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Fullerene-Nitrogen doped carbon nanotubes for the direct electrochemistry of
hemoglobin and its application in biosensing

Qinglin Sheng, Ruixiao Liu, Jianbin Zheng*
Institute of Analytical Science / Shaanxi Provincial Key Laboratory of Electroanalytical
Chemistry, Northwest University, Xi'an, Shaanxi 710069, China

Abstract

The direct electrochemistry of hemoglobin (Hb) immobilized by a Fullerene-Nitrogen
doped carbon nanotubes and chitosan (Cg-NCNTS/CHIT) composite matrix is
demonstrated. The cyclic voltammetry and electrochemical impedance spectroscopy
were used to characterize the modified electrode. In the deaerated buffer solution, the
cyclic voltammogram of the Hb/Cg-NCNTs/CHIT composite film modified electrode
showed a pair of well-behaved redox peaks with the E°’ = -0.335 (+ 0.3) V (vs. SCE).
The redox peaks is assigned to the redox reaction of Hb(Fe"'/Fe"") and confirms the
effective immobilization of Hb on the composite film. The large value of ks = 1.8 (£
0.2):s * suggests that the immobilized Hb achieved a relative fast electron transfer
process. The fast electron transfer interaction between protein and electrode surface
suggested that the Cgo-NCNTs/CHIT composite film may mimic some physiological
process and further elucidate the relationship between protein structures and
biological functions. Moreover, the resulting electrode exhibited excellent
electrocatalytic ability towards the reduction of hydrogen peroxide (H,O,) with the
linear dynamic range of 2.0 — 225.0 uM. The linear regression equation was Ip/pA =
7.35 (x 0.08) + 0.438 (+ 0.007)-C/uM with the correlation coefficient of 0.9993. The
detection limit was estimated at about 1 uM (S/N = 3). The sensitivity was 438.0 (+
2.5) pA-mM . It is expected that the method presented here can not only be easily
extended to other redox enzymes or proteins, but also be used as an electrochemical
sensing devices for the determination of H,O, in cell extracts or urine.
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1. Introduction

In recent years, considerable research efforts have been focused on the direct
electron transfer of biological redox proteins owing to its significance in both
elucidating the intrinsic thermodynamic characteristics of biological systems and
designing new kinds of label-free biosensors or biomedical devices [1-5]. However, it
is difficult to achieve direct electron transfer between the redox proteins and the
conventional electrode surface, as the electroactive centers of proteins usually have
large and complex structures and the active sites are buried deeply in the molecule
structures. In addition, redox proteins that are absorbed on the electrode surface are
easy to be irreversibly denatured [6-9].

To solve this problem, the integration of individual building block materials to
functional materials is a promising access for developing the next generation of
biosensors or nanodevices with excellent chemical, electrochemical and optical
properties [10-12]. Fullerene (Cep), as a zero—dimensional carbon, has been found to
exhibit a wide range of interesting characteristics and unusual properties in respect to
electrical conductivity, charge transport, and photophysical behavior [13-17].
Especially, as an electron acceptor, Csg has displayed a rich electrochemical behavior
because of the unique dimensional and electronic structures. Nevertheless, owing to
its unusual structure, pure Cgo can not be used as a possible electrode material [18].
Recently, a Co-MWCNT nanocomposite film obtained by an electrochemical means
has been reported and was further used for the direct electrochemistry of hemoglobin
(HDb) [19]. Zhou et al. [11] also reported an all-carbon two—dimensionally ordered
nanocomposite system, which utilizes synergistic interactions between a
nanostructured matrix of ordered mesoporous carbon and Cg to facilitate
heterogeneous electron—transfer processes. The self—organization of Cg molecules on
the sidewall of carbon nanotubes has also be wused for designing novel
photoelectrochemical devices [20]. These studies suggested that the combination of
Ceo With other nanomaterials might brought new physical and chemical properties.
Thus, there is keen interest in preparing composite materials of Cgy with other
nanomaterials from both fundamental and practical points of view, especially the
application of Cgo in novel electrode materials and fabrication of biosensors.

Owing to the unique physicochemical properties, especially the less cytotoxicity
and better biophilicity, nitrogen-doped carbon nanotubes (NCNTS) are now extremely
attractive as important nanomaterials in fuel cells, field-effect transistor devices
[21-24] and biosensing applications [25, 26]. For example, Lyon and Stevenson have
developed a novel hydrogen peroxide (H20,) biosensor based on the immobilization
of horseradish peroxidase within the NCNTs composite film [27]. Deng et al. have
shown that the NCNT exhibited good hydrophilicity, making them suitable to
construct enzyme biosensors [28]. It is expected that dramatical improvement,
involving electron conductivity, stability and biocomfortability, will be achieved with
NCNT modified nanomaterials, such as quantum dots or fullerene. It is suggested that
such a Cg-NCNT assembly may create a nanostructured molecular device with
intriguing electronic properties, owing to the good nature of NCNT and the electron
transfer ability of Cgo molecules inside a tube channel. Such combination may become
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an interesting and practically important field, especially for developing sensitive and
stable biosensors.

In this work, we describe the direct electrochemistry of Hb immobilized on
Ceo-NCNT/CHIT composite matrix. The electrochemical behaviors of the composite
film are thoroughly investigated by cyclic voltammetry and electrochemical
impedance spectroscopy. The resulting Cg-NCNT/CHIT modified electrode can
catalyze the reduction of H,O, and is used for sensitive determination of H,O,. The
study of the Cgo-NCNT for direct electron transfer in this work is a good example for
constructing a promising electrochemical biosensing platform based on
bioelectrochemistry.

2. Experiments

2.1. Reagents

Ceo (99.5%) was purchased from Bucky USA. High—purity multiwalled NCNTs
were used as received and purified by refluxing in 1 M H,SO,4 for 4 h. Human
hemoglobin (Hb, MW 66,000) was purchased from Sigma. Tetrabutylammonium
hexafluorophosphate (TBAPFg) (99%) was purchased from J&K Chemical LTD.
Chitosan (CHIT) (MW 1 x 10° > 90% deacetylation) was purchased from Shanghai
Reagent Company (China) and was dissolved in 0.05 M acetic acid to form 1.0 wt%
solution, then was filtered using a 0.45 pm syringe filter unit. All solutions were
prepared with ultrapure water (>18 MQ-cm) obtained from a Millipore Milli-Q water
purification system.

2.2. Apparatus

Fourier transform infrared (FTIR) spectra of Cg-NCNT, Hb, and Hb/Cg-NCNT
samples were recorded on KBr disk using a Nicolet 380 FTIR Spectrometer (Thermo
Electron Corporation, USA). Transmission electron microscopic (TEM) images were
acquired with a JEOL JEM-2100 high-resolution transmission electromicroscope
using an accelerating voltage of 200 kV, equipped with an energy-dispersive X-ray
spectroscopy (EDS) system (EDAX, DX-4).

A Model CHI660D Electrochemistry Workstation (Chenhua Instruments in
Shanghai, China) was employed for all electrochemical experiments. A conventional
three—electrode system was used. A saturated calomel electrode (SCE) and a platinum
wire electrode were used as the reference electrode and the auxiliary electrode,
respectively. A Hb/Cg-NCNT/GCE (3 mm in diameter) was used as a working
electrode. The electrolyte solutions were purged with high—purity nitrogen for at least
15 min prior to the electrochemical experiments and blanketed with nitrogen during
the measurement. Electrochemical impedance spectra (EIS) were performed at a bare
GCE (a), NCNT/GCE (b), and Cs-NCNT/GCE (c) in 1.0 mM KsFe(CN)s + 0.1 M
KCI solution using an alternating current voltage of 5 mV. The impedance
measurements were recorded at a bias potential of 163 mV within a frequency range
of 1-10° Hz.



2.3. Preparation of Cg-NCNT and Hb/Cg-NCNT film modified electrode

Ceo-NCNT composites were prepared by simple solution mixing method that was
similar to a previous report [19]. Briefly, purified NCNT and Cgy (NCNT/Cgp=4:1)
with a total amount of about 5 mg were dispersed in 10 mL toluene in an ultrasound
bath for 1 h to give a 0.5 mg-mL" suspension. Prior to use, a GCE was polished on a
polishing cloth with alumina of successively smaller particles (1.0 um and 0.05 um
diameter, respectively). Then the electrode was cleaned by ultrasonication in ethanol
and ultrapure water, respectively. For Cg-NCNT/GC electrode, a volume of 7 puL of
the Cgo-NCNT suspension in toluene was cast directly on a GC electrode surface and
the solvent was allowed to evaporate at room temperature. The Hb/Cg-NCNT/CHIT
was prepared by adding 1 mg Cg-NCNT and 2 mg Hb into 1.0 mL CHIT solution,
then ultrasonic for 15 min to form a homogenous solution. Then 6 uL of the above
solution was applied on the electrode surface by using a syringe to prepare the
Hb/Ce-NCNT/CHIT/GC electrode. The dried Hb/Cg-NCNT/CHIT/GC electrode was
stored at 4°C in refrigerator when not in wuse. As for comparison,
Hb/NCNT/CHIT/GC electrode was also prepared in a similar way as described above.

3. Results and discussion

3.1. Characterization of Cg-NCNT and Hb/Cg-NCNT composite

The morphologies of NCNT and Cg-NCNT were first characterized by
high-resolution TEM and EDS. A representative high-resolution TEM image of
NCNT with an inner-diameter of about 10 nm is displayed in Fig. 1A. After
immobilization, some Cgo amorphous nanoparticles with the size of ca. 4 nm were
found visible inside NCNT hollow channels (Fig. 1B). This implies that the open
tip—ends of NCNT allow Cgy encapsulated inside NCNT without stuck to the tube
periphery. The successful immobilization of Cgo within the NCNT is also shown in
Fig. 1C. EDS analysis also verified the immobilization of Cgoon NCNT; the C and N
peaks can be clearly indentified and there are no any impurities in samples (Fig. 1D).
Provided that NCNTs are chemically inert and structurally stable, their internal
channels would be perfect nanoscale chambers to perform further delicate chemical
and/or biological experiments with the protein in a confined space [29].

(Here Fig. 1)

Fig. 2 gives the FTIR spectra of the Cg-NCNT, Hb and Hb/Cg-NCNT samples.
Curve a shows the vibration bands of NCNT around 1446, 1369, 1207and 810 544
594 cm *[30, 31], and the four allowed vibration bands of Cg, (525, 575, 1180, and
1427 cm ™) [32]. The relative shifts of the peaks are ascribable to the m—electron
interaction between Cgo and NCNT. It is well known that the amide | (1700~1600
cm) and amide Il (1620~1500 cm ™) of heme-proteins can provide detailed
information on the secondary structure of the polypeptide chain, so the Hb/Cg-NCNT
was also studied by FTIR. Curve b shows the FTIR spectrum of Hb. The bands of
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amide | (appear at 1662 cm™) and Il (appear at 1539 cm™) are assigned to the C=0
stretching vibrations of peptide linkages [33]. The FTIR spectrum of Hb immobilized
within the Cg-NCNT is shown in curve c. It can be seen that the amide I and Il bands
in curve ¢ have similar shapes to that of free Hb. The similarities of the two spectra of
free Hb and Hb/Cg-NCNT (curves b and c) indicate that Hb is successfully
immobilized on Cg-NCNT and retains the essential feature of its original secondary
structure.

(Here Fig. 2)

It is well-known that Cgo have outstanding characteristics of multiple redox states
in a wide range of potentials and is a promising material to act as electron mediators
and transducers [11, 34]. The electron transfer kinetics of Cg-NCNT was first
characterized by cyclic voltammetry in an acetonitrile solution containing 0.1 M
TBAPFg. The redox wave potentials and the differences between the cathodic peak
potentials and the corresponding anodic peak potentials (AEp) of the Ce-NCNT/GC
electrode in acetonitrile solution were further compared with those of Cgp dissolved in
a toluene and acetonitrile mixture (v:v = 4:1) solution. After five potential scans
between 0 and —-2.1 V (vs. SCE), a typical cyclic voltammogram (CV) of the
Ceo-NCNT/GC electrode in acetonitrile solution containing 0.1 M TBAPFs was
obtained. As shown in Fig. 3A, Cg-NCNT (red curve) exhibits reversible
multiple—step heterogeneous electron transfer reactions. This phenomenal is similar to
that of Cgo dissolved in acetonitrile and toluene solution (black curve). At the
Ceo-NCNT/GC electrode, all of the peak potentials are analogous to that of Cgp
dissolved in the toluene and acetonitrile mixture. This means the well-defined redox
responses at the Cg-NCNT/GC electrode could be corresponding to Cego/Ceo ,
Ceo /Ce0”, Ceo® ICe0>, and Ceo® /Ceo™ [11], suggesting the Cgo filled within NCNT
could electronically dope the NCNT and thus directly influence its electrical
conductance.

The electron transfer of Cg-NCNT/GC electrode was further investigated by cyclic
voltammetric and EIS experiments (Fig. 3B, C). Fig. 3B depicts the CVs of (a') bare
GCE (b") NCNT/GCE and (c") Ce-NCNT/GCE in the 1.0 mM K3Fe(CN)s + 0.1 M
KCI solution. Results show that the current responses of the three electrodes give the
following sequence: a' > ¢' > b'. EIS is an effective method for probing the features of
surface-modified electrodes, which provide useful information on the impedance
changes of the electrode surface during the fabricating process. Nyquist plot
commonly include a semicircle region lying on the axis followed by a straight line.
The semicircular part at higher frequencies corresponds to the
electron-transfer-limited process and its diameter is equal to the electron transfer
resistance (Ret), which controls the electron transfer kinetics of the redox probe at the
electrode interface. Meanwhile, the linear part at lower frequencies corresponds to the
diffusion process. Such spectra can be used for extracting the electron transfer kinetics
and diffusional characteristics. The respective semicircles diameters at the high
frequencies corresponding to the charge transfer resistance (Rc) at the electrode
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surface. Thus, the charge transfer resistance was used as a sensor signal [40-42].

Z*(w) = Z'(W) + j-Z"(W) = Rs + Ry(1 + joCqg) * (1)
Z'(®) = Rs + Ry(1 +0”R,°CY) 2)
Z"(®) =oRy’Cq(1 + ©°Ry’Cq?) ™ (3)

where, ® = 2zf'is the angular frequency, f is the ac-frequency, R; is the electrolyte
solution resistance and R is polarization resistance. R, obtained at zero potential is
described as surface-charge resistance (Rc). The frequency associated with maximum
Z"(w) and R; are used to calculate C4 using the following equation.

Ca= (27Tfmacht) ° (4)

The EIS curves of (a) bare GCE (b) NCNT/GCE and (c) Cgo-NCNT/GCE are shown
in Fig. 4. The equivalent circuit to describe the electrical response at
electrode is also given in the inset of Fig. 4. It could be seen that for bare GCE, a
straight line is observed (curve a). After modified with NCNT, a large semicircle of
impedance plot is obtained (curve b), which is attributed to the relative low electrical
conductivity of NCNT on electrode surface. Decreased Re is observed when
Ceo-NCNT was modified onto the GCE surface (curve c¢), which indicates that the
electrical conductivity of the Cgo-NCNT is improved compared with that of the NCNT
modified GC electrode. The circuit element values for the NCNT/GCE and
Ceo-NCNT/GCE are listed in Table 1. The above results indicates the presence of Cg
facilitate the electron transfer for the Fe(CN)s>~ redox system.

(Here Fig. 3)
(Here Fig. 4)
(Here Table 1)

3.2. Direct electrochemistry of Hb at the Hb/Cgo-NCNT/CHIT/GCE

Since the electron transfer kinetics studies showed that the presence of Cgo could
improve the electrical conductance of NCNT significantly, a Hb/Cg-NCNT/CHIT
film modified GC electrode was fabricated and the direct electron transfer of Hb
immobilized in the Cg-NCNT nanocomposite film was investigated. Fig. 5 shows the
CVs of the bare GC, Cg-NCNT/CHIT/GC, Hb/NCNT/CHIT/GC and
Hb/Ce-NCNT/CHIT/GC electrodes in 0.1 M PBS (pH 7.0) at a scan rate of 100
mV-s . Similar to bare GC electrode (curve a), no redox peaks can be observed in the
same potential range except an increase of the back-ground current at the
Cso-NCNT/GC electrode (curve b). As for Ho/NCNT/CHIT/GC electrode (curve c),
there is only one cathodic peak which can be observed the from the CV. After
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immobilization of Hb on the Cg-NCNT/CHIT/GC electrode (curve d), a pair of
well—defined redox peak ascribing to the characteristic peaks of the Hb(Fe''/Fe')
redox couples is observed. The formal potential (E°’, estimated as (Epa+ Epc)/2,
where E, , and E, ¢ are the anodic and cathodic peak potentials, respectively) is —0.335
(x 0.3) V (vs. SCE). This value agrees well with that were obtained at a
Hb-CaCOs;@PEs/PVA-modified electrodes (-0.356 V vs. SCE) [35], a
Nafion-Hb-CNT/GC electrode (-0.343 V vs. SCE) [36], a HDb-ZnO-Nafion/GC
electrode (—0.345 V vs. Ag/AgCl) [37] and a Hb-Nafion-CNF/GC electrode (—0.36 V
vs. Ag/AgCI) [38] in pH 7.0 buffer solution.

(Here Fig. 5)

To further study the electron—transfer process, the effect of scan rate on the
electrochemical response of immobilized Hb was studied. Fig. 6A shows the CVs of
Hb/Cso-NCNT/CHIT/GC electrode at different scan rates. Results show that both the
cathodic and anodic peak currents increase linearly with scan rates in the range of 100
to 1000 mV-s* (Fig. 6B). The linear regression equations for cathodic and anodic
peaks was: lpc/pA = 114.1 (+ 2.3) vIV-s +1.975 (+ 0.085) (R = 0.998) and lpa/PA =
-96.8 (+ 15) v/V.st — 1537 (+ 0.057) (R = 0.997), suggesting that the
electrochemical reaction of the composite film modified electrode is a
surface—controlled process. In addition, when the scan rate exceeded 1 Vs, the
values of cathodic and anodic peak potentials are proportional to the logarithm of the
scan rate. The corresponding scan rate—dependent data are shown in Fig. 6C. The
linear regression equations for cathodic and anodic peaks is: Ep/V = -0.314 (+ 0.015)
lgv/V-s™* — 0.458 (£ 0.016) (R = 0.996) and E,,/V = 0.266 ( 0.012) Igv/V-s ' —0.213
(£ 0.014) (R = 0.995). In this case, the apparent heterogeneous electron transfer rate
constant (ks) could be calculated according to the equation derived Laviron for
diffusionless CVs [39]. The value of ks is calculated to be 1.8 (+ 0.2) s*. This value is
four or three times higher than that of Hb immobilized on a Cgo-MWNT composite
film (0.39 s!) [19] and on a MWNT film (0.58 s*) [40], suggesting that the
immobilized Hb on the Cg-NCNT/CHIT/GC electrode achieved a relative fast
electron transfer process. This can be as a result of the synergistic effect of Cgo and
NCNT is of vital importance to the electron transfer between the protein and the
electrode.

(Here Fig. 6)

3.3. Electrocatalytic ability of the Hb/Cgo-NCNT/CHIT/GCE

The stable and redox—active Hb/Cg-NCNT film electrode described above offers
good opportunities to explore its potential applications. The determination of H,O, is
of great importance in many fields, such as in pathology, food, pharmaceutical and
environmental analyses [41-43]. To this end, the electrocatalytic reduction of H,O; by
using the Hb/Cg-NCNT film modified electrode were investigated. Representative
CVs are shown as curve b (10 mL) and curve ¢ (20 mL) in Fig. 7. Relative to the CV
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in the absence of H,O, (curve a), the Hb reduction peak at about —0.35 V increases
dramatically. The reduction peak is accompanied by a decrease in the reoxidation
peak during the scan reversal (Fig. 7, curve d), demonstrating the typical
electrocatalytic reduction process of H,O,. In contrast, at the bare GC and the
Ceo-NCNT/CHIT/GC electrodes, small reductive peaks at —0.75 V and —0.58 V for
H.O, reduction are observed in the potential scan ranges (Fig. 6A, curves b and c). It
indicates that Hb immobilized in the Cgo-NCNT composite film retained its activity
and exhibited high electrocatalytical ability towards the reduction of H,O,. The
catalytic procedures can be expressed as follows (compound |, denoted Hb[FelVO™))
[37, 44, 45]:

[Hb(Fe'""] + H,0, — Compound I + H,0 (5)
Compound | + H,0, — [Hb(Fe"")]+ H,0 + O, (6)
[Hb(Fe'"] + H* + e — [Hb(Fe')] at electrode 7)
[Hb(Fe'] + O, —» [Hb(Fe')]-0, fast (8)

[Hb(Fe'")]-0, + H" + e — [Hb(Fe""] + H,0, at electrode (9)
The overall reaction of (2) — (6) would be:
H,0, + 2H" + 2" — 2H,0 (10)
(Here Fig. 7)

The amperometric current—time curves was also recorded to further evaluate the
performance of the biosensor through successively adding H,O, to a continuous
stirring buffer solution. Fig. 8A demonstrates the typical current-time curves of the
bare GC, Cg-NCNT/CHIT and Hb/Cg-NCNT/CHIT/GC electrodes on successive
addition of H,O, with the applied potential of —0.35 V. As shown in Fig. 8A
compared with the bare GC electrode, the Cg-NCNT/CHIT/GC electrode shows
faster response time and higher sensitivity, which suggests Cso-NCNT nanocomposite
accelerated the electron exchange between H,O, and the electrode surface. After the
functionalization of Cg-NCNT with Hb, the Hb/Cg-NCNT/CHIT/GC electrode
exhibits better analytical performance than the Cg-NCNT/CHIT/GC electrode. The
cathodic reduction currents at about —0.35 V increase linearly with the increasing of
H.O, concentration. The calibration plot corresponding to amperometric responses
(Fig. 8B) is linear vs. the concentrations of H,O; ranging from 2.0 to 225.0 puM. The
linear regression equation is I,/uA = 7.35 (+ 0.08) + 0.438 (+ 0.007)-C/uM with R =
0.9993. The detection limit is determined to be 1 UM with the signal-to—noise ratio of
3. The sensitivity of the present biosensor (438.0 (+ 2.5) pA-mM ™) is improved
drastically compared with that of 32.6 pA‘mM ™ at a Hb-Nafion-CNF/GC electrode
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[39], 3.53 pA'mM at a Hb-SWCNTs-CTAB/GC electrode [44], and 3.28 pA-mM*
at a Hb/CMC-TiO,-NTs/GC electrode [45].

(Here Fig. 8)

The reductive current increases to reach a stable plateau within 5 s when adding
H.0, into the electrolyte. This suggests that the response of the biosensor to H,O,
should be a quick responsive process. When the concentration of H,O, is higher than
225.0 pM, the response curve tends to level off, demonstrating typical
Michaelis—Menten Kkinetic characteristic of enzyme—based electrode. The apparent
Michaelis—Menten constant (Ky™") is estimated to be 0.20 (+ 0.02) mM according to
the electrochemical—version of Lineweaver—Burk equation [46]. The low value of
Km®® implies that Hb immobilized on the Cg-NCNT composite film has good affinity
to H,0.,.

3.5. Influences of the amount of Cg-NCNT, pH and applied potential to the H,O,
determination

The amount of Cg-NCNT in the film is an important parameter for optimal
electrode operation. In the case of Cg-NCNT film containing insufficient Cgo-NCNT
nanocomposites, the current response of the Hb/Cg-NCNT/CHIT/GC electrode was
lower and its sensitivity is limited. On the contrary, too dense Cg-NCNT results in
decreased conductivity and mass transportation throughout the film. Through
experiments, optimal amount is found to be 1 mg/mL in CHIT solution. Moreover,
because of thick film will block the electron transfer and decreased the responding
signals for H,O, detection, 6 uL of suspension is selected to control the thickness of
the composite film on electrode surface.

The pH influence on the electrocatalytic reduction of H,O, at the
Hb/Ce-NCNT/CHIT/GC electrode was investigated by measuring the current
response of 10.0 uM H,0O; in the pH range from 4.0 to 10.0. Results show that with
solution pH increasing from 4.0 to 10.0, the current response of the
Hb/Cgo-NCNT/CHIT/GC electrode increase and reach a maximum value at pH 7.0.
When the pH value is higher than 7.0, the obvious decrease of amperometric response
is observed, which may owe to the denaturation of the immobilized Hb. So, pH 7.0
has been used throughout the experiments.

The effect of applied potential on the steady state current of the
Hb/Ce-NCNT/CHIT/GC electrode shows that the electrocatalytic reduction of H,O,
could be observed at around —0.35 V. With applied potential decreasing from —0.2 V
to —0.5 V, the steady state current increased owing to the increased driving force for
the fast reduction of H,O, at the lower potentials and approached a maximum value at
—0.35 V. Thus, —0.35 V was selected as the working potential for amperometric H,0,
determination.

3.6. Stability and reproducibility of the composite film modified electrode
After several initial scans, the CV of the Hb/Cg-NCNT/CHIT/GC electrode
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remains nearly unchanged for 100 cycles. Of considerable interest is the fact that the
Hb/Ce-NCNT/CHIT/GC electrodes presented a remaining activity of 75% after 2.5
months of storage (Fig. 9A). The data on H,O, biosensor sensitivity obtained during
more than two months of storage show that nearly 95% of initial activity remained,
and then it gradually decreased. It is thus evident that the nanotube structure of NCNT,
the synergistic performance of Cg-NCNT and the presence of m—electron interaction
within the Hb/Cg-NCNT/CHIT nanocomposite film provide an microenvironment
that are highly stabilized Hb molecules. The fabrication reproducibility of six
electrodes, made independently, shows an acceptable reproducibility with a relative
standard deviation of 4.2% for the determination of 0.1 mM H,0,. At last, the thermal
stability of the biosensor based on Hb/Cg-NCNT/GC electrode has been evaluated
from 15 to 60 °C (Fig. 9B). The current response increased with the rise of
temperature and a maximum current value was observed at 45 °C. At higher
temperature, the current response decreases owing to the denaturation of the Hb.
Therefore, it is reasonable to conclude that the Cg-NCNT nanocomposite film
provided a good microenvironment for Hb immobilization.

(Here Fig. 9)
4. Conclusions

In the present work, the direct electrochemistry of Hb immobilized on a Cg-NCNT
composite matrix was achieved. Further studies show that the Cgo filled in the NCNT,
could electronically dope the NCNT and thus act as electron mediator to facilitate the
direct electron transfer of Hb. The resulting biosensor showed excellent
electrocatalytic activity towards the reduction of H,O, with a wider linearity range
and a lower detection limit. The excellent performances of the resulting biosensor
may be that the combining of CHIT and Cg-NCNT substantially improve the protein
stability. The present study could serve as a versatile platform for nanoscale electronic
devices and the development of new biosensors. Moreover, the biosensor based on the
direct electrochemistry of redox proteins also hold great promises for the design of
biofuel cells and as electrochemical sensing devices for the determination of H,O, in
biological and pharmaceutical samples. Such protocols that couple nanocomposites
with alternative redox proteins that display more rapid rates of direct electron transfer
are currently under investigation.
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Figure captions:
Table 1. Circuit element values for the NCNT/GCE and Cg-NCNT/GCE.

Fig. 1. High—resolution transmission electromicroscopic (TEM) images of (A) NCNT
and (B) Cso-NCNT, arrows indicate the representative Cgo nanoparticles in NCNT; (C)
TEM image of Cg-NCNT; (D) is an amplified image of Cgo nanoparticles of (C); (E)
Energy dispersive spectroscopic spectrum of a Cg filled NCNT. Note the
characteristic Cu signal originates from a TEM grid.

Fig. 2. Fourier transform infrared (FTIR) spectra of the (a) Cgo-NCNT, (b) Hb, and (c)
Hb-Cgo-NCNT composites.

Fig. 3. (A) Cyclic voltammograms (CVs) of Cgo dissolved in acetonitrile and toluene
(v:v = 1:4) solution containing 0.1 M TBAPFg on GC electrode (dash curve), and
Ceo-NCNT composite on GC electrode in acetonitrile solution containing 0.1 M
TBAPFs (solid curve), scan rate: 100 mV-s*. (B) CVs of (a) bare GCE, (b)
NCNT/GCE and (c) Ce-NCNT/GCE in 1.0 mM KsFe(CN)s + 0.1 M KCI solution,
scan rate: 100 mV-s

Fig. 4. Electrochemical impedance spectra of (a) bare GCE, (b) NCNT/GCE and (c)
Ceo-NCNT/GCE in 1.0 mM KsFe(CN)s + 0.1 M KCI solution. Applied potential:
+0.15 V (vs. SCE). Frequency range: 1 Hz — 10 kHz. Inset: equivalent electrical
circuit used for fitting the impedance spectra.

Fig. 5. CVs obtained at (a) bare GCE, (b) NCNT/GCE, (c) Cg-NCNT/GCE and (d)
Hb/Cg-NCNT/GCE in 0.1 M PBS (pH 7.0) solution. Scan rate: 100 mV-s .

Fig. 6. (A) CVs of Hb/Cg-NCNT/GCE in 0.05 M PB solution (pH 7.0) solution at
various scan rates (from inner to outer curve): 100, 200, 300, 400, 500, 600, 700, 800,
900 and 1000 mV-s™. (B) I,/uA is presented as a function of v/(mV-s') (v < 1000
mV-s™), lo/(nA) = 114.1 (+ 2.3) v/(V-s ") + 1.975 ( 0.085) (R = 0.998), Ips/(uA) =
—96.8 (+ 1.5) v/(V's'!) — 1.537 (+ 0.057) (R = 0.997); (C) Ey/(V) is presented as a
function of Ig v/(V-s™) for the higher scan rates (v > 1000 mV's ™), E,o/(V) = -0.314
(£ 0.015) Ig v/(V-s™) — 0.458 (+ 0.016) (R = 0.996) and E,/(V) = 0.266 (+ 0.012) Ig
vI(V-st) = 0.213 (+ 0.014) (R = 0.995). Error bars represent the standard deviation for
three independent measurements.

Fig. 7. CVs of the (a) bare GC, (b) Cg-NCNT/GC and (d) Hb/Cg-NCNT/GC
electrodes in pH 7.0 N,—saturated 0.05 M PBS solution after addition of 2.0 mM
H.0,, (c) CV of the Hb/Cg-NCNT electrodes in pH 7.0 N,—saturated 0.05 M PBS
solution; scan rate: 100 mVs .

Fig. 8. (A) Amperometric current-time response curves obtained at a) bare GC, (b)
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Ceo-NCNT/GC, (c) Hb/Cg-NCNT/GC electrodes upon successive addition of H,0,
into pH 7.0 PBS solution. Applied potential: —0.35 V. (B) Calibration plot of
[H20:)/(UM) vs. 1p/(pHA), T/(LA) = 7.35 (+ 0.08) + 0.438 (x 0.007)-C/(uM) (R =
0.9993), the slope is 438.0 (+ 2.5) pA-mM . Error bars represent the standard
deviation for three independent measurements.

Fig. 9. (A) Storage stability of the Hb/Cg-NCNT/GC electrode over a peroid of 75
days. (B) The influence of temperature on the current response of the
Hb/Ce-NCNT/GC electrode. Measuring conditions: 0.05 M PBS (pH 7.0) + 0.1 mM
H.O,, applied potential: —0.35 V (vs. SCE). The error bars represent standard
deviations for five independent measurements.
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Table 1. Circuit element values for the NCNT/GCE and Cg-NCNT/GCE

Circuit element NCNT/GCE Cs0-NCNT/GCE
RJ/Q 148.2 (+ 8.4) 145.7 (£ 7.8)
Ry/Q 11665 (£ 232) 1008 (+ 36)
Re/Q 10026 (+ 210) 955 (% 24)
Cy/nF 1.4(£0.2) 6.4 (£ 0.3)

W/1073Q-s Y2 394.2 (+ 12.6) 57.1 (+6.7)
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Graphical Abstract

A pair of well-defined and quasi-reversible redox peaks is observed at the
Hb/C60-NCNT/CHIT/GCE (curve d) with the formal potential of -0.335 V (vs. SCE)
and the peak to peak separation was 76 mV.
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Highlights

1> The direct electrochemistry of hemoglobin based on Cg-NCNTSs was realized.
2> Cg-NCNTSs accelerated the direct electron transfer rate of hemoglobin.

3> The biosensor showed excellent electrocatalytic ability for H,O, reduction.
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