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Abstract A novel matrix, multiwalled carbon nanotubes
supported nickel oxide nanoparticles composite nanoma-
terial NiO@MWNTs), for immobilization of protein and
biosensing was designed using a simple and effective
hydrothermal method. Using myoglobin (Mb) as a model,
the direct electrochemistry of immobilized Mb indicated
the matrix could accelerate the electron transfer between
protein’s active sites and the electrode. The modified
electrode shows excellent electrocatalytic activity toward
the reduction of H,O, without the help of an electron
mediator. The simple operation, fast response, acceptable
stability, and reproducibility of the proposed biosensor
indicated its promising application in protein immobiliza-
tion and preparation of the third generation biosensors.
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1 Introduction

Direct electron transfer (DET) of redox proteins or
enzymes has attracted great interest, because it provides
not only a foundation for fabricating biosensors without
addition of mediators [1-4], but also a good model for
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mechanistic studies of their electron transfer activity in
the biological systems [5-7]. However, DET between the
active site of the redox proteins and the underlying
electrode surface is commonly forbidden. This is because
proteins usually have big and complex structures where the
redox centers deeply immerse in the bodies [8], and in
addition the denaturation and loss of electrochemical
activities will occur when the proteins adsorbed directly on
the electrode surface [9, 10]. Thus, the development of
suitable matrix for the entrapment of redox proteins in
electrode surface is important for facilitating their electron
transfer. Extensive efforts have been made to utilize
nanomaterials to immobilize proteins for transducer sur-
face fabrication. Among nanostructured metal oxides such
as CeO, [11, 12], ZnO [13-15], ZrO, [16, 17], Al,O3 [18],
TiO, [8], Fe304 [19], etc., NiO NPs [20-22] have recently
been used for direct adsorption and interaction of desired
proteins with NiO NPs due to their good biocompatibility
and unique ability to promote faster electron transfer
between electrode and active site of desired protein.
Recently, hybrid nanomaterials have drawn much
attention by biosensor researchers because they not only
show their unexpected combined properties of the original
components, but also cause changes in optical, chemical, or
other performances compared with those of the individual
components. Various hybrid nanomaterials films such as
TiO,/MWNTs [23], Au NPs/CNTs [24, 25], and MWNTs-
Fc [26] have been used to immobilize proteins or enzymes
on electrode surface for either mechanistic study of the
proteins or fabricating electrochemical biosensors. These
hybrid nanomaterials exhibited desirable microenvironment
for protein immobilization and great facilitation of the
electron transfer compared with those of the individual
components [27, 28]. Recently, NNO@CNTs hybrid nano-
biocomposite was prepared by chemical precipitation
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method to improve the electrochemical capacitance prop-
erties of NiO NPs [29, 30]. However, no attempts have been
made toward application of NiO@CNTs to protein DET.

In present work, a simple and effective hydrothermal
method was developed to synthesize NiIO@MWNTSs hybrid
nanobiocomposite, in which NiO NPs were homoge-
neously dispersed and tightly captured on the side wall of
MWNTs. Based on the good biocompatibility, larger sur-
face area, and excellent conductivity of the prepared hybrid
nanomaterial, a three-dimensional porous biofilm electrode
was constructed. Using myoglobin (Mb) as a model pro-
tein, the properties and the feasibility of the biosensor for
fast electron transfer were investigated. The morphology
and the electrochemistry of the nanocomposite film were
imaged by TEM and electrochemical techniques. The
results showed that the formation of NiO@MWNTs
nanocomposite not only increased the Mb loading, retained
the biological activity of the immobilized Mb efficiently,
but also accelerated the electron transfer between electrode
and active sites of the immobilized Mb. The prepared
biosensor exhibited good analytical performances, indi-
cating that NNO@MWNTs hybrid nanomaterial can be a
good candidate to prepare biocompatible and conductive
interface for protein immobilization and open a way for its
application in direct electrochemistry of proteins without
any electron transfer mediator.

2 Experimental procedures
2.1 Chemicals and reagents

MWNTs with diameters ranging from 10 to 20 nm and
lengths ranging from 5 to 15 um, were provided by
Shenzhen Nanotech Port Co. Ltd and purified using liter-
ature techniques [31]. Mb from equine skeletal muscle
(molecular weight, MW, 17,800) was purchased from
Aldrich and used as received. H,O, (30% w/w), Ni(NO3),,
CO(NH,),, HNO;, and other reagents used were of ana-
lytical grade and super pure water was used throughout.

2.2 Synthesis of the NIO@MWNTs nanocomposite

NiO@MWNTs nanocomposite was prepared according to
Zheng’s method with a little modification [29]. Briefly,
100 mg of the purified MWNTSs were added into 15 mL of
1.25 mg mL™" sodium dodecyl phenyl sulfate solution.
After being ultrasonicated for 1.5h, 15 mL of 0.2 M
Ni(NOs3), solution was mixed well with MWNTSs suspen-
sion. 13 mL of 1 M CO(NH,), was then dropped into this
suspension and the mixture was stirred at 90 °C for 4 h. The
mixed solution was then transferred into a Teflon-lined
stainless steel autoclave, sealed and maintained at 90 °C for
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10 h. After cooling down quickly, a large amount of pre-
cipitate was obtained by filtration, washed with super pure
water and absolute ethanol several times, respectively. The
obtained products were dried at 105 °C for 10 h in vacuum,
and then thermally decomposed at 300 °C for 3 h. Finally,
6 mg NiIO@MWNTs nanocomposites were redispersed in
2.0 mL pH 7.0 PBS solution with ultrasonicating.

2.3 Preparation of Mb/NiO@MWNTs biofilm

Glassy carbon electrode (GCE, 3 mm in diameter) was wet
polished on a polishing cloth with 1.0, 0.3, and 0.05 um
alumina powder, respectively, and rinsed thoroughly with
super pure water between each polishing step. The elec-
trode was successively sonicated in 1:1 nitric acid, ethanol,
and super pure water, and then allowed to dry at room
temperature. After mixing 0.5 mL of 5.0 mg mL™' Mb
solution (dissolved in 0.1 M pH 7.0 PBS) with 1.0 mL
NiO@MWNTs suspension, 6 pL of the mixture was uni-
formly cast onto the well-polished GCE surface. The
modified electrode was dried at 4 °C overnight. The
obtained film was denoted as Mb/NiO@MWNTs. For
comparison, Mb/MWNTs modified electrode without NiO
NPs was also prepared using the same procedure. All the
resulting electrodes were stored at 4 °C when not in use.

2.4 Apparatus and measurements

The surface morphologies of MWNTSs and NIO@MWNTs
were estimated by transmission electron microscopy
(TEM, H600, Hitachi Instrument, Japan) at an accelerating
voltage of 75 kV. The crystal structure of NNO@MWNTs
nanocomposite was analyzed by X-ray diffraction (XRD)
on a Rigaku powder diffractometer equipped with Cu Ko,
radiation (1 = 1.5406 A). UV-vis absorbance spectros-
copy was performed using a UV-2550 spectrophotometer
(Shimadzu). Electrochemical measurements were per-
formed on an Autolab PGSTAT30 electrochemical work-
station (Eco Chemie). A conventional three-electrode
system was used including an Ag/AgCl reference elec-
trode, a Pt wire counter electrode, and the modified elec-
trode as the working electrode. The electrolyte solutions
were purged with high-purity nitrogen for at least 15 min
to remove oxygen and maintained under nitrogen atmo-
sphere during measurements.

3 Results and discussion

3.1 Characterization of NIO@MWNTSs nanocomposite

TEM was used to confirm the configuration of the
NiO@MWNTs nanocomposite. Figure 1a shows the TEM
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image of MWNTs before modification with NiO NPs.
It can be seen that the diameter of MWNTs is 10-20 nm
with a rather smooth surface. After hydrothermal treatment
of MWNTs in Ni(NOj3), and CO(NH,), aqueous solution,
it can be clearly seen that the surface of MWNTSs become
roughened and lots of NiO NPs are spontaneously attac-
hed on the sidewalls of MWNTSs in a selective manner
(Fig. 1b). Also, it is interesting that almost all the NiO NPs
preferentially adhere to the surfaces of MWNTs rather than
to other regions without MWNTs. The process of the growth
of NiO NPs on the sidewalls of MWNTSs can be described as
follows [30, 32]: the positively charged precursors of
Ni(NOs3), are electrostatically adsorbed onto the surface of
negatively charged MWNTs. The MWNTs with high spe-
cific surface area can act as a template for a nucleation of the
NiO, and furthermore the reflux and sonication process
creates more defect sites on the MWNTSs walls, thus creating
more effective nucleation sites and later NiO NPs are
spontaneously formed on the surface of MWNTs.

The purified MWNTs and the NiIO@MWNTs nano-
composite were then analyzed using XRD, respectively. As
shown in Fig. 2a, the pattern for MWNTs exhibited typical
diffraction peaks at 26.03°, 42.89°, and 53.62° are observed
and can be assigned to diffraction from the (002), (100),
and (004) planes, which is in agreement with those for
MWNTs [33]. For the NiO@MWNTSs nanocomposite in
Fig. 2b, besides the MWNTs peaks, five new diffraction
peaks at 37.38°, 43.38°, 62.68°, 75.48°, and 79.48° corre-
sponding to (111), (200), (220), (311), and (222) planes of
NiO NPs are clearly observed (JCPDS card no. 44-1159).
In addition, the characteristic peak of MWNTs (002) is
weakening seriously, which mainly results from the cov-
erage of MWNTs with NiO NPs. The XRD results are
consistent with above TEM results, clearly demonstrating
that NiO NPs are newly introduced on the surface of
MWNTs and the NiIO@MWNTSs nanocomposite are suc-
cessfully prepared by this simple hydrothermal treatment
method.

100nm

Fig. 1 TEM images of purified MWNTs (a) and NiO@MWNTs
nanocomposite (b)

NiO
NiO | (200)
(111)

NiO

(220)

NiO NiO
(311) (222)

Intensity(a.u.)

oy

o,

T
10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 2 XRD patterns of purified MWNTs (a) and NiO@MWNTs
nanocomposite (b)

3.2 UV-Vis spectroscopic analysis

UV-Vis spectroscopy is a useful tool for monitoring the
possible change of the Soret absorption band in the heme
group region. The band shift may provide some informa-
tion for possible denaturation in heme protein particularly
that of conformational changes [34]. UV-Vis spectroscopy
was thus carried out to investigate the structure of Mb
immobilized in NIO@MWNTs nanocomposite film. As
shown in Fig. 3, no prominent adsorption peak was
obtained for NIO@MWNTs nanocomposite film (Fig. 3a).
When Mb immobilized in NiIO@MWNTs film, a new
absorption peak at 411 nm was clearly observed (Fig. 3b),
shifting only 1 nm toward the red in comparison with that
of natural Mb in solution (Fig. 3c), indicated an interaction
between NiO@MWNTs nanocomposite and Mb mole-
cules. Such interaction did not change the fundamental
microenvironment of Mb and the natural secondary struc-
ture of Mb immobilized in Mb/NiO@MWNTs biofilm was
well retained.
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Fig. 3 UV-Vis spectra of NIO@MWNTs (a), Mb/NIO@MWNTs
(b), and native Mb (c)
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Fig. 4 CVs of NIO@MWNTs (a), Mb@MWNTs (b), and Mb/
NiO@MWNTs (c) modified electrodes in 0.1 M PBS (pH = 7.0) at
100 mV s~ !

3.3 Direct electrochemistry of the Mb/NiIO@MWNTs
biofilm

In order to investigate the electrochemical properties of
different electrodes, cyclic voltammograms (CVs) were
recorded at scan rate 100 mV s~' in 0.1 M PBS solution
(Fig. 4). No redox peaks were observed at the NiO@M-
WNTs electrode (Fig. 4a), and the redox peaks at the
Mb@MWNTs electrode were small (Fig. 4b). In contrast, a
pair of well-defined reduction—oxidation peaks with good
stable and reproducibility was observed at the Mb/
NiO@MWNTs electrode (Fig. 4c), which confirms that the
redox peak pairs is correspondent to the real direct redox
behavior of the immobilized Mb. The formal potential, the
average of the anodic and cathodic peak potentials, was
estimated to be —0.323 V. The cathodic and anodic peak
currents were of similar magnitude, with a ratio about unity.
The anodic peak potential and the cathodic peak potential of
curve c in Fig. 4 were, respectively, —0.294 and —0.352 V
with a small peak potential separation of 58 mV, which is
similar to previous results [4, 35]. The observed DET from
Mb could be due to the fact that the three-dimensional
NiO@MWNTs nanocomposite film could provide multiple
adsorption sites for Mb molecules, retaining the bioactivity
of the adsorbed Mb. Thus, it is possible to achieve fast, DET
between the heme site of immobilized Mb and the electrode
surface.

The effect of scan rate on the response of the Mb/
NiO@MWNTs electrode was shown in Fig. 5. With the
increasing of scan rate from 20 to 1,000 mV sfl, both the
reduction and oxidation peaks currents (/,) were increased
linearly (Fig. 5 inset) and the peak to peak separation was
58 mV and nearly independent of the scan rate, which
revealed that the electron transfer between Mb and GCE
could be easily performed at the Mb/NiO@MWNTs
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Fig. 5 CVs of Mb/NIO@MWNTs biofilm electrode in 0.1 M PBS
(pH = 7.0) at various scan rate 20, 40, 60, 80, 100, 200, 300, 400,
500, 600, 700, 800, 900, and 1,000 mV s ! (from inner to outer).
Inset: plots of cathodic and anodic peak currents versus scan rate

biofilm and it was a surface-controlled process, not a dif-
fusion-controlled process. According to the Laviron model
K = mnF, /RT [36], the electron transfer rate constant (Kj)
of Mb immobilized onto the Mb/NiIO@MWNTs biofilm
was estimated to be 2.65 s_l, which is much higher than
those of 0.93 s~' for Mb immobilized on pL-homocysteine
self-assembled gold electrode [37], 0.55 s7! for Mb
immobilized in clay—chitosan—gold nanoparticles modified
glass carbon electrode [38], 0.34 s~ for Mb entrapped in
NiO nanoparticles modified glass carbon electrode [39],
and close to 3.1 s~! for Mb/CNT electrode [40]. Therefore,
NiO@MWNTs nanocomposite may act as molecular wire,
enhancing the DET of Mb providing a native environment
for the protein molecules which is favorable for DET. The
average surface coverage (I'*) of Mb on the surface of Mb/
NiO@MWNTs biofilm electrode was estimated to be
543 x 107" mol cm™?, which is about 3.44 times of the
theoretical monolayer coverage (1.58 x 10™"" mol cm™?)
of Mb [41], suggesting that several layers of Mb entrapped
in the three-dimensional porous NIO@MWNTs nanocom-
posite film participated in the DET process. It is proposed
that the presence of NilO@MWNTSs nanocomposite provide
a larger effective surface area available for protein binding
and increase the loading of Mb.

3.4 Effect of pH on Mb/NiO@MWNTs biofilm
electrode

CVs of Mb/NIO@MWNTs biofilm electrode were recor-
ded in a series of PBS with the pH from 4.5 to 9.2 in the
absence of oxygen (Fig. 6). It was found that nearly
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reversible voltammograms can be observed for immobi-
lized Mb in all the pH range tested from 4.5 to 9.2, with
well defined and stable peaks. Both reduction and oxidation
peak potentials of the Mb heme Fe(Il[)/Mb heme Fe(II)
redox couple of Mb/NiIO@MWNTs electrode are shifted
negatively by increasing the pH. The pH dependences of
the formal potential from pH 4.5 to 9.2 can be expressed as
follows: E° = —0.0427 pH —0.0699 (R = 0.999). The
slope of —42.7 mV pH ™! was close to —48.7 mV pH ™' for
Mb-—clay films [42] and the expected value of —57.8 mV
pH™! for a reversible one-proton-coupled single electron
transfer at 291 K [43]. The value of the slope was smaller
than —57.8 mV pH™' perhaps because of the influence of
the protonation states of trans ligands to the heme iron and
amino acids around the heme or to the protonation of the
water molecule coordinated to the center that may exist in
different states under different pH values [35]. Thus, the
reaction mechanism for the electrochemical reduction of
Mb might be described as follows [43]:

MbFe(IIl) + H* + ¢~ « MbFe(1I)

3.5 Electrocatalysis of Mb/NiO@MWNTs biofilm
to the reduction of H,O,

It was reported that proteins containing heme groups, such
as HRP, cytochrome ¢, hemoglobin, Mb, and hemin, are
capable to reduce H,O, electrocatalytically [44]. Figure 7
shows the CVs of the Mb/NiO@MWNTs biofilm electrode
in 0.1 M PBS (pH = 7.0) in the absence (curve a) and the
presence of different concentrations of H,O, (curves b—j) at
a scan rate of 100 mV s~ . In the absence of H,0,, a pair
of the redox peaks of Mb was observed (Fig. 7a), which
was the same as curve ¢ in Fig. 4. By introducing H,0O, to

y=-0.0427x-0.0699
21 0. R=0.999

i/uA

0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8
E/V vs.Ag/AgClI

Fig. 6 CVs of Mb/NiO@MWNTs biofilm electrode in different pH
solutions 4.5, 5.3, 6.2, 7.0, 8.0, and 9.2 (from a to f) at 100 mV sl
Inset: plot of formal potential versus pH

the PBS solution, an increase in the reduction peak was
observed with the decrease of the oxidation peak for Mb
(Fig. 7b—j). The reduction peak current increased with the
concentration of H,O, in PBS solution, which could be
employed to determine the H,O, concentration. These
results illustrated that Mb immobilized in the Mb/NiO @ M-
WNTs biofilm retained its bioactivity and exhibited
excellent electrocatalytic activity toward the reduction of
H,0,. The electrocatalytic process can be expressed as
follows [45]:

ferric Mb + H,O, — Compound I 4+ H,O
Compound I + H" + e~ — Compound II

Compound I1 + H* + e~ — ferric Mb

The amperometric response of the NiIO@MWNTs,
MWNTs, and Mb/NiO@MWNTs modified electrodes to
H,O, were recorded through successively adding H,O, to a
continuously stirred 0.1 M PBS (pH = 7.0) at an applied
potential of —0.35 V (Fig. 8). When a large number of
H,0, were added to the PBS, the NilO@MWNTs (Fig. 8a)
and MWNTs (Fig. 8b) film electrodes did not show dis-
cernible catalytic current. However, even a small amount
of H,O, was added, a stepwise growth of reduction current
was significantly observed at Mb/NiO@MWNTs biofilm
electrode (Fig. 8c). The current value achieved 95% of the
steady state response within 7 s, indicating a fast response.
The fast response can be mainly attributed to the fast dif-
fusion process, good biocompatibility, and high electronic
conductivity of the NiIO@MWNTs nanocomposite. The
Mb/NiO@MWNTs biofilm electrode showed a linear
response to H,O, concentration in the range from 1.0 to
182 uM, which was broader than 0.8-12.8 uM for Mb
immobilized in zirconium phosphate nanosheets [46],
1.5-90 uM for Mb entrapped in colloidal gold NPs [47],

04 02 00 02 -04 -06 -08
E/V vs.Ag/AgCI

Fig. 7 CVs of Mb/NiIO@MWNTs biofilm electrode in different

concentrations of H,O,: 0, 5, 15, 30, 50, 70, 90, 130, 170, and
250 pM (from a to j) at 100 mV s~'
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1.0-125 pM at {SG-Al,O3/Mb}, film [48], and 0.5-90 uM
at Mb/CNT [40]. A detection limit of 0.39 uM was
obtained at S/N = 3, which was lower than those of
0.6 uM for Mb immobilized in [EMIM][BF4]-HA com-
posite film [4] and 0.48 uM for Mb immobilized in gold
NPs [49]. When H,0, concentration was high, a response
plateau was observed, showing the characteristics of the
Michaelis—Menten kinetic mechanism. The apparent
Michaelis—Menten constant (Ky;), which gives an indica-
tion of the enzyme-substrate kinetics for the biosensor, can
be obtained from the electrochemical version of the Li-
neweaver—Burk equation [50]:

l/Iss = 1/Imax +KM/ImaxC

Here, I is the steady state current after the addition of
substrate, ¢ is the bulk concentration of substrate, and I,
is the maximum current measured under saturated substrate
solution. From the curve of the 1/ versus 1/c based on the
experimental data from Fig. 8, the Ky, value of the bio-
sensor was estimated to be 54.2 uM, which was much
smaller than those of 140 pM for Mb immobilized in
titanate nanotubes [51], 83.1 uM for Mb immobilized
on TiO,/MWNTs [23], and 1,300 uM for Mb entrapped in
silver NPs [52]. The smaller value of Ky, validates that the
immobilized Mb on Mb/NiO@MWNTs biofilm possesses
higher bioactivity and the proposed biosensor exhibits a
higher affinity to H,O,.

3.6 Effects of interferences

The effect of potential interfering species such as dopa-
mine, uric acid and ascorbic acid on the response of the
present biosensor was evaluated in 0.1 M pH 7.0 PBS
containing 30 uM H,0, at the potential of —0.35 V.

3
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Fig. 8 Amperometric response of NiO@MWNTs (a), MWNTs
(b), and Mb/NiO@MWNTs (c) modified electrodes at —0.35 V upon
the successive addition of H,O, in a stirred 0.1 M PBS (pH = 7.0).
Inset: (A) calibration curve and (B) the Lineweaver—Burk plot
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0.1 mM dopamine, 0.1 mM uric acid, and 0.1 mM ascor-
bic acid generated a completely negligible increase in the
biosensor response, demonstrating a good selectivity of the
biosensor.

3.7 Stability and reproducibility of the Mb/
NiO@MWNTs biofilm

The Mb/NiO@MWNTs biofilm electrode could retain the
direct electrochemistry of the immobilized Mb at constant
current value in 0.1 M PBS (pH = 7.0) upon the continu-
ous CV sweep over the potential range from 0.3 to —0.8 V
at 100 mV/s. After cyclically swept for 60 times the
immobilized Mb changed only slightly of its initial activ-
ity. When the sensor was not in use, it was stored in 0.1 M
PBS (pH = 7.0) at 4 °C. A storage period of a week almost
did not change the current of the direct electrochemistry
and the response to H,O,. The sensor could retain 92% of
its initial response to H,O, after 1 month. The fabrication
of five electrodes, made independently, showed an
acceptable reproducibility with the RSD of 1.2% for the
current determination of 20 pM H,O,. The long-term sta-
bility and acceptable reproducibility of the biofilm can be
attributed to that the presence of NNO@MWNTs can pro-
vide a favorable microenvironment for maintaining the
bioactivity of the immobilized Mb and prevent the leakage
of Mb.

4 Conclusion

In this work, a NNO@MWNTs hybrid nanocomposite was
synthesized by a simple and effective hydrothermal method
and first successfully applied in studying the immobiliza-
tion and direct electrochemistry of Mb. The hybrid film
prepared in this article provided high mechanical stability,
larger surface area, biocompatible microenvironment, and
particularly necessary conduction pathway to assist the
DET of the Mb immobilized in the Mb/NiO@MWNTs
biofilm. These advantages make the construction of bio-
sensors simpler and the cost lower, and lead to fast DET
behavior of the immobilized Mb and excellent performance
of H,O, detection. Thus, the NIO@MWNTs hybrid com-
posite provided a good matrix for the further study on the
DET of proteins and this strategy could be readily extended
toward the preparation of the third generational biosensors
and bioelectronics devices.
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