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An improved cytochrome c (Cyt c) biosensor based on immobilization of cytochrome c oxidase (COx) on the sur-
face of graphene oxide nanoparticles (GONPs) electrodeposited onto pencil graphite (PG) electrode. Characteri-
zation of graphene oxide nanoparticle was done by Transmission electron microscopy (TEM), Fourier transform
infra-red spectroscopy (FTIR) and X-ray diffraction study (XRD). The working electrode (COx/GONPs/PG) was
characterized at its different stages of fabrication by scanning electron microscopy (SEM) and FTIR. Fabrication
of Cyt c biosensor was done by connecting COx/GONPs/PG as working electrode, Ag/AgCl as reference electrode
and Pt as auxiliary electrode to potentiostat. The mechanism of detection of present biosensor was based on ox-
idation of Cyt c (reduced) to Cyt c (oxidized) by COx resulting in flow of electrons through GONPs to the PG elec-
trode, hence current generated is proportional to the concentration of Cyt c. Present biosensor exhibited
optimum potential at 0.49 V with optimum pH 7.5 and optimum temperature 35°C. Biosensor showed linearity
within 40–180 ng/ml having 40 ng/ml limit of detection. The precision i.e. within and between-batch coefficients
of variation (CVs) were found <0.04% and <0.21% respectively. The enzyme electrode lost 50% of its initial activ-
ity when operated formore than 6months onweekly basis. It was applied for detection of Cyt c level in in appar-
ently healthy and diseased human sera. The present biosensing method was co-related with standard
colorimetric method and co-relation coefficient was found 0.99.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The cytochrome complex or cytochrome c is a haemoprotein confined
within innermitochondrial membrane [1]. Cytochrome c is easily soluble
in aqueous phase, and also a part of electron transport chain (ETC), where
it works to transmit electrons between cytochrome bc1 complex (com-
plex III) and cytochrome c oxidase (complex IV) of ETC [2]. It is competent
to undertake oxidation and reduction reactions, without being attached
with oxygen. Its main function is to catalyze the reduction of inspired ox-
ygen towater in the terminal step of electron transport chain or ratherwe
would say in the terminal step of respiration [3]. The detection of cyto-
chrome is helpful for detection of myocardial infarction (MIs) [2] and cel-
lular apoptosis [4]. MIs or heart attack, takes place when the heart
muscles are subjected to ischemic conditions leading to tissue damage
and concomitant release of cytochrome c thereby inducing apoptotic pro-
cess and increased levels of cytochrome c in circulating blood. The normal
level of cytochrome c in circulating blood is 39.8 ng/ml and elevated level
at the time of myocardial infarction is up to 190 ng/ml [2]. That's why,
inakshi541@gmail.com
measurement of serum level of cytochrome c is important for diagnosis
ofmyocardial infarction. There are variousmethods to detect cytochrome
c level in serum sample. Some of them are: electrochemiluminescence
(ECL) [5], chemiluminescent [6], reverse phase – high performance liquid
chromatography (HPLC) [7], ELISA (enzyme linked immunosorbent
assay) [8], western blotting [9], immunoassay [10], scanning thermal
lens microscope detection system [11] to name a few. These methods
arehighly responsive but have their some inherent limitations like involv-
ing a lot of physical work, more time-consuming, require specialist
control.

To overcomedrawbacks of these conventionalmethods, electrochem-
ical methods [12] have been evolved to detect cytochrome c level due to
their high reproducibility, high clarity, rapidity and longevity [13]. The
basic principle of electrochemical biosensor lies in the fact that there is
generation or utilization of electrons or ions in various reactions resulting
in change of electrical properties of sample or solution, which can be re-
corded out and used as a parameter of measurement [12,14–16]. It is
widely used to detect metabolites in a simple way with advancement in
biosensor technology. Biosensor is an analytical device that uses the spec-
ificity and sensitivity of organic molecules in collaboration with electro-
chemical transducer to exhibit bio-analytical analysis with ease.
Professor Leland C Clark Jnr (1918–2005) is regarded as father of
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Fig. 2. Hyperbolic curve for cytochrome c biosensor for effect of cytochrome c
concentration on response of cytochrome c biosensor based on GONPs/PG electrode
bound cytochrome c oxidase.
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biosensor. Biosensors can be classified on the basis of transducer, into fol-
lowing five types: electrochemical biosensor (amperometric biosensor
and potentiometric biosensor), ion-sensitive biosensor, piezoelectric bio-
sensor, optical biosensor, conductometric biosensor [17–27]. Butmany la-
cuna still exists which are to be addressed such as lower stability, longer
response time, lower reproducibility and higher working electrode
potential.

Nanoparticles are used to directly convey electron between enzyme
and electrode for the development of third generation biosensors now a
days. The pencil graphite (PG) electrodes are widely used for immobili-
zation of enzyme [28]. PG electrode is widely used due to their distinc-
tive properties such as high electrical conductivity, inherent strength,
elasticity etc. In current years, graphene oxide nanoparticles (GONPs)
have been used in many researches [29,30] due to its larger surface
area tomass ratiowhichmakes it an excellentmaterial for use in energy
storage or chemical sensing and they have been used in production of
bio- devices and optoelectronics, and for use in drug delivery [31–33].
We describe here, construction and application of cytochrome c biosen-
sor based on immobilization of COx ontoGONPs electrodeposited on the
surface of PG electrode.

2. Materials and methods

2.1. Materials

Cytochrome c oxidase from Sigma Aldrich, graphite flakes, sodium
nitrate (NaNO3), potassium permagnate (KMnO4), hydrogen peroxide
(H2O2), hydrogen chloride (HCl), deionised water, potassium chloride
(KCl), potassium dihydrogen phosphate (K2HPO4), tris, tris HCl, acetate,
acetic acid (CH3COOH), 4-aminophenazone, solid phenol, horse-radish
peroxidise, sulphuric acid (H2SO4), silica, ascorbic acid, cytochrome c,
potassium ferricyanide, sucrose.

2.2. Apparatus

Poentiostat/galvanostat (Make: Autolab, model AUT83785,
manufactured by Ecochemie) with a three electrode system consisting
of a Platinum wire as an auxiliary electrode, an Ag/AgCl electrode in
3.5MKCl as reference electrode and cytochrome c oxidase/GONPs altered
pencil graphite electrode as a working electrode. Transmission electron
Fig. 1. Cyclic voltammogram for electrodeposition of GONPs. Su
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microscope (TEM) (Zeiss EV040), XRD (make: 122 Rigaku D/Max 2550,
Tokyo Japan), Fourier transform infra-red spectroscopy (FTIR) (Bruker).

2.3. Assay of cytochrome c oxidase (COx)

Free cytochrome c assay was done by slight changes in Satyapal and
Pundir process of assay. Cyt c 1.0% (w/v) solutionwasprepared in potas-
siumphosphate buffer (10mM, pH 7.0). 3–5mg of ascorbic acid used to
reduce solution. Reactionmixture containing 2.7ml of phosphate buffer
(10 mM, pH 7.0) and 0.2 ml of Cyt c was incubated at 37 °C for 10 min.
The reaction starts by adding 0.1 ml of COx solution (0.1 mg solid/ml)
while in blank in place of COx, 0.1 ml of potassium ferricyanide
(100 mM, in phosphate buffer) is used. It was mixed by inversion and
the decrease in A550 nmwasmonitored for 10min at interval of 1 min.

ΔE ¼ Et−Ef

Et = A550nm value at the time points 0 through 10 min for the test
Ef = A550nm value at the 10 min time point for the blank.
One unit will oxidize 1.0 μmol of reduced cytochrome c to oxidized

cytochrome c (using 0.5 μmol of oxygen) per minute at pH 7.0 at 37 °C.
pporting electrolyte: 1 M KCl solution; scan rate: 25 mV/s.
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Fig. 3. (a) Transmission electron microscope (TEM) images, of GO-NPs, (b) FTIR spectrum of GONPs and (c) X-ray diffraction (XRD) pattern of GONPs.
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2.4. Preparation of GONPs

GO nanoparticles were prepared usingmodified Hummer's method.
Firstly, 500 mg of graphene powder and 500mg of sodium nitrate were
mixed in 25ml of 18.4M sulphuric acid (98%).Magnetically stirmixture
for 15 min in ice bath. After that, 4 g of potassium permagnate was
added slowly at 20°C temperature. Mix 50 ml double distilled water
slowly andmagnetically stirred for 90min at 40°C temperature. Forma-
tion of brown suspension occurred. Treat suspension with 6 ml of 30%
H2O2 solution followed by dilution with 50 ml deionised water. 5% HCl
used to wash suspension. To attain neutrality, treat solution with
Fig. 4A(i)

Fig. 4A(iii)

Fig. 4. A SEM images of (i) Bare PG electrode, (ii) GONPs/PG electrode and (iii) COx/GO-NPs/PG
GONPs/PG electrode and (iii) COx/GONPs/PG electrode.
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deionised water to discard enough of manganese salt. Dried remaining
solution in oven for 1 h. Dry GONPs were formed and their structural
properties studied.
2.5. Characterization of GONPs

Characterization of GONPs was done by transmission electron mi-
croscopy (TEM), Fourier transform infra-red spectroscopy (FTIR) & X-
ray diffraction (XRD) which confirmed its synthesis.
Fig. 4A(ii)

electrode. B: Fourier transform infra-red spectroscopy (FTIR) of (i) bare PG electrode, (ii)
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Fig. 4 (continued).
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2.6. Electrodeposition of GONPs on PG electrode

Alumina slurry used to polish surface of PG electrode (2 cm× 2mm)
to soften it. A mixture of 4 ml of H2SO4: HCl (3:1 ratio) is prepared and
Fig. 5. Cyclic voltammetry response of COx/GONPs/PG on successive addition of 100 μl cytochr
25 mV/s.
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PG electrode is dipped in it for some time. GONPs (200 μl)were added to
25ml of 1MKCl. Electrodeposition of GONPs onto PG electrode by oper-
ating 5 polymerization cycles at −1.50V to 0.60V was possessed in an
electrochemical cell system using Autolab. Finally, unbound matter
ome c in 25 ml 0.1 phosphate buffer (pH = 7.5) at the different potential at a scan rate of
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removed by distilledwater sponge fromGONPs PG electrode and placed
at 4°C in petriplate (Fig. 1).
2.7. Immobilization of COx onto GONPs modified PG electrode

Mixture of 0.2 ml of COx and 1.8 ml of 10 mM potassium phosphate
buffer of pH 7.0 was placed onto surface of GONPs/PG electrode. This is
placed for immobilization at 4°C temperature. Immobilized COx elec-
trode now washed for 3–4 times with 10 mM potassium phosphate
buffer (pH 7.0). The resulting COx/GONPs/PG electrode was used as a
working electrode. When not in use it was preserved at 4°C.
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Fig. 6. (a) Effect of pH on COx/GONPs/PG electrode, (b) effect of temperature on COx/
GONPs/PG electrode (c) co-relation study of present biosensor with standard
colorimetric method.
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Characterization of working electrode is done by SEM in distinct period
of construction.

2.8. Characterization of COx/GONPs/PG electrode

Scanning electron microscopy (SEM) and Fourier transform infra-
red spectroscopy (FTIR) used to characterize working PG electrode at
different stages.

2.9. Fabrication of cytochrome c biosensor

By using three electrode cell systems, composed of COx/GONPs/
PG as working electrode, silver/silver chloride (Ag/AgCl) as reference
electrode and Platinum wire as auxiliary electrode an amperometric
cytochrome c biosensor set up. All three electrodes attached by
potentiostat galvanostat.

2.10. Optimization of cytochrome c biosensor

Optimization of biosensorwas done by altering temperature, pH and
substrate concentration. Check response of changing condition on bio-
sensor. By using three types of buffer of 0.1M concentration, pH varied
between 5 and 9 pH at an interval of 0.5. For 5 to 6 acetate buffer, 6.5
to 7.5 potassium phosphate buffer and 8 to 9 was of Tris-HCl buffer
used. A range of 20.0°C–50.0°C temperature used to check temperature
effect on biosensor. Similarly a range of 40 ng/ml to 210 ng/ml was used
to check cytochrome c concentration difference on biosensor response.

3. Results and discussion

3.1. Characterization of GONPs

TEM, XRD and FTIR are used to characterize nanoparticles. Transmis-
sion electron microscope images of GO nanoparticles are of rod shaped.
The average size of one GrO nanoparticle was to be nearly 50 nm
(Fig. 3a). The XRD pattern of graphene nanoparticle showed the pres-
ence of a sharp diffraction peak at 2ϴ = 25.0 °C, indicating that GO
nanoparticle existed independently in extremely biased manner
(Fig. 3b). FTIR spectra of 1550.0 and 1190.0 cm−1 corresponding to
C_C conjugation and C\\C band stretching vibrations in GONPs. FTIR
spectra do not show any peak relevant to oxygen that means after re-
duction of GO, oxygen comprising functional group lost. Peak at
3400 cm−1, 1600 cm−1 and 1060 cm−1 because of O\\H stretching,
C_C stretching and C\\O stretching respectively (Fig. 3c).

3.2. Characterization of COx/GONPs/PG electrode by scanning electron mi-
croscopy (SEM) & Fourier transform infra-red spectroscopy (FTIR)

SEM images of bare (Fig. 4A (i)) andworking (COx/GONPs/PG) elec-
trode confirmed the fabrication of electrode. SEM image of GONPs/PG
(ii) exhibited spherical shapes of nanoparticles on the surface of elec-
trode, hence established the electrodeposition of GONPs onto PG. SEM
image of COx/GONPs/PG (iii) revealed the presence of globular struc-
tures onto GONPs/PG, thus confirmed the immobilization of Cox. FTIR
spectra of COx/GONPs/PG enzyme electrode were presented by the
peaks at 3505.62 cm−1, 3177.08 cm−1, 2836.32 cm−1, 2387.13 cm−1,
2090.96 cm−1, 1917.20 cm−1, 1747.62 cm−1, 1525.78 cm−1,
1038.94 cm−1, 651.51 cm−1, 568.27 cm−1 equivalent to O\\H
stretching, C_C bond and C_O (Fig. 4B(iii)).

3.3. Cyclic voltammetric measurement

Cyclic voltammogram (CV) of COx/GONPs/PG electrode was re-
corded in potentiostat-galvanostat from −1.5V to 0.6V in a 25.0 ml of
10.0 mM potassium phosphate buffer (pH 7.0) containing 100.0 μl



Table 2
Serum cytochrome c levels in apparently healthy persons and cardiac patients, as mea-
sured by cytochrome c biosensor based on cytochrome c oxidase GONPs/PG composite
film.

S. no. Sex Age (year) Cyt C serum level(ng/ml)

1 Male 58 60
2 Male 65 95
3 Female 50 97
4 Male 52 95
5 Male 62 95
6 Female 60 178
7 Male 80 95
8 Male 34 50
9 Male 40 62
10 Male 65 68
11 Male 46 52
12 Female 59 58
13 Male 70 53
14 Male 52 52
15 Male 48 49
16 Male 51 60
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cytochrome c. An electrochemical reaction happens during response
quantification:

4Cytc Feþ2
� �

þ 2O2 þ 4H2O →
COx 4Cytc Feþ3

� �
þ 4H2O2

4H2O2 →
0:49V

8Hþ þ 8e− þ 4O2

8e− →
GONPs

PGelectrode

For high responsiveness and fast sensor operation, 0.49 V was cho-
sen as the most advantageous working potential for cytochrome c de-
tection in this work (Fig. 5).

3.4. Optimization of experimental conditions

Biosensor response was affected by change in temperature, pH and
substrate (Cyt c) concentration. The optimum current was obtained at
pH 7.5 (Fig. 6a), temperature 35°C (Fig. 6b) and linearity for substrate
concentration found 40–180 ng/ml comparable to existing cytochrome
c biosensor (Fig. 2).

3.5. Evaluation of the biosensor

The performance of this biosensor was evaluated by following
parameters.

3.5.1. Reproducibility
Within and between-batch coefficients of variation for the determi-

nation of cytochrome c in sera on the same day and after one week of
storage were <0.04% and <0.21%, respectively. These high precisions
highlighted the good reproducibility and consistency of the present bio-
sensor (Table 1). This can be attributed to the covalent immobilization
of COx onto GONPs modified PG electrode.

3.5.2. Repeatability
To reuse the working electrode, it was washed by dipping it in

10 mM, pH 7.0 potassium phosphate buffer (PB) solution 3–4 times at
room temperature. 50% of enzyme electrode initial activity lost when
assay operate for more than 6 months in weekly basis which showed
that GONPs composite film has better biocompatibility. The biological
activity of the immobilized enzyme was also maintained. The enzyme
electrode preserved at 4 °C in dried condition when not in use.
Table 1
Within and between batches assay co-efficient of variation (CVs) for determination of cy-
tochrome c levels in serumby biosensor employing cytochrome c oxidase GONPs/PG com-
posite film.

Total number of serum samples
(n = 6)

Mean serum cytochrome c
(ng/ml)

%CV

Within batch(6)
50.1 50.2 0.04%
50
50.4
50.3
50.1
50.1

Between batch(6)
150 149.5 0.21%
149.5
149
150.5
148.9
149.2
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3.5.3. Correlation study
The present biosensor was correlated with standard colorimetric

assay for cytochrome c and coefficient of correlation was found R2 =
0.999 (Fig. 6c).
3.6. Application of cytochrome c biosensor in sera

Serum samples (1ml each) were drawn from diseased persons
havingmyocardial infarction at Pt. Bhagwat Dayal Sharma Post Grad-
uate Institute of Medical Sciences, Rohtak. Determination of cyto-
chrome c content in serum sample was carried out in similar way
as described above, by providing optimal condition of working
(Table 2). Here, serum sample of cardiac patient used instead of cyto-
chrome c. A hyperbolic curve made between cytochrome c concen-
tration and current (μA) to interpolate cytochrome c content in
serum samples.
4. Conclusion

An improved cytochrome c biosensor has been developed by using
graphene oxide nanoparticles (GONPs) electrodeposited onto the sur-
face of PG electrode. This cytochrome c biosensor was constructed
using COx/GONPs/PG electrode as working electrode, Ag/AgCl as stan-
dard or reference and Platinum wire as auxiliary electrode connected
through potentiostat/galvanostat. GONPs were prepared by using
Hummer's method. This present cytochrome c biosensor has been uti-
lized to determine cytochrome c level in serum samples.
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