with diameter ranging from 15 to 100 nm [45], hard to disperse and easy to flocculate [46] Laccase [45]
-hard to disperse and easy to flocculate and strong cohesion between particles [46] Glucose [46]
-many polar radicals from the surface of particles and has large specific surface area in form of its congeries [46] Nerve agents [48]
-not widely used in biosensor applications [46]. Bisphenol A [95]
E.Graphite -widely used as gasket, fire resistant composite, thermal insulator [49-51], Urea [55]
-has an important degree of crystallinity, long-range disorder, and high degree of porosity [52] Nitrate and nitrite [56]
~high compressibility and elastic recovery, chemical resistance and good thermal and electrical conductivity [52] Phenol [57]
-lamellar structure of graphite and can exhibit high porosity up to 99% [49]
-good dispersion in a polymer matrix. [53]
REGO -high crystal quality and quite unusual electronic properties [59], excellent conductor [60] H,0, [69,67]
-enhanced electrochemically active site [62,63], and good biocompatibility Proteins [68]
-large number of electroactive sites in big area of its structure [61], high surface to volume ratio Pesticides [100]
-excellent thermal conductivity, mechanical flexibility, chemical tolerance Glucose [70]
CNF -submicron diameter sizes (typically below 100 nm) [71], they have been used as catalyst and catalyst support [75] Dopamine and serotonin [79]
-mechanical and thermal properties, high tensile strength and elastic modulus [74,75] H,0, [80]
—contain more edge sites on the outer wall [74], high electric conductivity [73] Acetylcholine [101]
-they can facilitate the electron transfer of electroactive analytes [77], larger functionalized surface area [78]
-one-dimensional macrostructures [81,72]
MWCNT -have huge impact on amperometric biosensors due to the ability to blend into a number of formulations in order H»0,[90,84]
to improve current densities and overall performance of enzyme electrodes [82,83]. Xanthine [96]
-huge importance for the production of renewable energy and construction of electrochemical sensors [83,86] Pesticides [98]
-subtle structural changes that switch tubes from metallic to semiconducting having various band gaps [87] Dopamine [99]
—electron transfer reaction with wide range biosensor applications [88] Urea [97]

—incorporation of carbon nanotubes leads to fast electron transfer, lower limit detection, and high sensitivity [89]




792
2.3. Synthesis of REGO

In the first step, EG was oxidized by the well-known modified Hum-
mers [92] method to prepare EGO. In the second step, EGO powder was
dispersed in the deionized water in a flask and a stable yellow-brown
dispersion was obtained due to the hydrophilic nature of EGO. Hydra-
zine monohydrate which is the most frequently used reducing agent
due to the simplicity of its application procedure and the reduction effi-
ciency to obtain graphene sheet having excellent physical properties
[93], was then added to the EGO suspension. The flask equipped with
a water-cooled condenser was heated up to 100 °C in an oil bath and
kept at this temperature for 24 h. The EGO sheets were reduced to
form graphene nanosheets or reduced expanded graphite oxide,
REGO, and gradually precipitated out as a black solid due to the
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hydrophobic nature of REGO sheets. The REGO was isolated by filtration
and washed with the excess of water and methanol then dried in a vac-

uum oven.

2.4. Preparation of enzyme electrode

Pencil graphite electrode (PGE) fabrication was initiated by rinsing
meticulously the 2 to 10 mm area from the tip of the electrode with ac-
etone followed by distilled water (DW). Composites including different
carbon derivatives (CNT, CNF, REGO, C.Black, E.Graphite) were prepared
by mixing with P(GMA-co-VFc) in ratio of 2.5 mg/ml separately (Fig. 1).
After DW drops completely dried 5 L portions of each composite were
carefully spread over the different electrode surfaces. All the electrodes
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Fig. 1. The schematic illustration of fabrication process of the biosensor.
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Fig. 2. a) FT-IR spectrum, b) Raman spectrum, ¢)XRD pattern and d) photograph of synthesized reduced expanded graphite oxide-REGO.

were placed in drying-oven set at 60 °C for a faster surface drying pro-
cess and kept until the polymer was sufficiently adsorbed. Subsequent-
ly, it was first rinsed with 10 mM PBS at a pH of 7.0 after, it was
immersed in 5 mg/ml of HRP dissolved in PBS (pH 7.0) then it was

placed on an orbital shaker adjusted to 120 rpm and placed at 4 °C, for
48 h. The working electrode was washed carefully with a few drops of
PBS (pH 7.0) prior to using and stored in PBS (pH 7.0, 0.1 mM) at 4 °C
while not used.

Fig. 3. SEM micrographs of E.Graphite, E.Graphite oxide, Reduced E.Graphite oxide (a) MCNT, (b) CNF, and (c) C.Black.
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2.5. Instrumentations

The XRD patterns of samples were obtained by using a Rigaku Smart
Lab XRD with Cu-K,, radiation at room temperature. FTIR spectra were
recorded in transmission mode with a Bruker Alpha infrared spectrom-
eter using the ATR mode, in the range of 400-4000 cm ™' with the res-
olution of 2 cm™ . The Raman spectra of graphitic materials were also
recorded in a Thermo-Fisher Scientific, DXR dispersive Raman instru-
ment using laser excitation of 532 and 780 nm and an InGaAs detector,
in the range of 400-3500 cm™~ . One hundred scans were accumulated
with the resolution of 4 cm™! by using a laser power of 100 mW.

Electrochemical measurements were performed using CompactSoft
portable electrochemical interface and impedance analyzer (Ivium
Technologies). The electrochemical measurements were recorded via a
three electrode system which was composed of Ag/AgCl as reference,
Platinum wire as auxiliary, and PGE/P(GMA-co-VFc)/(CNT, CNF, REGO,
C.Black, E.Graphite) as working electrodes all immersed in an

Current / pA
n o o
o o o (=]
1 1 1 1

A
o
I

)
S
1

T
08

T
0.4

0,0 0.2
Potential / V

600
500 4
400 +
300
2004
100 4

10 mvs”'
50 mvs' 2
100 mVs

250 mvs”'

500 mVs

Current / pA
(=3
1

-100 4

285853

0,0 0,2
Potential / V

500 mVs

\

Current/ pA

ki
/
/

v - . e
IREEFEEXEEE:
V' rmis”

T T T T
0,0

T T ¥ T A T
0,2 04 086 08
Potential / V

1.0

M. Dervisevic et al. / Materials Science and Engineering C 58 (2016) 790-798

electrochemical cell filled with 10 mM PBS (pH = 7.4) and applied po-
tential of +0.35 V. Conventional three-electrode electrochemical cell
was purchased from CH Instruments. After allowing the steady-state
current to be reached, the HRP catalysis was triggered by H,0, additions
to the buffer solution from working cell being continuously stirred at
room temperature.

Electrochemical impedance spectroscopy (EIS) measurements were
carried out using a CHI Model 6005 electrochemical analyzer in a back-
ground solution of 5 mM Fe>*/Fe? " phosphate buffer (pH 7.4). The
alternating voltage was 5 mV and the frequency range was 5.0 x 102
to 1.0 x 10° Hz.

Two scanning electron microscope (SEM) was employed to observe
the surface of the samples. For SEM, pieces of the membranes were
mounted on stubs and coated with gold using a sputter coater. SEM mi-
crographs of the samples were taken using a field emission SEM
(FESEM, FEI Quanta FEG 450) and a JEOL NeoScope scanning electron
microscope operated at 30 kV.
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Fig. 4. Cyclic voltammogram of A) P(GMA-co-VFc), B) P(GMA-co-VFc)/C.Black, C) P(GMA-co-VF)/REGO, D) P(GMA-co-VFc)/E.Graphite, E) P(GMA-co-VFc)/CNF, F) P(GMA-co-VFc)/MCNT

coated electrodes with different scan rates in 10 mM PBS solution, pH 7.4.
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Fig. 5. A) Cyclic voltammogram of a) bare electrode, b) P(GMA-co-VFc), ¢) P(GMA-co-VFc)/C.Black, d) P(GMA-co-VF)/REGO, e) P(GMA-co-VFc)/E.Graphite, f) P(GMA-co-VFc)/CNF, and g)
P(GMA-co-VFc)/MCNT, coated electrodes in 10 mM PBS solution, pH 7.4. B) Electrochemical impedance spectra of a) bare electrode, b) P(GMA-co-VFc), ¢) P(GMA-co-VFc)/C.Black,
d) P(GMA-co-VF)/REGO, e) P(GMA-co-VFc)/E.Graphite, f) P(GMA-co-VFc)/CNF, and g) P(GMA-co-VFc)/MCNT, coated electrodes in 10 mM PBS solution, pH 7.4.

3. Results and discussion
3.1. Materials characterizations

FTIR, and RAMAN spectrum and XRD patterns of the EG, EGO and
REGO employed in this study were given in Fig. 2 and also previously re-
ported [94].

Fig. 3 shows SEM micrographs of EG, EGO, and REGO respectively. In
Fig. 3, highly porous and layered structure of commercial EG having
large stacks, possibly consisting of hundreds of graphene nanosheets,
can be clearly seen. Post-oxidation, the SEM micrograph shows of the
oxidized counterpart, EGO. The mean size of graphitic nanosheets was
not disrupted with the oxidation, but the surface properties of modified
product were strongly affected. As seen in Fig. 3, the surfaces of EGO
nanosheets are rough, and the edges are highly crumpled. On the
other hand, after strong reduction the SEM image REGO clearly signifies
the very thin, wrinkled, loose open and transparent graphene sheets ob-
tained by the chemical reduction process [94]. In Fig. 3A SEM micro-
graph of CNTs indicates their tubular 1D morphologies with a network
structure. In addition, fiber frame of CNFs and spherical 3D build of car-
bon black have seen clearly in Fig. 3.

3.2. Electrochemical characterizations

To investigate and characterize electrochemically active different
electrode systems, cyclic voltammetry (CV) method was used and volt-
ammograms were recorded. Because of the characteristic plot of
P(GMA-co-VFc) voltammogram the number of oxidation states and
electron transfer rates of the carbon derivatives were monitored accord-
ing to changing of peak currents (Ipa and Ipc). This was achieved by the
different semi conductor properties that carbon materials have. Initially,
different carbon derivatives were fabricated on pencil graphite elec-
trodes as a film and electrochemical properties were measured by cyclic
voltammetry (shown in Fig. 4A-f). The effect of scan rate on the peak
current (Ipa and Ipc) were obtained and results are recorded between
scan rate of 10 mV s~ ! and 500 mV s~ ' in 100 mM pH 7.4 PBS. Fig. 4A
shows the typical redox couple of P(GMA-co-VFc) electrode at the dif-
ferent scan rates in the potential ranging from —0.5 to 0.9 V. Anodic
peak potential (Epa) was recorded at value of 0.35 V which is related
to oxidation of polymer and the cathodic peak potential (Epc) obtained
at 0.15 V is attributed to its reverse process. A quasi reversible electro-
chemical process can be observed that as the scan rate increases peak
currents and the difference between the peak potentials are increased.
The plot of peak currents (Ipa and Ipc) and square root of scan rate
(v!72) inset to Fig. 4A showing that a linear relation. This linearity be-
tween peak currents and scan rate, indicates the diffusion controlled

redox process during the forward scan (in which (Fe(lI) is oxidized to
Fe(Ill)) and reverse scan (in which Fe(IIl) is reduced) at the P(GMA-
co-VFc) modified electrode. The rest of the cyclic voltammograms
shows that the relationship between peak currents and the scan rates
of different composites made of carbon-based materials such as
C.Black, REGO, E.Graphite, CNF and MWCNT are mixed with P(GMA-
co-VFc). As seen in the figure, any specific redox peaks of the materials
were observed. However, it was found that each carbon derivative in-
creases the difference between the reduction and oxidation peaks of
the polymer. Fig. 4D reveals that P(GMA-co-P(GMA-co-VFc)/E.Graphite
modified electrode exhibited almost two times higher peak current
when compared to the P(GMA-co-VFc) modified electrode. On the
other hand well observed redox peaks were exhibited from (Fig. 4B
and f) P(GMA-co-VFc)/C.Black and P(GMA-co-VFc)/MCNT coated elec-
trodes almost four times higher peak current. The maximum plot of
peak current (ten times higher) was obtained from P(GMA-co-VF)/
REGO modified electrode with respect to the scan rate (Fig. 4C). Consid-
ering the peak currents (Ipa and Ipc), each of the composites has posi-
tively enhanced electron transfer rate of redox couples. However
potentials of anodic and cathodic peaks were slightly shifted towards
more positive and more negative sites, which could be attributed to
the limitation of electron diffusion rate. This limiting effect can be ex-
plained by the effect of carbon derivative interaction with polymer.
The increasing behavior of peak current with increasing scan rate are
true for all different carbon electrodes. Also the linear correlation be-
tween peak current and square root of scan rate is increased with in-
creasing scan rate predicted that for all composites, a well controlled
redox process occurred by controlling the ion diffusion, changing of ox-
idation and reduction.

Fig. 5A shows the cyclic voltammogram of different carbon-based
material coated pencil graphite electrode at a constant scan rate of
10 mV s~ ! between —0.5 and 0.9 V in 100 mM PBS. The characteristic
quasi-reversible peaks of the redox couples at the P(GMA-co-VFc),
P(GMA-co-VFc)/C.Black, P(GMA-co-VF)/REGO, P(GMA-co-VFc)/E.Graph-
ite, P(GMA-co-VFc)/CNF, P(GMA-co-VFc)/MCNT electrodes were

Table 2

R values of modified electrodes with different carbon derivatives.
Electrode Ree ()
PGE 150
p(GMA-co-VFc) 850
p(GMA-co-VFc)/CNT 380
p(GMA-co-VFc)/CNF 435
P(GMA-co-VFc)/C. Black 410
p(GMA-co-VFc)/E. Graphite 430
p(GMA-co-VFc)/REGO 290
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Fig. 6. A typical amperometric response current plots and calibration curves of different HRP immobilized electrodes to successive addition of 6 nM hydrogen peroxide at an applied po-

tential +0.35 V in stirred 10 mM PBS (pH 7.4; ~25 °C).

shown with peak current differences Al = 18.4, 18.9, 42, 64, 67, and
210 pArespectively. The greater Al was recoded from the REGO mod-
ified electrode. This is proved by recording a small R, value as plot-
ted in Fig. 5B which exhibited improved electron and mass transfer
because of the increased surface area provided by the extended
two dimensional structure of REGO. Furthermore this result reveals
that well incorporated particles with the polymer accelerate electron
transfer rate due to uniform dispersion. However the CNF modified
electrode gave almost the same CV curve with the polymer. This
can be explained either polymer or CNF are not well integrated to
each other and this caused to gaps formation or the density of the
CNF limits the electron diffusion.

Fig. 5B shows the Nyquist plots of the electrochemical Impedance
spectra for P(GMA-co-VF) with different carbon-based composites
modified pencil graphite electrode. The diameter of the semicircular
part represents electron transfer resistance R at high frequencies and
linear part which is related to diffusion control at lower frequencies.
At “high” frequency, the impedance demonstrates infinite diffusion be-
havior (phase angle 45°) while at “low” frequency, it tends to show the
capacitor behavior (phase angle 90°) [67]. The electron transfer resis-
tance at the surface of PGE modified electrode can be assessed by

Table 3

Comparison of analytical performance of carbon derivatives in biosensor.
Electrode DL Sensitivity LR RT R?

(nM) ~ (nA/mM) (nM) (s)

p(GMA-co-VFc) 0.660 1.29 6-156 8 0.9982
p(GMA-co-VFc)/MCNT 0.340 16.71 6-108 3 0.9937
p(GMA-co-VFc)/CNF 0.051 2.19 6-174 4 0.9992
p(GMA-co-VFc)/C. Black 0.003 2.83 6-138 5 0.9987
p(GMA-co-VFc)/E. Graphite 0.051 1.73 6-174 4 0.9979
p(GMA-co-VFc)/REGO 0.020 27.44 6-102 2 0.9959

DL, detection limit; LR, linear range; RT, response time.

evaluating semicircle diameter, as shown in Table 2. R.; values for mod-
ified electrodes are as follows:

Here the R values are decreased starting from p(GMA-co-VFc)
which has a value of 850 ), to the minimum value 290 Q which was ob-
tained from REGO (Fig. 5B). The bare electrode shows a line with a very
small semicircle diameter due to the subsistent conductivity of bare
pencil graphite electrode. The higher R, value of polymer implies that
it acts as insulating layer which caused interfacial charge transfer that
is very weak as compared with bare electrode. Among the carbon deriv-
atives R value of 290 Q with smaller diameter was obtained from p
(GMA-co-VFc)/REGOs, suggesting better electron transfer efficiency. It
also indicates the successful formation of the films and well particle dis-
tribution affects the charge transfer on the electrode surfaces. In the end,
different carbon derivatives have electron efficiency in order from max-
imum REGO-CNT-C.Black-E.Graphite-CNF and p(GMA-co-VFc) to mini-
mum efficiency. However study showed that carbon derivatives in
between (CNT-C.Black-E.Graphite-CNF) had relatively close R value.
Finally, electron transfer efficiency of all the carbon derivatives appears
to be higher than polymer. However, if the comparison is made between
them, the REGO is higher although results are close together. This shows
that the R value depends on conductivity of the materials, particle size
and distribution.

3.3. Amperometric response of biocomposite electrode

In this work, different carbon derivative based composites were
used to modify electrode and the analytical performances of the biosen-
sor were compared. Under the optimized conditions the amperometric
response of the biosensors was examined by successive addition of hy-
drogen peroxide solution in a continuously stirred PBS (10 mM PBS
pH 7.4). Fig. 6 shows the typical current vs time plots of the prepared
biosensors and the current increased with the addition of H,0,. The an-
alytical performances of the prepared biosensors were compared with
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each other as shown in Table 3. The change in the electrochemical signal
(Ai) obtained in the presence of REGO was clearly much larger than the
other carbon derivatives, and the linear relationship was excellent. The
sensitivity and the detection limit of the REGO were 27.44 nA/mM and
0.020 nM, respectively, (S/N = 3). The prepared REGO modified biosen-
sor showed high sensitivity, low detection limit, and fast response,
which could be attributed to good electrocatalytic activity and high con-
ductivity. Also, the MWCNT based biosensing electrode showed good
amperometric response. This behavior could attribute to the REGO
and MWCNT on the electrode surface, which endowed the good electri-
cal conductivity and then efficiently accelerated the electron transfer
than others as also shown in CV and EIS results. Moreover, the incorpo-
ration of the REGO and MWCNT has greatly improved the sensitivity of
the biosensor compared with the others as seen in Table 3.

4. Conclusions

In this work, electrochemical performance of the different carbon
derivatives was studied in one biosensor construction to make the in-
clusive evaluation. The hydrogen peroxide biosensor was constructed
as a model biosensor by using P(GMA-co-VFc) as mediator and covalent
linker for immobilization of HRP due to its ferrocene and epoxy
functionalizations. The CV and EIS results demonstrated that REGO
and MWCNT are the most efficient carbon derivatives for the electro-
chemical amperometric biosensor electrode construction. The ampero-
metric biosensing results under the same experimental conditions also
clearly indicated that REGO and MWCNT based electrochemical biosen-
sors could greatly improve the performance of amperometric detection.
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