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A biosensor for the quantification of superoxide radical (O,~) was developed based on a nano-
composite containing cytochrome ¢ (Cyt ¢), carboxylated multi-walled carbon nanotubes and a room
temperature ionic liquid (RTIL). The immobilized Cyt ¢ was characterized by field emission scanning
electron microscopy, electrochemical impedance spectroscopy and cyclic voltammetry. Using this
biosensor a formal potential of —280 mV (vs. Ag/AgCl) and electron transfer rate constant of 1.24 was
recorded for the immobilized Cyt ¢ in 0.1 M phosphate buffer solution (pH 7.0). The biosensor showed
a relatively high sensitivity (7.455 A M~' cm™?) and a long term stability (180 days) towards O, in the
concentration range from 0.05 to 8.1 uM with a detection limit of 0.03 uM. The selectivity of the
biosensor to O,~ was verified when its response was compared with those obtained by four potential
interfering substances (ascorbic acid, uric acid, acetaminophen and hydrogen peroxide).

Introduction

The superoxide radical (O,") is a biologically reactive oxygen
species deployed by the immune system to kill invading
microorganisms. Excessive concentration of O,  not only
damages many biological molecules, but also is converted to
other more toxic radicals such as H,O,, HO and '0,.! Over the
past decade, different methods have been used to detect O, .
Bioelectrochemical quantifications of O, have received exten-
sive attention because they can be easily incorporated into
portable analytical devices. The electrochemical O,~ biosensing
is based on either superoxide dismutase (SOD) or cytochrome ¢
(Cyt ¢) modified electrodes.> Application of SOD modified
electrodes for O,  biosensing often suffers from a lack of
reproducibility due to immobilization problems. On the
contrary, O,~ biosensors based on Cyt ¢ modified electrodes are
more stable.?

Carbon nanotubes (CNTs), due to their unique structure,
remarkable electronic, mechanical and chemical properties, have
been used as electrode mediators to accelerate electron-transfer
between the matrix electrode and redox proteins/enzymes.*?
Recent studies demonstrated that the surface chemistry of CNTs
not only alters the extent of protein coverage but also affects the
conformation and activity of adsorbed proteins. Oxidative
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treatment on MWCNTs and creation of COOH functional
groups using either concentrated HNO; or a mixture of
concentrated H,SO, and HNO;® and also creation of other
functional groups on CNTs”® could improve protein adsorption/
immobilization onto the CNT surface.

Application of room-temperature ionic liquids (RTIL), due
to their ionic nature could facilitate the direct electrochem-
istry of proteins/enzymes.®! This could provide a basis for
developing biosensors, biomedical devices, bio-fuel cells,
ete.*'112 RTILs composed of a kosmotropic anion and cha-
otropic cation could play an important role in the stabilizing
of proteins.’®> Among various RTILs-related composites,
carbon nanotube-RTIL nano-composites have attracted
considerable attention. Electrodes modified by carbon nano-
tube-RTIL composites and heme-containing proteins/
enzymes have been reported in a number of articles. But,
these studies were performed in different ways. Therefore, the
obtained results are not comparable to each other and some
conflicting data even exist.*'* Efforts continue to understand
the mechanism by which RTILs improve the direct electro-
chemistry of proteins.

In the present study, a nano-composite containing Cyt c,
carboxylated multi-wall carbon nanotubes (MWCNTs) and
a RTIL was produced. Then a glassy carbon (GC) electrode was
modified using this nano-composite. The modified electrode was
first characterized via field emission scanning electron micros-
copy (FESEM). Then, it was used to describe the direct elec-
trochemical behavior of Cyt c. Finally, the proposed electrode
was used as a biosensor for quantification of O,~. The results
revealed a higher sensitivity when compared with the data
obtained by biosensors reported in the literature.
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Experimental
Reagents

Horse heart Cyt ¢ was purchased from Sigma and used without
further purification. 1-Allyl-3-methylimidazolium bromide
(AMI-Br) as a typical RTIL was purchased from Sigma.
MWCNTs (diameter 8-15 nm, length 50 pum), prepared by
chemical vapor deposition, were supplied by Timesnano Co.
(Chlna) K4[FC(CN)6], K3[FC(CN)6], KC], KH2PO4, KzHPO4,
DMSO and NaOH were obtained from Merck. All solutions
were prepared in double-distilled de-ionized water.

The superoxide radical was prepared using a simple and effi-
cient method.'**s Briefly, oxygen was bubbled in DMSO for 5
min. Then by addition of distilled water, DMSO was diluted to
a 10% (v/v) solution. Subsequently, NaOH was added to the
solution up to a final concentration of 5 mM. Finally, based on
the O, molar extinction coefficient in DMSO (2006 L mol™!
cm~' at 271 nm),'s its concentration was estimated to be 0.047
mM. The thus prepared solution of O, in DMSO was stored
with a molecular sieve with pore size of 4 A in order to remove
the excess water molecules. When the alkaline DMSO was kept
in a tightly stoppered vessel at room temperature, a slow
decreasing of the superoxide concentration was observed in the
first 30 min. Then, the solutions were found to be very stable and
no further decay was observed within 24 h.*

Apparatus

Electrochemical studies were carried out using an electro-
chemical system (EG&G model 263A potentiostat/galvanostat)
controlled by a PowerSuite software package and a GPIB
interface. All electrochemical studies were carried out using
a conventional three-electrode cell equipped with a working GC
electrode (bare or modified with nano-composite film, from Azar
Electrode, Uromia, Iran), a saturated silver/silver chloride (Ag/
AgCl) reference electrode (from Metrohm), and a platinum wire
counter electrode. All potentials were measured and reported
versus the Ag/AgCl reference electrode and the electrochemical
experiments were carried out at 25 4+ 1 °C. Electron microscope
images were obtained using a FESEM model S4160, Hitachi,
Japan. Electrochemical impedance measurements were carried
out in 0.1 M KCI containing 2 mM Ky[Fe(CN)¢)/K5[Fe(CN)g]
(1:1) using a PGSTAT30/FRA2 system (Autolab, The Neth-
erlands). The amplitude of the applied sinusoidal wave potential
in each case was 5 mV. The sonication was carried out using an
ultrasonic bath (Techno-Gaz, Italy).

Preparation of the modified electrode

Prior to coating, the GC electrode (2 mm in diameter) was pol-
ished with 0.3 and 0.05 um alumina slurry, respectively, and then
sonicated in de-ionized water.

In order to purify the MWCNTs and introduce carboxylic
groups onto the MWCNTSs’ surfaces, they were chemically
oxidized with HNO;3; 35% at 40 °C under sonication for 5 h.
Then, 2 mg of carboxylic acid functionalized MWCNTs (HOOC-
MWCNTs) was dispersed in 1 mL of AMI-Br by grinding them
in an agate mortar for about 1 h. The suspensions were centri-
fuged at 12,000 rpm for 30 min. At that time, a black nano-

composite of HOOC.MWCNTSs-RTIL would be formed. Using
a micropipette the supernatant was removed and the black nano-
composite was collected and dispersed in 1 mL of double-distilled
water. Then, 2 pL of the suspension was thoroughly mixed with 2
uL of Cyt ¢ solution (8 mg mL~" in phosphate buffer solution,
PBS, pH 7.0). Finally, 2 pL of the mixture was dropped on the
GC electrode surface. Then the solvent was allowed to be
evaporated at room temperature. The modified electrode was
denoted as a Cyt ccHOOC.MWCNTSs-RTIL/GC electrode.

Results and discussion

Characterization of the Cyt cHOOC.MWCNT-RTIL/GC
electrode

The surface topography of the modified electrodes including
HOOC.MWCNTs (A), HOOC.MWCNTSs-RTIL (B) and Cyt c-
HOOC.MWCNTSs-RTIL/GC (C) were investigated by FESEM
(Fig. 1). Fig. 1A represents the homogeneous cylindrical
morphology of functionalized MWCNTs, while entangled to
each other. But as observed in Fig. 1B, by addition of RTIL to
the HOOC.MWCNTs, a mass of RTIL has been embedded into
the gaps of the HOOC.MWCNTs and uniformly integrated with
them. When the Cyt ¢ was immobilized on the relatively uniform
surface of the HOOC.MWCNTSs-RTIL, a significant change in
the surface morphologies of the modified electrode appeared
(Fig. 1C). This clearly revealed the successful adsorption of the
protein on the HOOC.MWCNTSs-RTIL film.

Electrochemical impedance spectroscopy (EIS) was employed
to provide useful information during the electrode surface
modification process. Fig. 1D displays the typical Nyquist plots
(=Z" vs. Z') of different electrodes in the frequency range from
1072 to 10° Hz. As seen, the resistance of the bare GC electrode
(Curve a) is more than that of the HOOC.MWCNTs-RTIL/GC
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Fig. 1 A-C, the FESEM images of HOOC.MWCNTs/GC, HOOC.
MWCNTs-RTIL/GC, and Cyt c-HOOC.MWCNTs-RTIL/GC elec-
trodes, respectively. D, the electrochemical impedance spectra of (a) bare
GC, (b) HOOC.MWCNTSs-RTIL/GC, (¢) Cyt ¢/GC and (d) Cyt c-
HOOC.MWCNTs-RTIL/GC electrodes in 0.1 M KCl solution contain-
ing 2 mM K;[Fe(CN)g)/K4[Fe(CN)g].
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electrode (Curve b). Comparison of Curves a and b reveals that
the HOOC.MWCNTs-RTIL nano-composite was obviously
able to decrease the interfacial electron transfer resistance at the
bare GC electrode. In the next experiments, when Cyt ¢ was
coated on the surface of the bare GC electrode (Curve ¢), the EIS
of the resulting electrode showed an obvious semicircle domain
with a diameter of about 63 kQ. The semicircle diameter is
a criterion corresponding to the electron-transfer resistance. But,
the presence of the HOOC.MWCNTs-RTIL nano-composite
between Cyt ¢ and the GC electrode could decrease the resistance
to ~23 kQ (Curve d). This indicated that the Cyt ¢ molecules
blocked the pathway of electron transfer, but the HOOC.
MWCNTs-RTIL nano-composite was obviously able to re-
establish the electron transfer pathway at the bio-sensing
interface.

Direct electrochemistry of Cyt ¢ on the HOOC.MWCNTs-
RTIL/GC electrode

To evaluate the electrochemical performance of Cyt ¢ immobi-
lized on the HOOC.MWCNTs-RTIL/GC electrode, cyclic vol-
tammetry was used. Cyclic voltammograms (CVs) of different
modified electrodes in 0.1 M N,-saturated PBS, pH 7.0 at the
scan rate of 0.1 V s~!' were recorded (Fig. 2A). As can be seen,
when Cyt c is adsorbed on either a bare or RTIL modified GC
electrode, it showed no response (Curves a and b, respectively).
Also, no peak was observed for the HOOC.MWCNTs/GC
(Curve ¢) and HOOC.MWCNTSs-RTIL/GC (Curve d) electrodes
because they contain no electroactive species. But, by adsorbing
Cyt ¢ on either the HOOC.MWCNTs/GC or HOOC.MWCNTs-
RTIL/GC modified electrode, a pair of well-defined redox peaks
was observed (Curves e and f, respectively). These results indicate
the role of HOOC.MWCNTs in mediating the electron transfer
between Cyt ¢ and the GC electrode. The value of the formal
potential [E> = (E,¢ + Ey,)/2] for Cyt cat HOOC.MWCNTs/GC
electrode is —325 mV which is ~45 mV more negative than that
obtained at the HOOC.MWCNTs-RTIL/GC electrode (~—280
mV), and the value of the peak-to-peak separation (AE;) at scan
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Fig. 2 A, CVs of different modified electrodes: (a) Cyt ¢/GC, (b) Cyt c-
RTIL/GC, (c) HOOC.MWCNTs/GC, (d) HOOC.MWCNTs-RTIL/GC,
(e) Cyt ccHOOC.MWCNTs/GC and (f) Cyt ccHOOC.MWCNTs-RTIL/
GC electrodes. The results were obtained in 0.1 M N,-saturated PBS, pH
7.0, at the scan rate of 0.1 V s~'. B, CVs of the Cyt c-HOOC.MWCNTs-
RTIL/GCelectrode in 0.1 M N»-saturated PBS at pH 2.5, 4.8, 6.4, 7.0, 9.4
and 11.5 from right to left, respectively.

rates below 200 mV s~! for the Cyt c-HOOC.MWCNTs/GC
electrode (138 mV) is larger than that for the Cyt c-HOOC.
MWCNTs-RTIL/GC electrode (86 mV).

Based on these results, the reversibility of the direct electron-
transfer reaction of Cyt ¢ at the HOOC.MWCNTSs-RTIL/GC
electrode is higher than that obtained at the HOOC.MWCNTs/
GC electrode.

As can be seen in Fig. 2B, both the reduction and oxidation
peak potentials of the Fe"/Fe' redox couple of the Cyt c-HOOC.
MWCNTSs-RTIL/GC electrode was pH dependent in the pH
range from 2.5 to 11.5. The Cyt c formal potential shifted
negatively with the increase in pH. This observation shows that
a proton is involved in the electron transfer process of Cyt c.'®
Fig. 3 shows the CVs of the Cyt ccHOOC.MWCNTs-RTIL/GC
electrode in N,-saturated PBS at different scan rates. Both the
anodic and cathodic peak currents increased linearly with the
scan rate change (Fig. 3A), indicating that the electrode reaction
is a surface confined process. As can be observed in Fig. 3B the
formal potential is almost independent of the potential scan rate
for sweep rates below 300 mV s~' suggesting the facile charge
transfer kinetics over this range of sweep rate. However, for scan
rates above 300 mV s~' the peak separations begin to increase
demonstrating the limitation arising from charge transfer
kinetics. By using the slope of the peak current versus scan rate in
the Laviron Equation,'” I, = ””F*vAI' JART, the average surface
coverage of Cyt ¢ (I'.) on the HOOC.MWCNTSs-RTIL and
HOOC.MWCNTs films are estimated as 2.6 x 10~° and 3.8 x
107" mol cm~2, respectively. This shows that the average surface
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Fig.3 CVsofthe Cyt c-HOOC.MWCNTs-RTIL/GC electrode in 0.1 M
N,-saturated PBS, pH 7.0 at various scan rates of 20, 40, 60, 80, 100, 125,
150, 175 and 200 mV s~! from a to i respectively. Insets represent the plots
of I, vs. v (A) and E, vs. log v for scan rates from 20 to 1000 mV s~' (B).
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concentration of Cyt c on HOOC.MWCNTs-RTIL is about 6.8
times larger than that on HOOC.MWCNTs. The TI', value for
Cyt ¢ adsorption on the surface of HOOC.MWCNTs is confined
to a Cyt ¢ monolayer; while, the amount of Cyt ¢ adsorbed on
HOOC.MWCNTSs-RTIL is much higher than a monolayer.'"'®
The higher I'. value clearly indicates that the HOOC.MWCNTs-
RTIL nano-composite provides a very large active area for
enzyme immobilization. As reported previously, the imidazolium
ion of RTIL could interact with MWCNTSs through m—, -
cationic, hydrophobic-hydrophobic or electrostatic interac-
tions,'™'? also the RTIL can entrap the enzyme through multi-
point enzyme-RTIL interactions (such as electrostatic, hydrogen
bonds, and hydrophobic interactions) and form a supramolec-
ular network which is able to maintain the protein structure.?**!
Therefore, the RTIL acts as a linker between MWCNTs and Cyt
¢ which leads to the efficient immobilization of Cyt c. The
apparent charge transfer rate constant (k) can be estimated
according to Laviron.?? By taking a charge transfer coefficient («)
of 0.36, the k, value obtained for Cyt ¢ at HOOC.MWCNTs-
RTIL (1.24 s' + 0.07) was lower than that obtained at the
HOOC.MWCNTs/GC electrode (3.8 s™' + 0.2). This corre-
sponds well with the calculated values of the surface coverage of
Cyt ¢ on both modified electrodes, where the decrease in the
charge transfer rate through the film could be due to the increase
in protein content.?

Long-term stability is an essential issue for biosensors and
bioreactors. Cyt ¢ can be tightly adsorbed on the HOOC.
MWCNTs-RTIL film to form a high stable modified electrode.
So that after 200 continuous cycles at the scan rate of 0.1 Vs,
no obvious change in CVs of Cyt c was observed (Fig. 4A).

In order to control the storage stability, the proposed modified
electrode was stored at 4 °C in PBS and the CVs of Cyt ¢ were
measured at different time intervals over several months. As can
be observed in Fig. 4B, the electrode retained 93% of the current
response after 5 months. But at the 6th month, the decrease in the
current response reached 15%. Also the electrode showed negli-
gible change in current response towards the superoxide radical
for more than 5 months. Such an excellent stability is attributed
to the role of the RTIL to provide a suitable biocompatible
environment for the enzyme. As reported previously, the RTIL
which is a mixture of a kosmotropic anion and chaotropic cation
plays an important role in protein stability.'* In addition, the
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Fig.4 A, the Ist (solid line) and 200th (dashed line) recorded CVs of the
Cyt c-HOOC.MWCNTSs-RTIL/GC electrode. B, variation of cathodic
current during the storage time of the proposed electrode in 0.1 M PBS,
pH 7.0.

hydrogen bond capacity of the RTIL maintains the protein’s
native structure and bioactivity.?* It seems the RTIL plays
a crucial role in further stabilizing the protein. Therefore, the Cyt
c-HOOC.MWCNTs-RTIL/GC  electrode with such an
outstanding stability was selected for O, detection.

Analytical characteristics of the biosensor towards O,

The electrocatalytic properties of the immobilized Cyt ¢ towards
O, were investigated using linear sweep voltammetry. Fig. SA
shows the linear sweep voltammograms of O, at the Cyt c-
HOOC.MWCNTs-RTIL/GC modified electrode. The reduction
peak current of immobilized Cyt ¢ increased obviously with
increasing the concentration of O, in the PBS, showing a typical
electrocatalytic reduction process. As shown in Reaction 1, the
immobilized Cyt ¢ was oxidized by O,". On the electrode surface
due to the re-reduction of Cyt c-Fe(ur) (Reaction 2), a cathodic
peak current can be sensed.*

So the increased reduction peak current of Cyt c-Fe(in) is
proportional to the O, concentration.

Cyt c-(Fe ) + O,~ + 2H" — Cyt c-(Fe m) + H,0, (1)
At the electrode surface:

Cyt c-(Fe m) + e~ + H* — Cyt c-(Fe 1) 2

1/ ph
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Fig.5 A, linear sweep voltammograms of the Cyt c-HOOC.MWCNTs-
RTIL/GC electrode in 0.1 M N,-saturated PBS containing (from inner to
outer) 0, 0.23, 0.29, 0.40, 0.67 and 0.86 mM O, at the scan rate of 0.1 V
s~!. B, amperometric response of the Cyt c-HOOC.MWCNTs-RTIL/GC
electrode to O, . The electrodes were held at —0.50 V (vs. Ag/AgCl) while
its rotation speed was 500 rpm in 0.1 M PBS, pH 7.0. The final concen-
tration of O, after each successive addition was 0.05, 0.10, 0.24, 0.42,
0.66,0.97,1.32, 1.74,2.20, 2.71, 3.26, 3.85, 4.48, 5.15, 5.84, 6.56, 7.30 and
8.1 uM, respectively. The inset shows the calibration plot for O,". C,
response of the Cyt ccHOOC.MWCNTSs-RTIL/GC electrode to 1.3 uM
O,", ascorbic acid (AA), uric acid (UA), acetaminophen (AC) and
hydrogen peroxide (H,0,).
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Table 1 Comparison between the analytical parameters of the proposed electrode and the others reported for O, determination

Composite E°’ (mV) Ks!) Linear range(uM) Detection limit (uM) Sensitivity (A M~! cm~2) Stability (day) Ref.

Cyt c/PASA“/Au 15 1.5 — 0. 398 2 26
DTSP?/Cyt ¢/Au — — — 0.410 — 16
PTTCA/Cyt c/Au —471 047  02-2.7 0.028 15 25

Cyt ccHOOC.MWCNTs-RTIL —280 1.24 0.05-8.1 7.455 180 This work

“ Poly(aniline(sulfonic acid)). ? Dithiobis(succinimidyl)propionate. ¢ Poly(5,2:5',2"-terthiophene-3' -carboxylic acid).

Further experimental results showed that the bio-catalytic
currents increased linearly with the O, concentration. The
amperometric current-time curve was recorded to determine the
catalytic currents of O, at the Cyt /HOOC.MWCNTs-RTIL/
GC modified electrode at —500 mV (Fig. 5B). By addition of O,~
into the PBS, the cathodic current reaches to the steady state
within 6 s. This indicates the fast response of biosensor to O, . As
shown in the inset of Fig. 5B, the biosensor response is linear in
the O,~ concentration range from 0.05 to 8.1 uM. The linear
regression equation of the catalytic current vs. the
O5 concentration was I, (HA) = 234.1 [0y ] (mM) + 1.394 with
a correlation coefficient of 0.9941 (n = 18). The current sensi-
tivity was obtained to be 7.45 A M~! cm~2. The detection limit
was evaluated as 0.03 uM, at the chosen probability level of 5%
according to ISO 11843-2. The relative standard deviation (RSD)
of the slopes of three successive calibration curves was obtained
as 0.68%. The RSD of the responses of three electrodes, calcu-
lated independently using the same method, was 5.6% at 0.1 uM
of O,~. These results indicate a reproducible immobilization
process of Cyt ¢ on the HOOC.MWCNTs-RTIL nano-
composite. These values are superior to those reported in the
literature (Table 1).

The apparent Michaelis—Menten constant (K&) is generally
used to evaluate the activity of proteins. According to the
Lineweaver-Burk equation,?” the values of K& were estimated to
be 3.6 uM. Such a low K& value implies that the biosensor shows
a good affinity to O,

The anti-interference ability and recovery experiment

To affirm the selectivity of the proposed electrode, the effects of
four potential interfering substances, including ascorbic acid
(AA), uric acid (UA), acetaminophen (AC) and hydrogen
peroxide (H,0,) were investigated. As can be seen in Fig. 5C, the
detection of O, at this potential (—500 mV) is very effective and
no interference was observed.

The analytical applicability of the biosensor for more complex
samples was evaluated by determining the recoveries after
addition of 1.3, 3.0 and 5.0 uM of O, in blood serum samples.
The recovery rate of the biosensor was 101.5% (1.32 £ 0.016 uM,
n=3,RSD =4.3%), 95% (2.85 £ 0.034 uM, n = 3, RSD = 4.1%),
and 103.4% (5.17 + 0.056 uM, n = 3, RSD = 3.7%)), respectively.

Conclusions

By combination of HOOC.MWCNTs and AMI-Br as an RTIL
(with great composition of kosmotropic anion and chaotropic
cation) a novel nano-composite film was obtained which could
serve as a suitable host matrix for Cyt c. It seems this nano-

composite plays a dual role: Mainly, the MWCNTs play as
a promoter for electron transfer between Cyt ¢ and the GC
electrode, while the RTIL maintains the Cyt ¢ structure and its
bioactivity. The prepared nano-composite not only could
improve the direct electron transfer of Cyt c, but also provides
a long-term stability for an O, biosensor. The specific behavior
of the obtained biosensor towards O, and also the excellent
analytical characteristics such as: high sensitivity, fast response,
low detection limit, high stability and wide response range, could
make the biosensor applicable for commercial purposes.
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