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Emerging evidences have pointed out that the release of cytochrome c (cyt c) from mitochondria into cytosol
is a critical step in the activation of apoptosis. This article presents a novel approach for the detection of
mitochondrial cyt c release for the first time using cytochrome c reductase (CcR) immobilized on nanoparticles
decorated electrodes. Two kinds of nanomaterial-based biosensor platforms were used: (a) carbon nanotubes
(CNT) incorporated polypyrrole (PPy)matrix on Pt electrode and (b) self-assembledmonolayer (SAM) function-
alized gold nanoparticles (GNP) in PPy-Pt. Scanning electron microscope was used to characterize the surface
morphologies of the nanomaterial modified electrodes. Cyclic voltammograms of both the biosensors showed
reversible redox peaks at−0.45 and−0.34 V vsAg/AgCl, characteristic of CcR. In comparison, the CcR-CNT biosen-
sor gave a detection limit of 0.5±0.03 μMcyt c, whichwas 4-fold better than theCcR-GNPbiosensor (2±0.03 μM).
Moreover, the CcR-CNT biosensor achieved a much larger linear range (1–1000 μM) over the CcR-GNP biosensor
(5–600 μM)with 2-fold better sensitivity. The CcR-CNT-PPy-Pt biosensor was further applied to quantify themito-
chondrial cyt c released in cytosol of A549 cells upon induction of apoptosis with doxorubicin, the results agreed
well with standard western blot analysis.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Cytochrome c (cyt c) is a heme containing metalloprotein located
in the intermembrane space of mitochondria. It plays key physiolog-
ical role in biological respiratory chain, whose function is to transfer
electrons between cytochrome c reductase (complex III) and cytochrome
c oxidase (complex IV) [1,2]. Mitochondria are the powerhouse of cells,
known to play a central role in cell homeostasis. When mitochondria
are damaged under pathological conditions, cyt c is released into the
cytosol of the cells [3]. This translocation of cyt c from mitochondria to
cytosol is a critical event in the activation of intracellular signaling; it
results in a cascade of caspase activation and leads to programmed cell
death-apoptosis [3,4]. Thus, the quantification of cyt c release as a bio-
marker of apoptosis could be of great important in clinical diagnosis
and therapeutic research.

Currently, conventional methods such as spectrofluorimetry [5],
spectroscopy [6], HPLC [7,3], flow cytometry [8], western blot, and
enzyme linked immunosorbent assay (ELISA) [9–11] are widely used
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to detect the cyt c release. Although these methods have high sensitiv-
ity, unfortunately, they are multi-step and time consuming processes,
require large, expensive instrument, extensive pre-treatment of the
sample and also not suitable for rapid routine use. Electrochemical
biosensors have emerged recently as an alternative tool for rapid and
real-time analysis of clinically relevant analytes. Recently, Zhao et al.
[12] and Liu et al. [13] have reported the amperometric sensors for
the determination of cyt c with good detection limits. These methods,
however, suffer from lack of selectivity for the quantification of cyt c,
especially in cells or biological samples, due to the fact that the interac-
tion of the recognition elements viz. single-strand DNA functionalized
gold nanoparticles [12] and lauric acid modified lipid bilayer (negative
charge) [13] with the cyt c (positive charge) is purely based on electro-
static interaction. These methods are prone to interferences by other
positively charged species present in the samples and hence are not
applicable for the measurement of cyt c release in biological systems.
Enzymatic biosensors for the determination of cyt c have also been
investigated by incorporating cytochrome c oxidase (CcO) [14,15].
However, the CcO based biosensors are capable of measuring only the
reduced form of cyt c (Fe2+) by mediating electron transfer between
the cyt c (Fe2+) and the electrode. But in apoptotic cells, only the
oxidized form of cyt c (Fe3+) triggers the time dependent caspase
activation and serves as a proapoptotic molecule [16]. Moreover, in
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permeablized cell models, the cytosolic cyt c (Fe2+) is rapidly oxidized
(Fe3+) by the mitochondrial CcO [17], thus making the CcO based bio-
sensors difficult to quantify the apoptotic form of cyt c (Fe3+). In addi-
tion, upon immobilization, it is reported that the electron transfer is
blocked in active centers of the CcO [18]. Consequently, the analytical
applications of CcO based biosensors are limited. Thus, there is a real
need for simple, rapid, selective and inexpensive methods for cyt c
(Fe3+) measurement for point-of-care and research applications.

So, in the present study, an alternate biosensor for the quantification
of cyt c release in apoptotic cells has been developed by immobilizing
cytochrome c reductase (CcR). CcR is a specific and complex redox
enzyme with 3 subunits, catalyzing one electron reduction of oxidized
cyt c (Fe3+) [19]. Themost crucial step in the development of biosensor
is the immobilization of such biomolecules without affecting their
native structures and bioactivities at the electrode surface. Indeed, the
direct electron transfer of redox proteins is very difficult at conventional
electrodes, since the active sites are deeply embedded in protein struc-
ture. Recently, conducting polymer, polypyrrole (PPy) has been used as
a suitable host matrix for the immobilization of enzymes owing to its
unique combinations of well-ordered conductive polymer chain and
good environmental stability [20–22]. Further, the research has extend-
ed tomodify PPywith other nanomaterials viz. carbon nanotubes (CNT)
and gold nanoparticles (GNP) so as to obtain enhanced electron transfer
of bioactive molecules in various biosensors [23–26]. CNT are novel
molecular nanowires with high mechanical, chemical and electrical
properties [27,28]. The morphology of CNT is extremely important in
establishing the direct electrical contact between the redox protein
and the electrode. Moreover, the modification of GNP surface with
thiols provides a well ordered, compact and stable self-assembled
monolayer (SAM) used to conjugate enzymes close to the electrode
surface.

In this article, for the first time, we report cyt c biosensors based
on immobilization of CcR on two kinds of nanomaterial decorated
electrodes viz. CNT incorporated PPy modified Pt electrode and SAM
of cysteine functionalized GNP on PPy modified Pt. The incorporation
of CNT/GNP into the PPymatrix exhibited nanoporous structures with
large effective surface area for the immobilization of CcR thereby en-
hanced the enzyme biocatalytic activity for the sensitive determina-
tion of cyt c. Further, the levels of mitochondrial cyt c released in
cytosolic fractions of doxorubicin (DOX) treated human lung carcinoma
A549 cells determined using the CcR-CNT-PPy-Pt biosensor were found
to be in good agreement with the standard western blot analysis.

2. Material and methods

2.1. Reagents

Cyt c frombovine heart, CcR fromporcine heart, cyt cmonoclonal an-
tibody, bovine serum albumin (BSA), DOX, chloroauric acid trihydrate
(HAuCl4.3H2O), cysteine, glutaraldehyde, pyrrole, sodium hydrogen
phosphate, disodium hydrogen phosphate and hydroquinone were pur-
chased from Sigma (St. Louis, MO, USA). Single walled CNT were pur-
chased from Carbon solutions Inc., CA, USA. Human lung carcinoma
A549 cells were obtained from ATCC. All the solutions were prepared
with doubly distilled water.

2.2. Instrumentations

All electrochemical experiments were carried out using CHI
1200B electrochemical workstation (CHI, USA) with a conventional
three electrode system which consisted of an Ag/AgCl wire as refer-
ence electrode, a Pt wire as auxiliary or counter electrode and CcR
immobilized/conjugated CNT-PPy-Pt and SAM-GNP-PPy-Pt elec-
trode as working electrodes. The size of Pt working electrode used
was 0.5 mm in diameter. The morphological scanning electron micro-
scopic (SEM) images and energy dispersive X-ray analysis (EDX) spectra
were obtained using a FEI Quanta FEG 200-High Resolution Scanning
Electron Microscope (FEI Co., Netherlands). The phase contrast images
were acquired by using anOlympus-1X71 invertedmicroscope (Olympus
Co., USA).
2.3. Construction of CcR-SAM-GNP-PPy-Pt biosensor

Pyrrole was first electropolymerized onto the bare Pt electrode to
form PPy matrix by following the reported procedure [24]. The opti-
mum of 10 cycles for pyrrole electropolymerization was used because
of its increased conductivity and large surface area as reported earlier
[20] for the effective incorporation of CNT, GNP and enzyme.

GNP of diameter around 6–10 nm was prepared according to a
previously published route [29]. The prepared GNP was characterized
by UV–vis spectroscopy (data not shown). The obtained PPy-Pt elec-
trode was immersed in GNP solution for 12 h and carefully rinsed
with double distilled water. The GNP-PPy-Pt electrode modified
with the SAM of cysteine was prepared by dipping the GNP incorpo-
rated PPy-Pt electrode into a 1 mM cysteine solution for 10 min and
rinsed with double distilled water to remove the non-chemisorbed
cysteine. Then 5 μL of CcR (0.2 g/mL) solution was dropped onto
the SAM-GNP-PPy-Pt electrode by employing 5 μL of glutaraldehyde
(GA) (2.5%) solution as cross-linking agent. After that, the electrode
was left for at least 24 h at room temperature for efficient cross-linking.
During this process, CcR was conjugated to the SAM-GNP-PPy-Pt
electrode.
2.4. Construction of CcR-CNT-PPy-Pt biosensor

The CNT modified PPy-Pt electrode was prepared by the reported
procedure [24]. In brief, 25 μL of CNT solution (2 ml of 1.5 wt%
nafion–ethanol solution containing 2 mg of CNT) was dropped on
PPy-Pt electrode surface, and then the solvent ethanol was evaporat-
ed in air to form a CNT incorporated PPy-Pt electrode. The immobili-
zation of CcR on CNT-PPy-Pt electrode was carried out as described
before similar to SAM-GNP-PPy-Pt. Later, the CcR immobilized elec-
trode was kept for at least 24 h at room temperature for efficient
cross-linking and entrapment of the CcR on the CNT-PPy-Pt electrode.
The above constructed cyt c biosensors were illustrated in Scheme 1A.
2.5. Culture of human lung carcinoma A549 cells and doxorubicin
treatment

Human lung carcinoma A549 cells were grown in 10% Dulbeccos
modified Eagle's medium containing 10% fetal bovine serum,
l-glutamine (4 mM/L), penicillin (100 units/mL), and streptomycin
(100 μg/mL), and incubated at 37 °C in a humidified atmosphere of 5%
CO2. In order to induce apoptosis, cells were treated with 1 μM DOX
for a period of 0–48 h. Cytosolic fractions of the cells were prepared
according to themanufacturer's instructions using QIA88 Proteoextract
cytosol/mitochondria fractionation kit from Calbiochem.
2.6. SDS-PAGE and western blot analysis of cyt c

The DOX-treated and untreated cells were harvested and washed
twice with PBS and lysed in a lysis buffer for 10 min and centrifuged at
12,000 g for 10 min at 4 °C. The total protein was determined by Brad-
ford protein assay. For western blotting, the proteins were separated
by 12% SDS-PAGE and transferred onto nitrocellulose membrane. The
membranewas then blockedwith 2% BSA in tris-buffered saline for inhi-
bition of non-specific binding and then incubated with anti-cyt c anti-
body (1:500) overnight at 4 °C. Alkaline phosphatase-conjugated anti-
chicken IgG antibodywas used to detect the signal by BCIP/NBTmethod.
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Scheme 1. A: Schematic representation of the CcR based cyt c biosensors. B: Schematic illustration of the biochemical reaction occurring at the biosensors surface.
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3. Results and discussion

CcR is an essential segment in the electron transport chain of
mitochondria, playing a critical role in the biochemical generation of
ATP [30]. It specifically reduces the cyt c (Fe3+) by the oxidation of
ubiquinol (QH2) into ubiquinone (Q). CcR is a complex enzyme com-
posed of three major subunits with redox prosthetic groups: a di-heme
cyt b containing a relatively high-potential bH heme and a lower poten-
tial bL heme, cyt c1 and a Rieske iron–sulphur protein with a 2Fe–2S
cluster [19]. To enhance the fast electron transfer between the deeply
embedded multi-redox centers of CcR and the electrode, we have
used here the synergistic effects of GNP and CNT incorporated PPy
nanocomposite matrix. These two kinds of nanomaterial tailored PPy
platforms anchored the CcRwell and facilitated the direct electron trans-
fer to achieve high sensitivity for the specific quantification of cyt c re-
lease in cancer cells.
3.1. SEM characterization of the modified electrodes

The morphological images of the GNP-PPy-Pt and CNT-PPy-Pt
electrodes investigated by SEM are shown in Fig. 1. The SEM image
of GNP-PPy-Pt electrode (Fig. 1a) reveals the incorporated GNP onto
the microporous matrix of PPy-Pt. This perhaps increases the specific
surface area available on the PPy-Pt electrode for the efficient conju-
gation of CcR. Further, Fig. 1c revealed the existence of well dispersed
CNT in the PPy film. These conductive and porous CNT further
provided a biocompatible and advantageous platform for the immo-
bilization of more number of CcR to achieve increased sensitivity.

3.2. Electrochemical characterization of the biosensors

Fig. 2 exhibits the typical cyclic voltammograms (CVs) of the mod-
ified electrodes in 0.1 M PBS (pH 7.0) at a scan rate of 50 mVs−1.
There were no significant redox peaks obtained for bare Pt (Fig. 2a),
PPy-Pt (Fig. 2b) and CNT-PPy-Pt (Fig. 2c) electrodes. On the other
hand, CcR immobilized on PPy-Pt (Fig. 2d) and CNT-PPy-Pt (Fig. 2e)
electrodes showed well defined reversible redox peaks at −0.45
and−0.34 V vs Ag/AgCl. As with the CNT platform, the CcR conjugat-
ed to SAM on GNP-PPy-Pt electrode also exhibited the similar redox
peaks at −0.45 and −0.34 V vs Ag/AgCl (Fig. S1, Supplementary ma-
terial). These redox peaks obtained here for the immobilized CcR are
akin to CcR observed in solution (data not shown). Further, experi-
mental evidences indicate that the domain [2Fe–2S], the primary
electron acceptor present in the active site, moves between cyt b
and cyt c1 resulting in fast electron transfer within the CcR [31–33].
So, the observed reversible redox peaks at −0.45 and −0.34 V here
presumably ascribed to the redox reactions of [2Fe–2S] iron–sulphur
cluster present in the active site of the CcR. The characteristic peaks
obtained here for CcR were quite similar to [2Fe–2S] proteins reported
in earlier studies [34,35]. These investigations clearly suggested that
the redox peaks observed here at −0.45 and −0.34 V were attributed
to the electron transfer reaction of the immobilized CcR with the mod-
ified electrodes.
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Fig. 1. SEM images of (a) GNP-PPy-Pt and (c) CNT-PPy-Pt and EDX spectrum of (b) GNP-PPy-Pt and (d) CNT-PPy-Pt electrodes.
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3.3. Electrochemical response to cyt c

The coupling of oxidation–reduction and deprotonation–protonation
of QH2 with the CcR is the central mechanism in cyt c reduction [36].
So, we used here hydroquinone (HQ) as a mediator for the reduction
of cyt c by CcR. The current responses for the CcR-CNT-PPy-Pt
biosensor were studied in 0.1 M PBS (pH 7.0) containing 100 μM
cyt c in different concentrations of HQ. The current increased sharply
with increasing HQ concentrations to amaximal response at 0.5 mM,
and then became steady with the further increase in HQ concentra-
tions (Fig. S2, Supplementary material). Thus, the optimized
0.5 mM HQ was used for our experiments.
Fig. 2. Typical CV responses of (a) bare Pt, (b) PPy-Pt, (c) CNT-PPy-Pt, (d) CcR-PPy-Pt
and (e) CcR-CNT-PPy-Pt electrodes in 0.1 M PBS at pH 7.0 containing 100 μM DTPA;
scan rate: 50 mVs−1 vs Ag/AgCl.
Fig. 3 displays the CVs obtained for CcR-SAM-GNP-PPy-Pt (dotted
lines) and CcR-CNT-PPy-Pt electrodes (solid lines) in 0.1 M PBS
containing 0.5 mM HQ in the absence and presence of 500 μM cyt c. In
both the cases, before the addition of cyt c, characteristic redox peaks
(−0.45 and −0.34 V vs Ag/AgCl) due to the immobilized CcR were
observed (vide supra). Upon addition of cyt c, the current increased ca-
thodically at−0.45 V and also anodically at−0.34 V, which was attrib-
uted to the redox reaction of cyt c by the CcR. Under similar conditions,
there were no changes in CV responses observed for the PPy-Pt,
GNP-PPy-Pt and CNT-PPy-Pt electrodes. However, for these electrodes
(without CcR) in the presence of cyt c, new reversible redox peaks
appeared at 0.05 and 0.07 V vs Ag/AgCl, characteristics of cyt c [37]
Fig. 3. CVs obtained for CcR-SAM-GNP-PPy-Pt (dotted lines) and CcR-CNT-PPy-Pt (solid
lines) electrodes in the absence (a and b) and in the presence (c and d) of 500 μM of cyt
c respectively in 0.1 M PBS containing 0.5 mM HQ; scan rate: 50 mVs−1 vs Ag/AgCl.

image of Fig.�3
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(data not shown), whereas, the peaks due to cyt cwere not exhibited by
the CcR immobilized electrodes. Therefore, the increases in current
responses at −0.45 and −0.34 V are mainly due to the redox reaction
of cyt c by the CcR but not due to the cyt c in solution. The present data
thus confirms the immobilized CcR showing an enhanced biocatalytic
activity towards the reduction of cyt c (Fe3+). The schematic representa-
tion of the biochemical reaction of the CcR with cyt c occurring at the
electrodes surface is shown in Scheme 1B.

3.4. Comparison of effect of CNT/GNP on the performance of the biosensor

Typical CVs obtained for CcR-PPy-Pt (a), CcR-SAM-GNP-PPy-Pt
(b) CcR-CNT-PPy-Pt (c) electrodes in 0.1 M PBS in the presence of
500 μMof cyt c containing 0.5 mMHQwere compared in Fig. 4. It is clear-
ly seen that the CVs of the CcR-SAM-GNP-PPy-Pt and CcR-CNT-PPy-Pt
electrodes showed huge increase in currents at −0.45 and −0.34 V vs
Ag/AgCl than that of the CcR-PPy-Pt. The remarkable increase in currents
can be attributed to the large number of CcR firmly immobilized on the
electroactive nanoporous surfaces provided by the GNP/CNT in PPy than
in the microporous PPymatrix. Further, the CcR-CNT biosensor exhibited
nearly 2-fold increase in current than the CcR-GNP biosensor. This higher
increase in the current for CNT platformmaybe explained due to its high
electrical conductivity and fast electron transfer. Also, the nanoscale
contours of these nanotubes perhaps penetrated slightly into the CcR
thereby lowering the electron transfer distance between the electrode
and the various active sites of the CcR.

3.5. Selectivity of the cyt c biosensor

Ascorbic acid (AA) and uric acid (UA) are considered to be themajor
interferants to most biosensors because of their relatively high concen-
trations in biological samples and low oxidation potentials [25]. The
interferences were investigated by comparing the current responses
before and after the additions of 500 μM each of AA and UA in the pres-
ence of 250 μMcyt c containing 0.1 M PBS. It was observed that only AA
caused observable interference in the determination of cyt c (data not
shown). In order to remove the interference due to AA, the mixture of
cyt c and AA was dialyzed by immersing it in 0.1 M PBS. Since, cyt c
was too large (12.3 kDa) to pass through the membrane, only AA
moves across the membrane. Then, the retentate of the dialysis was
analyzed. The CVs thus obtained for the retentate using the cyt c biosen-
sors did not show any observable interference due to AA. The effects of
scan rate and pH on the performance of the CcR-CNT-PPy-Pt biosensor
Fig. 4. CV responses of (a) CcR-PPy-Pt, (b) CcR-SAM-GNP-PPy-Pt and (c) CcR-CNT-PPy-Pt
electrodes in the presence of 500 μM cyt c solution in 0.1 M PBS containing 0.5 mM HQ;
scan rate: 50 mVs−1.
investigated are shown in Fig. S3A and B respectively (Supplementary
material).

3.6. Linear range, minimum detectable concentration and stability

The typical CVs obtained for several concentrations of cyt c in
0.1 M PBS containing 0.5 mM HQ using these two cyt c biosensors
at 50 mVs−1 are shown in Figs. 5 and S4. The current responses to cyt c
obtained with the CcR-CNT-PPy-Pt biosensor (Fig. 5) was linear from
1–1000 μM(r2=0.997), with a detection limit of 0.5±0.03 μMand sen-
sitivity of 0.46±0.003 μA μM−1 cm−2. On the other hand, the current
responses obtained with the CcR-SAM-GNP-PPy-Pt biosensor (Fig. S4,
Supplementary material) was only linear from 5 to 600 μM (r2=0.995)
with a detection limit of 2±0.03 μM and showed a sensitivity of 0.24±
0.004 μA μM−1 cm−2. The detection limits of these biosensors are well
below the lowest physiological concentration of cyt c previously reported
[38,39]. On comparing the results obtained for CcR-SAM-GNP-PPy-Pt bio-
sensor with CcR-CNT-PPy-Pt, the latter exhibited a wide linear range,
lower detection limit and nearly 2-fold higher sensitivity for the cyt c
determination.

The reproducibility of these cyt c biosensors was investigated in
0.1 M PBS containing 100 μM cyt c by repetitive determination of cyt
c in triplicate. The results showed good reproducibility at the modified
electrodes, with a relative standard deviation of 2.8%. For evaluating
the stability of the biosensors, the cathodic current responses to cyt c
were recorded three times daily and the responses were found to be
constant for at least 4 weeks. Thus, the CNT as well as SAM on GNP in
PPy matrix perhaps maintained the CcR activity well by providing an
environment similar to that of the redox protein in a native system.

3.7. Measurement of cyt c release from mitochondria

An important step in the mitochondrial pathway is the release of
cyt c frommitochondria into cytosol. It has been earlier demonstrated
that the cyt c translocates from the mitochondria into cytosol preced-
ed DOX-induced apoptosis in various cell and animal models [40,41].
So, we have chosen DOX for the induction of apoptosis in human lung
carcinoma A549 cells. Recent findings revealed that the oxidized form
of cyt c (Fe3+) mainly induced the caspase activation thereby causing
apoptosis over the reduced form of cyt c (Fe2+) [17]. It clearly indicates
that themeasurement of only the oxidized formof cyt c (Fe3+) in cytosol
presumably serves as a marker for apoptotic process in cells. In this
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report, cyt c (Fe3+)measurementswere performed on the cytosolic frac-
tions of DOX treated and untreated human lung carcinoma apoptotic
A549 cells using the CcR-CNT-PPy-Pt biosensor and western blot. After
24 h exposure of cells with 1 μMDOX, the cyt c concentration in cytosol-
ic fractions of the cells (3.63±0.02 μM)were increasedwhen compared
to those in untreated cells (2.4±0.02 μM). Treatment for 48 h resulted
in further increase in cytosolic cyt c (5.3±0.018 μM) levels (Fig. S5A,
Supplementary material). These results are quite comparable with the
cell viability studies (Fig. S6, Supplementary material) and western
blot analysis (Fig. S5B, Supplementary material).
4. Conclusion

Novel cyt c biosensors for the specific and sensitive determination
of cyt c (Fe3+), biomarker of apoptosis, were developed here by
immobilizing for the first time CcR on CNT incorporated PPy-Pt and
SAM of cysteine on GNP in the PPy-Pt matrix. The synergistic effect
of CNT/GNP in conducting PPy matrix enhanced the direct electron
transfer and catalytic activity of CcR by providing a well ordered,
stable and large surface for the immobilization without affecting its
biological activity. The CcR-CNT based biosensor achieved a very low
detection limit, wide linear range and high sensitivity over the CcR-
GNP based biosensor perhaps due to penetrating power of CNT thereby
decreasing the electron-transfer distance between the various Fe (II/III)
redox active sites of CcR and the base electrode. Furthermore, the
CcR-CNT based cyt c biosensor was applied to quantify the cytosolic
cyt c released from the mitochondria of apoptotic human lung carcino-
ma A549 cells and the results are in good agreement with the standard
western blot analysis.
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