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The electroactivity of cytochrome c on screen-printed graphite
electrodes modified with stable dispersions of multi-walled
carbon nanotubes in aqueous solution of amphiphilic poly-
(n-butyl acrylate);y-block-poly(acrylic acid)s, diblock
copolymers was estimated. Using a broad potential window,
the reduction and oxidation of heme iron at a near-zero
potential, the electrooxidation of Tyr and Trp at +0.6 VV and
the electrooxidation of heme at +0.8 V were detected in a wide
concentration range of 1-100 uM with a limit of detection of
1-2 uM. Such a multipoint detection can be used as an
electrochemical fingerprint of cytochrome c for its electro-
chemical recognition and quantification in complex (bio)-
chemical analytes.
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Cytochrome c, a metalloprotein with a covalently attached heme
prostetic group, plays a key role as an electron carrier and a pro-
apoptotic protein in cell fate.1?2 Due to its antioxidative properties,
cytochrome c belongs to the defense group of enzymes in mito-
chondria, and this heme protein is a marker of myocardial infarction,
cardiac arrest and resuscitation, mitochondria injury, organ damage,
and apoptosis of different generation, including the influence of
anticancer drugs.2* Cytochrome c biosensors are promising
drug-screening tools for the analysis of new anticancer drug
candidates. With these biosensors one can monitor cytochrome ¢
release from mitochondria in lysates of cells and carry out general
mechanistic studies of apoptotic processes.>~ However, the heme
of cytochrome c is buried in a protein polypeptide chain; hence,
electron transfer in this metalloprotein to any electrode is
diminished or blocked.® This renders direct electron exchange
between the heme and the electrode challenging, which would be
much desired as the simplest reagent-less detection of cytochrome ¢
(direct electron-transfer biosensor). Hence, new nanomaterials and
electrode modification techniques for the highly sensitive detection
of cytochrome c are of great demand.

Within the mitochondrial membrane, cytochrome c having a
high isoelectric point of about 10 is associated with anionic phospho-
lipids, such as phosphatidylserine, cardiolipin, or phosphatidic acid.*°
Here, we report the electroanalysis of cytochrome c based on the
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modification of a screen-printed graphite electrode with a stable
dispersion of multi-walled carbon nanotubes (MWCNTS) in aqueous
solutions of anionic amphiphilic poly(n-butylacrylate);q,-block-
poly(acrylicacid), 4 (PNBA4o-0-PAA, 1) diblock copolymer micelles.
We assumed that the amphiphilic diblock copolymer® facilitates
the dispersion of MWCNTS due to (i) hydrophobic interactions of
the poly(n-butyl acrylate) block with the MWCNTSs surface and
(i) mimicking of the natural microenvironment of cytochrome ¢
similar to anionic phospholipids via ionic interactions with poly-
(acrylic acid) (PAA) segments [Figure 1(a)]. We reported earlier a
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Figure 1 (a) PnBAyg-b-PAA,o/MWCNT nanocomposite electrode with
electrostatically bound cytochrome c; (b) cyclic voltammograms of heme iron
reduction/oxidation for 2 mm cytochrome c solution deposited on SPE/
PNBA4o-b-PAA, 4,/ MWCNT. Scan rate, 50 mV s,
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Figure 2 (a) DPV responses of 0-100 uM cytochrome c solution on SPE/
PnBAjo-b-PAA 1,/ MWCNT; (b) anodic DPV peak current plotted vs.
cytochrome ¢ concentration in a range of 0-100 puM (R? = 0.96).

similar approach to electrode surface modification with amphiphilic
ionic diblock copolymers and demonstrated their potential for
the analysis of dsDNA!! and myoglobin.’2 We expected that the
resultant construct would enhance the electrochemical reactions
of cytochrome c on the electrode surface and improve the electro-
analysis of this protein.

Three-pronged screen-printed electrodes (SPEs) from Color
Electronics (Russia, http://www.colorel.ru) were used for the
electrode preparation. PnBA;qy-b-PAA 14,/ MWCNT composite
preparation and SPE modification were carried out according to
published procedures.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were carried out using an Autolab PGSTAT 12 potentiostat/
galvanostat (Metrohm Autolab, the Netherlands) with the GPES
software (version 4.9.7). The electrochemical measurements were
performed at room temperature in a 0.1 M potassium phosphate
buffer (PBS) with 50 mM NaCl as a supporting electrolyte. All
potentials are given vs. a reference electrode (Ag/AgCl).

Cytochrome ¢ immobilized on PnBAyy-b-PAA 4o/ MWCNT
nanocomposite demonstrated direct electron transfer with
symmetrical clear peaks of heme iron reduction/oxidation
[Figure 1(b)]. SPE/PnBA;o-b-PAA,(/MWCNTSs do not have
such CV peaks. The formal potential E;, = (Eqx + Eq)/2 Was
—-0.031£0.007 V in 0.1 M PBS, pH 7.4 (under these conditions,
the PAA segment was almost fully ionized). This value is consistent
with well-known data for direct unmediated electron-transfer
processes of cytochrome c. The ratio of anodic to cathodic peak
currents was 1.02. These results confirmed that the anionic
PnBAo-b-PAA 1,/ MWCNT nanocomposite is a favorable matrix
for cytochrome c. The protein binding to the nanocomposite layer
is nondestructive, and it considerably facilitates reversible electron
transfer. The cyclic voltammograms of SPE/PNBAqy-b-PAA 40/
MWCNT/cyt c at different scan rates and cathodic and anodic
peaks currents are linearly proportional to the scan rate in a range
from 5 to 100 mV s! (Figure S1, see Online Supplementary
Materials); thus, the electrode reaction corresponds to a surface-
controlled process (protein film voltammetry).

The surface concentration of electroactive cytochrome c I
was 10 nmol cm~2, and the electron transfer rate constant (k) was
calculated using the Laviron equation at a scan rate of 100 mV st
and AE, > 200 mV.® The value of k for cytochrome c at SPE/
PNBAog-b-PAA .o/ MWCNT was 2 s, which is comparable with
this value for electrodes modified with nanocomposite materials
such as macroporous Au film L-cystein/Au, poly-3-methylthio-
phene/CNT, or ionic liquid/CNT.1814 Our results indicate a strong
interaction of positively charged cytochrome ¢ with the almost
fully ionized (at pH 7.4) carboxylic groups?© of a polymeric matrix
in  SPE/PNBAqp-b-PAA 14,/ MWCNT, mimicking the natural
complex of this heme protein with anionic phospholipids.*910

A dynamic range for cytochrome c biosensing was determined
using SPE/PnBAog-b-PAA 14,/ MWCNT with a number of standard
heme protein solutions featuring different concentrations of

cytochrome c. The calibration curves were obtained by plotting
the cathodic Faradaic current of DPV response or DPV peak area
vs. cytochrome c¢ concentration and fitted by a linear regression as
DPV response = 0.62 [cytochrome c] with a correlation coefficient
of 0.97 or as DPV peak area = 0.123 [cytochrome c] with a
correlation coefficient of 0.93 (Figure S2). Therefore, using
voltammetric DPV analysis, we determined cytochrome c in a
range of 2-100 uM with a limit of detection (LOD) of 1.91 um
(S/N = 3). These electroanalytical characteristics are comparable
with published data.!

The electroanalysis of cytochrome c by SPE/PNBA pg-b-PAA 4o/
MWCNT was carried out in a range of positive potentials in order
to detect not only the electrochemistry of heme as a prostetic group
but also the electrooxidation of amino acids in the cytochrome ¢
polypeptide chain as an irreversible electrochemical process.1%16
In terms of electrochemistry, L-tyrosine (Tyr, Y) and tryptophan
(Trp, W) have received the most attention because their electro-
catalytic oxidation is a basis of label-free protein biosensors for
the monitoring and detection of conformational changes in
proteins, ligand/protein binding, and oxidative protein damage,
phosphorylation, or nitration as an example of post-translational
modification.t” Nanomaterial-based electrodes can be used in
the label-free electrochemical analysis of amino acids.8

Figure 2(a) shows the DVP response of cytochrome c oxidation
at positive potentials as a single peak at +0.578 £0.011 V attributed
to Tyr + Trp oxidation.’® The calibration curves [Figure 2(b)]
were fitted by alinear regressionof I, . (I, . = 0.44 [cytochrome c])
with a correlation coefficient of 0.96. The LOD was 1.16 uM
(S/N = 3), which was approximately two times lower than that for
heme reduction near a 0 V potential.

We also observed a peak at +0.80 V, which can be attributed to
the irreversible electrochemical transformation of a heme component
(porphyrin ring) according to Novak et al.6 Indeed, a diminished
heme amplitude was measured for cytochrome cata 0V potential
after the application of an anodic oxidation potential window
(Figure S3) to confirm the electrochemical destruction of
porphyrin itself.

Hence, using the SPE/PnBA ;4-b-PAA,¢/MWCNT and applying
a broad potential window, we were able to measure a panoramic
CV or DPV, which reflects the overall electrochemical properties
of cytochrome ¢ under the given conditions. With this specific
electrode modification, one can clearly see (1) the reduction and
oxidation of the heme prostetic group at a near 0 V potential and
(2) the electrooxidation of Tyrand Trp at +0.6 V and the irreversible
electrochemical transformation of heme itself at +0.8 V
(Figure 3).

Thus, a promising SPE/PnBA4-b-PAA 1,/ MWCNT electrode
modification was developed, which allowed us for the first time
to observe the electrochemistry of both parts of this particular
protein, as we could access both the heme prosthetic group and the
apoprotein by a single voltammetric scan using a broad potential
window. Simultaneously we could examine the electrooxidative
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Figure 3 Panoramic DPV as an electrochemical fingerprint of cytochrome ¢
deposited on the SPE/PnBA;g-b-PAA,(/ MWCNT electrode surface:
(1) response for 100 um with oxidation/reduction of heme, (2) oxidation of
the amino acids Tyr + Trp, and (3) electrooxidative destruction of heme.
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properties of amino acids, such as Tyr and Trp, using the promising
SPE/PNBAo-b-PAA 14,/ MWCNT electrode modification. This
multi-point detection of cytochrome c¢ can be considered as an
electrochemical fingerprint and a method for cytochrome c
recognition and quantification in complex (bio)chemical analytes.

Generally, the electrochemical fingerprint of cytochrome c can
characterize the redox status of heme iron and any modification
of the polypeptide chain. This approach is label-free, and it avoids
additional steps of affinity interactions with antibodies, aptamers,
plastic antibodies (molecularly imprinted polymers), or protein
redox partners such as cytochrome c reductase. Both the nitration
and phosphorylation of Tyr residues in human cytochrome c are
crucial functional alterations resulting in a defective apoptosome,
altered redox potentials, the inhibition of apoptosis, or a decreased
ability to activate and interact with caspases.1”1° Therefore, the
developed method of an electrochemical fingerprint of cytochrome ¢
can be used for the detection of apoptotic events during chemo-
therapy, a search for new anticancer drugs, investigation of apoptosis
mechanisms, or the detection of post-translational modifications
of the protein polypeptide chain or the heme.17-20
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