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In this paper, carbon nanotubes–hydroxyapatite (MWCNTs–HA) composite were synthesized by self-
assembling technique, and investigated by X-ray diffraction, scanning electron microscopy (SEM) and FT-IR
spectroscopy. Hemoglobin (Hb) immobilized in MWCNTs–HA film not only retained its similarly native
conformations, but also achieved the direct electron transfer. The apparent heterogeneous electron transfer
rate constant (ks) was evaluated as (5.05±0.41) s−1 according to Laviron's equation, and the surface coverage
(Γ*) was estimated as (9.25±0.69)×10−10 mol cm−2. Moreover, the Hb immobilized in MWCNTs–HA film
exhibited remarkable bioelectrocatalytic activity for the electrochemical reduction of H2O2. The amperometric
response of the biosensor varied linearly with the H2O2 concentration ranging from 0.5 μM to 2 μM, and the
results showed a detection limit of 0.09 μM. Furthermore, theHb-immobilizedMWCNTs–HAfilm exhibited the
excellent catalytic reactivity toward trichloroacetic acid (TCA).
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1. Introduction

The study of the direct electron transfer between enzymes or
proteins and electrodes has received considerable attention in recent
years [1–7]. Because the studies on direct electron process between
enzymes or proteins and electrodes cannot only provide us the
information to elucidate their metabolic processes in the biological
system, but also establish a foundation for constructing the third
generation of electrochemical biosensors and a new kind of bioreactors.
Hemoglobin (Hb), consisting of four subunits of polypeptide which
contain four active centers, is an important protein in red blood cells,
and in the reduced form, is the carrier of oxygen [8]. It is an ideal model
molecule for the study of electron transfer reactions of heme proteins
and also for biosensing and electrocatalysis [9–12]. However, it is
difficult for Hb to exchange electron directly with the electrode surface
due to the fact that the inaccessibility of its electroactive center and loss
of electrochemical activities might occur when Hb was adsorbed
directly on the electrode surface [1]. Therefore, in recent years,
researchers make efforts to find appropriate matrix with good
biocompatibility in order to improve the direct electron transfer [9–18].

Since the discovery of carbon nanotubes (CNTs) in 1991, the
exceptional physicochemical properties of carbon nanotubes (CNTs),
such as their unique structural, electrical, mechanical, electro-mech-
anical and physical properties, have made them emerge as an essen-
tial platform in nanoscience [19]. The direct electron communication
between the redox sites of protein or enzyme and the electrode could
be promoted by CNTs due to the three-dimensional configuration
constructed by the dispersed CNTs on the electrode. Hence, CNTs
become an attractive material in bioelectrochemistry for the direct
electrochemistry of enzymes. However, the poor dissolution and
biocompatibility of the CNTs limited the development of new designs
of electrochemical sensors and biosensors. In order to overcome the
difficulty, functionalization of CNTs has become the hotspot of im-
proving the dispersion [20–22].

Hydroxyapatite (HA, Ca10(PO4)6(OH)2)with characteristic features of
a biomaterial, in particular, a crystallographic similaritywithnatural bone
minerals, can be derived from both synthetic and natural origins [23]. In
this context, we proposed to fabricate a composite of HA-associated
MWCNTs by the self-assembly method via an aqueous solution reaction.
On the one hand, the associate HA is desirable for the improvement of the
bioactivity and biocompatibility of composite [24,25]. On the other hand,
suitable surface modification for MWCNTs can prevent themselves from
aggregation and provide nucleation sites for HA. Moreover, the direct
electron transfer and bioelectrocatalysis of the Hb co-assembled onto
MWCNT–HA nanocomposite film were realized.

2. Experimental

2.1. Materials and apparatus

Multi-wall carbon nanotubes (MWCNTs, diameter 10–30 nm,
length 1–50 μm) were purchased from Shenzhen Nanotech Port Co.,
Ltd (Shenzhen, China). Calcium chloride and disodium hydrogen
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phosphate were provided by the Tianjin Chemical company. Bovine
hemoglobin (Hb, MW 67,000) purchased from Sigma Chemical Co.
was used without further purification. The hydrogen peroxide (30%
(w/w)) and trichloroacetic acid were ordered from Beijing Chemical
Company (Beijing, China).The dilute solution of H2O2 was prepared
daily. Potassium dihydrogen orthophosphate (0.10 M) was used to
prepare the supporting electrolyte and its pH valuewas adjusted to 7.0
using potassium hydroxide. Aqueous solutions were prepared using
doubly distilledwater. All other chemicalswere of analytical grade and
used without further purification.

XRD patterns of the crystals were obtained from a Shimadzu Lad-X
600 X-ray diffractometer using Cu Kα radiation. SEM images were
obtained from MX2600FE (Camscan Company, Britain). FT-IR spectra
were obtained on a Perkin-Elmer Spectrome 100 spectrometer
(Perkin-Elmer Company, USA) at room temperature. UV–visible
(UV–vis) absorption was carried out by using a 2550 spectrophotom-
eter (Shimadzu, Japan).

Electrochemical measurements were carried out on a computer-
controlled electrochemical analyzer (CHI 650C, CHI, Austin, TX) in a
two-compartment and three-electrode cell containing 20 mL 0.10 M
phosphate buffer (pH 7.0), which was used as the supporting elec-
trolyte except that the pH-dependent experiments were carried out
in phosphate buffer with various pH values. The modified GC elec-
trodes were used as working electrodes, a platinum spiral wire and a
saturated calomel electrode (SCE) as auxiliary and reference elec-
trodes, respectively. For the experiments conducted under anaer-
Fig. 1. XRD pattern(A), SEM image of MWCNTs–HA com
obic condition, the electrolyte was bubbled with pure N2 gas for
more than 30 min and N2 gas was kept flowing over the solution
during the electrochemical measurements. All electrochemical
measurements were performed at ambient temperature (18±2 °C).

2.2. Synthesis of HA functionalized multi-walled carbon nanotubes
(MWCNTs–HA) and preparation of the modified electrodes

MWCNTs in 3 mol L−1 nitric acid were sonicated for 20 min, then
refluxed for 12 h at 90 °C in order to obtain the carboxyl functional
group (MWCNTs–COOH). Then the mixture was filtered under
vacuum through 0.45 μm millipore polycarbonate membrane and
washedwith distilledwater until the pH value of the filtrate became 7.
The resulting MWCNTs–COOH was dried under vacuum for 24 h at
100 °C. The MWCNTs–HA composite were prepared according to the
literature with some modification [26]. Typically, 20 mg of MWCNTs–
COOH was reacted with 5 ml of 0.02 mol L−1 aqueous solution of
calcium chloride and strongly stirred for 1 h. To this mixture, 5 ml of
0.02 molL−1 aqueous solution of disodium hydrogen phosphate was
added dropwise with continuous stirring for 1 h. The product formed
was filtered and washed several times with distilled water to remove
any unreacted reagents and byproducts. Finally, the product was dried
under vacuum for 24 h at 50 °C.

The bare glassy carbon (GC, 3 mm-diameter) was firstly polished
before use with emery paper (# 2000), 0.3 and 0.05 μm alumina
slurry on a woolen cloth, and then cleaned under bath sonication for
posite (B) and SEM image of pristine MWCNTs (C).



Fig. 2. (A) FT-IR spectra of MWCNTs, MWCNTs–HA, Hb and Hb/MWCNTs–HA. (B) UV–
visible spectra of the MWCNTs–HA, Hb and Hb/MWNTs–HA films on indium tin oxide
side.
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10 min and finally rinsed thoroughly with distilled water. The
MWCNTs–HA (2 mg) was mixed in aqueous solution and was
sonicated for 1 h at room temperature to obtain a homogeneous and
black dispersion containing 2.0 mg mL−1 MWCNTs–HA. For the
preparation of Hb/MWCNTs–HA/GC electrodes, a 4 µL of the dis-
persion was dip-coated onto the pretreated GC electrodes, followed
by a period of standing in air until dry. Then the MWCNTs–HA/GC
electrodes were immersed into 0.10 M phosphate buffer containing
20 mg mL−1 Hb for 48 h. The resulting electrodes (Hb/MWCNTs–
HA/GC) were rinsed with distilled water prior to electrochemical
measurements.

3. Results and discussion

3.1. Characterization of MWCNTs–HA nanocomposite

Fig. 1A illustrates the XRD patterns of the synthesized MWCNTs–
HA nanocomposite powders. The peak positions are matching closely
with the diffraction of synthesized HA (JCPD card number: 34-0010).
In addition, the main diffraction peak at 26.0° for the MWCNTs
attributing to the hexagonal graphite (002) planes was consistent
with (002) planes of HA. Moreover, no peaks corresponding to Ca3
(PO4)2 appeared in Fig. 1A.

Fig. 1B and C display the typical SEM images of MWCNTs–HA
nanocomposite and pristineMWCNTs. As can be seen from Fig. 1B, the
surface of MWCNTs was not smooth, and appeared to be covered by a
few mineral-substance. Moreover, compared with the pristine
MWCNTs without any functionalization (Fig. 1C), the MWCNTs–HA
nanocomposite could be well dispersed because the assembled HA
would destroy the van der Waals interaction between carbon
nanotubes. At the same time, as one of the most ideal biocompatible
materials, HA might endow MWCNTs–HA nanocomposite an en-
hanced biocompatibility.

The formation of MWCNTs–HA nanocomposite was identified
with FT-IR spectroscopy as show in Fig. 2A. For purified MWCNTs,
the weak band at 1732 cm−1 corresponds to carbonyl (C=O)
group indicating the presence of carboxylic group on the surface of
MWCNTs [27]. Bands around 2923 cm−1 and 2854 cm−1 are due to
asymmetric and symmetric stretching of C―H bonds [28]. As can be
seen from the spectrum of MWCNTs–HA in Fig. 2A, the character-
istic absorption peaks of phosphate group for HA were observed at
601 cm−1 and 728 cm−1, 1034 cm−1, 1108 cm−1, which were
attributed to v4 P―O bending, v2 OPO bending, and ν3 asymmetrical
of P―O stretching, respectively [29,30]. Moreover, the character-
istic absorption bands at 3431 cm−1 of hydroxyl group for HA were
also observed in the spectrum of the MWCNTs–HA nanocomposite.
These results indicated the formation of HA on the MWCNTs matrix.

3.2. Conformational studies of Hb immobilized into MWCNTs–HA
composite film

The amide I band in the region of 1600–1700 cm−1 is caused by C O
stretching vibrations of peptide linkages in the backbone of protein
and the amide II band in the region 1500–1600 cm−1 is caused by the
combination of N–H in plane bending and C–N stretching vibrations
of the peptide groups. The positions of the both amide bands can
provide information about secondary structure of polypeptide chain
because their positions are more sensitive to protein peptide chain
conformational change [31]. As shown in Fig. 2A, the absorption bands
at 1653 cm−1 and 1542 cm−1 for native Hb were observed, while
after immobilized on the MWCNTs–HA film, the bands of amide I and
amide II bands of Hbwere found at 1653 cm−1 and 1548 cm−1, which
were the same as those of the native Hb. The results indicated that
the MWCNTs–HA film might provide a promising matrix for en-
zyme immobilization andbiosensor fabrication because of its excellent
biocompatibility.
The UV–vis spectroscopy was carried out to investigate the con-
formational variations of Hb immobilized into the MWCNTs–HA
films since UV–vis absorption spectroscopy can give structural in-
formation about the environmental surrounding of the heme pros-
thetic group of Hb [32]. The composite film contained MWCNTs–HA,
Hb and Hb/MWCNTs–HA films were exhibited in Fig. 2B. As can be
seen, the Hb entrapped in the MWCNTs–HA film has a characteristic
Soret absorption at 413 nm, shifting only two nanometers compared
with the native Hb for the Soret band of 411 nm. It indicated that
the Hb entrapped in the MWCNTs–HA composite films could re-
tain its native structure because of the good biocompatibility of the
MWCNTs–HA composite films.

3.3. Direct electrochemistry of Hb/MWCNTs–HA composite film

The direct electrochemistry behavior of Hb immobilized in
MWCNTs–HA films was studied. As can be seen from Fig. 3A, no
redox peakswas observed atMWCNTs–HA/GC (dashed line) in 0.10 M
phosphate buffer solution of pH 7.0 at a scan rate of 100 mV s−1, but
a pair of well-defined redox peakswere observed at the Hb/MWCNTs–
HA/GC (solid line) with the potentials as Epc=−0.37 V and Epa=
−0.30 V (vs. SCE), and the peak-to-peak separation (ΔEp) was 70 mV



Fig. 4. CVsofHb/MWCNTs–HA/GCelectrode atdifferent pHvalues. Inset showed theeffect
of pH value on Epa (■), Epc (●) and E0′ (▲) of Hb/MWCNTs–HA/GC electrode in 0.10 M
phosphate buffer.

Fig. 3. (A) Cyclic voltammograms (CVs) obtained at MWCNTs–HA/GC (dashed line) and
Hb/MWCNTs–HA/GC (solid line) electrodes in 0.10 MN2-saturated phosphate buffer.
(B) CVs obtained at Hb/MWCNTs–HA/GC electrode in 0.10 MN2-saturated phosphate
buffer at 100, 200, 300, 400, 500, 600, 700, 800 and 900 mV s−1 (from inner to outer).
Inset showed a plot of cathodic and anodic peak currents against potential scan rate.
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at the scan rate 100 mV s−1. The formal potential E0′, estimated as the
average of the anodic and cathodic peak potentials, was−0.335 V (vs.
SCE), which is close to that of Hb on other nanomaterials modified
electrode in our previous works [6,7,11]. The results indicated that the
direct electron transfer achieved between Hb and electrodes were
effectively facilitated by the MWCNTs–HA composite film, resulting
from the three-dimensional architecture structure of MWCNTs–HA
composite film. Moreover, the MWCNTs–HA composite film could
provide the micro-environment for the Hb to maintain its suitable
conformation and activity.

Fig. 3B shows the CVs for the redox of Hb entrapped in the
MWCNTs–HA/GC modified electrodes at various scan rates in
0.10 M phosphate buffer (pH 7.0). It could be observed that the
peak currents (Ip) increased with the increase of the scan rate (v), at
the same time, the cathodic and anodic peak potentials exhibited a
small shift and the peak current increased along with the rising of
scan rate from 100 mV s−1 to 900 mV s−1. As shown in the inset of
Fig. 3B, the cathodic and anodic peak currents increased linearly
with the scan rate. All these results demonstrated that the reaction
was a surface controlled and quasi-reversible process between the
Hb and MWCNTs–HA composite film.
The apparent heterogeneous electron transfer rate constant (ks)
could be calculated according to the equation derived Laviron for
diffusionless CVs as follows [33]

Ep;c = E0′ +
RT
αF

ln
RTks
αFν

; Ep;a = E0′ � RT
ð1�αÞF ln

RTks
ð1�αÞFν

ΔEp = Ep;a � Ep;c =
RT

αð1� αÞF � ln
RTks
Fν

+ ð1� αÞ lnα + α lnð1�αÞ
� �

where ν is the scan rate, α is the electron transfer coefficient which
can be calculated according to the slopes of anodic process and cath-
odic process and the result is 0.46 (given 0.3<α<0.7 in general), and
ks is the apparent heterogeneous electron transfer rate constants
which calculated according to ΔEp versus ln v. The value of ks was
calculated to be (5.05±0.41) s−1, which was higher than that of Hb
immobilized on a mesoTiO2-modified electrode (1.9±0.15 s−1) [34],
carbon nanotube (1.02±0.05 s−1) [35] and on nanocrystalline tin
oxide (0.53 s−1) [36]. The results indicated that MWCNTs–HA com-
posite film enhanced the electron transfer process between Hb and
electrodes.

Wecould calculate the surface coverage (Γ*) according to the Faraday's
law,Q=nFAΓ*, at different scan rate. Here F is the Faraday constant,n and
A stand for the number of electron transferred and the area of the
electrode surface, respectively. Q can be obtained by integrating the
cathodic peak of Hb. The surface coverage (Γ*) of Hb at the Hb/MWCNTs–
HA/GC electrodes was estimated to be (9.25±0.69)×10−10 mol cm−2.

The electrochemical behavior of Hb/MWCNTs–HA/GC modified
electrodes on the pH of the electrolyte solution was given in Fig. 4. As
can be seen, the electrochemical behavior has a strong dependence
on the pH value, and the potentials of anodic and cathodic would shift
negatively alongwith the increasedpHvalue from5 to9 in thephosphate
buffers for the Hb/MWCNTs–HA/GC modified electrodes. At the same
time, the Epa, Epc and E0′ exhibited linear relationship with the pH value
in the range of 5.0–9.0 in inset of Fig. 4, with slopes of−36.82 mV pH−1,
−38.17 mV pH−1 and−37.5 mV pH−1, respectively.

3.4. Electrocatalytic of Hb/MWCNTs–HA composite film to H2O2 and the
trichloroacetic acid

Hemoglobin can be used to reduce oxygen and hydrogen peroxide
through electrochemical catalysis based on its intrinsic peroxidase



Fig. 6. CVs of Hb/MWCNTs–HA/GC electrode in 0.10 M pH 7.0 phosphate buffer con-
taining different contents of TCA.
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activity. As can be seen from Fig. 5A, the reduction peak at about
−0.38 V increased, accompanied with a decrease and disappearance
of the oxidation peak for the Hb-immobilized MWCNTs–HA/GC
electrodes (dashed line) after adding H2O2 into phosphate buffer. On
the other hand, the cathodic current peaks gradually increased with
the increasing concentration of H2O2. The results indicated a typical
electrocatalytic activity toward the reduction of H2O2.

Fig. 5B exhibits the amperometric response of the Hb/MWCNTs–
HA/GC modified electrodes upon the successive additions of H2O2 to
0.10 M pH 7.0 PBS at an applied potential of −0.38 V. Obviously, the
electrocatalytic current of the biosensor were observed after each
addition of H2O2 to the solution. The linear range of this biosensor to
H2O2 concentration was between 0.5–2 μM, which could be described
by a linear regression equation of ΔI/nA=−0.305+3.965 °C/μM,
with the correlation coefficient of 0.999. The detection limit of the
biosensor was 0.09 μM based on a signal-to-noise ratio of 3. The
results indicated that Hb entrapped in theMWCNT–HA film possessed
electrocatalytic activity to H2O2. The stability of biosensor was invest-
igated through storing the modified electrodes in a 0.10 M phosphate
buffer for 3 weeks at 4 °C. The H2O2 biosensor exhibited a good long-
term stability and the current decreased 10%.
Fig. 5. (A) CVs of Hb/MWCNTs–HA/GC electrode in 0.10 M pH 7.0 phosphate buffer
containing different contents of H2O2. (B) Amperometric responses of Hb/MWCNTs–
HA/GC electrode in stirred solutions to the successive additions of H2O2. Insets are the
calibration curve (top right) and corresponding Lineweaver–Burk plot (left side).
Aplateauwas observedwhen the concentration ofH2O2was higher
than 2 μM (top right inset in Fig. 5B). According to the Lineweaver–
Burk form of the Michaelis–Menten equation [37]: 1/Iss=(1/Imax)+
(Km

app/Imaxc). Here Iss is the steady-state current after the addition of a
substrate and obtained from amperometric experiments, Imax is the
maximum current under saturated substrate condition, c is the con-
centration of the substrate, and Km

app is the apparent Michaelis–Menten
constant and is independent of the enzyme concentration. As well
known, when the Km

app goes down, the catalytic activity of the immo-
bilized enzyme goes up. The Km

app calculated from the left insert in the
Fig. 5B was 7.339 μM. It was markedly smaller than the value in the
previous reports [7,12,38]. The result proved that theHb immobilized in
MWCNTs–HA composite film had a higher biological affinity to H2O2.

As can be seen from Fig. 6, no redox peaks were observed at the
MWCNTs–HA/GC in a 0.10 M phosphate buffer containing TCA (data
not shown).When TCAwas added into the phosphate buffer gradually,
the cathodic current for the Hb-immobilized MWCNTs–HA/GC
increased, accompanying with a decrease of anodic current. The re-
sults indicated that the Hb-immobilized MWCNTs–HA/GC exhibited
the excellent catalytic reactivity toward TCA.

4. Conclusions

We demonstrated that the MWCNTs–HA nanocomposite could
provide favorable micro-environment for Hb due to the assembled HA.
The direct electron transfer between the immobilized redox proteins in
MWCNTs–HA nanocomposite film and the electrode was easily
performed. Moreover, the hydrogen peroxide biosensor based on Hb
immobilized in MWCNTs–HA nanocomposite film showed a fast
amperometric response, very high sensitivity, good reproducibility
and stability. In addition, the entrapped Hb showed a good bioelec-
trocatalytic activity for electrochemical reduction of TCA. These prop-
erties were believed to be very useful in the field of bioelectronic nano-
devices, e.g., electrochemical biosensor and enzyme-based biofuel cells.
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