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Abstract

The direct electron transfer and electrocatalytical behavior of hemoglobin (Hb) immobilized in multiwalled carbon
nanotubes enhanced grafted collagen matrix (grafted collagen-MWNTs) was studied. The immobilized Hb displayed
a pair of redox peaks with a formal potential of —(0.360+0.002) V (vs. SCE) and a surface-controlled electrode
process. The electron transfer rate constant and surface coverage of Hb was (6.3 +£0.2) s™' and (5.0 £0.3) x 107" mol/
cm?, respectively. Based on the direct electrochemistry, a novel biosensor for H,O, ranging from 0.6 to 30 uM with a
linear regression equation of I (nA)=0.026 C+0.029 (R=0.9999, n=29) was constructed. Owing to the good
biocompatibility and high enzyme loading of the matrix, the biosensor exhibited a low limit of detection of 0.13 uM at
3 0, a time of less than 5's to achieve 95% of the maximum steady-state response, a sensitivity of 103 mA/M cm? and
acceptable reproducibility with a RSD of 2.5%. It could retain 95% of its initial response to H,O, after a month.
Grafted collagen-MWNTs provided a good matrix for protein immobilization and biosensors preparation.
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1. Introduction

The direct electron transfer (DET) of proteins is very
important in understanding the structure —function relation-
ship and the electron transfer mechanism of biomolecules in
vivo [1]. This topic has attracted considerable attention in life
science and analytical chemistry since the end of 1970s.
Although the direct electrochemistry of redox proteins shows
significantly irreversible characteristics due to the fact that the
electroactive centers are embedded deeply in the protein
structure, the direct electrochemical studies of proteins have
been performed at various electrode surfaces modified with a
series of functionalized molecules or matrices such as 4,4'bi-
pyridin [2], DNA [3], metal oxides [4], clay or montmorillonite
[5, 6], alkylthiol monolayer [7], polycrystalline metals [8],
surfactant [9], hydrogel films [10], bilayer lipid membranes
[11], molecular sieves [12], and nanoparticles including gold
nanoparticles [13, 14], carbon nanotubes [15-21]. The unique
properties of various nanostructures are most promising for
constructing electrochemical/electron transfer environment
and resistance to biodegradation due to their inherent
electrical conductivity, unique structural and catalytic proper-
ties, high loading of the biocatalysts, good mechanical, thermal
and chemical stability, and excellent adsorption and penetra-
bility [22-24].
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Since the discovery of carbon nanotubes (CNTs) in 1991
[25], many efforts have been devoted to employ them as
electrode materials, and the resulting carbon nanotube
modified electrodes have been successfully utilized in the
investigation of bioelectrochemical reactions and the prep-
arations of the biosensors [15-21, 26, 27]. However, the
insolubility of CNTs in most solvents and their hydro-
phobicity limit their application in the design of CNT-based
biosensing devices [28]. Several strategies including their
covalent modification with hydrophilic groups [29], non-
covalent functionalization with surfactants [30] or polymers
[31] have been proposed to overcome this difficulty. This
work used grafted collagen to modify multiwalled carbon
nanotubes (MWNTs) for improving the hydrophilicity and
biocompatibility of the immobilization matrix and studying
the direct electron transfer of heme proteins. Owing to the
introduction of the collagen and the presence of MWNTs in
this hybrid nanocomposite, the immobilized proteins, with
hemoglobin (Hb) as a model, showed high loading and fast
electron transfer rate on electrode surface, and the resulting
amperometric biosensor for hydrogen peroxide exhibited
fast response, high sensitivity, low limit of detection, opera-
tional convenience and storage stability. All these analytical
performances were better than those reported previously,
including the sensitivity [27], stability [32], detection
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limit [26, 33]. Grafted collagen modified MWNTs or
MWNTs enhanced Grafted collagen (grafted collagen-
MWNTs) provided a good matrix for protein immobiliza-
tion, direct electron transfer and reagentless biosensors
preparation.

2. Experimental

2.1. Materials and Reagents

Hb was obtained from Sigma and used without further
purification. 5.0 mg/mL of Hb solution was stored at 4°C as
stock solution. H,0, (30% W/V solution) was purchased
from Shanghai Jinlu Chemical Engineering Ltd. Co (China).
Other reagents were of analytical reagent grade. 0.1 M
phosphate buffer solutions (PBS) with different pH values
were prepared by mixing the stock standard solutions of Na,
HPO, and NaH,PO, and adjusting the pH with 0.1 M H;PO,
or NaOH. All solutions were prepared with twice-distilled
water.

2.2. Preparation of Grafted Collagen-MWNTs

MWNTs (purity: 92.5-97.1%) was obtained through cata-
lytic chemical vapor deposition (CCVD), and subsequent
thermal heat treatment at 2800 °C for 30 min in an argon
atmosphere. The functionalization of the MWNTs was
performed by immersing the obtained MWNTs into 1 M
hydrochloric acid for 3 hours and 2.6 M nitric acid for 4
hours, respectively. The obtained products were dispersed in
ethanol for further experiment.

Grafted collagen was prepared according to the litera-
tures [34]. Preparation of grafted collagen - MWNTSs nano-
composite was obtained by mixing functionalized MWNTs
and the grafted collagen at a ratio of 1:49 (wt) and
completely dispersing the mixture in ethanol by vigorous
stirring for 4 hours followed by ultrasonic vibration for 4—6
hours. After filtrated with the vacuumized filtration the final
product was washed thoroughly with absolute ethanol and
evaporated in room temperature to remove impurities and
solvents.

2.3. Apparatus and Measurements

UV-Vis absorbance spectroscopy was obtained using a UV-
Vis-3100-Nir Recording Spectrophotometer (Shimadzu,
Japan). Fourier transform infrared (FT-IR) spectra were
recorded on a Vector 22 FT-IR spectrometer (Bruker). For
morphological analysis, the sample films were prepared in
the same way as those for voltammetric measurements on
different slides cleaned with nitric acid and the mixture of H,
SO,:H,0, (1:1). After coated with Au film to improve the
conductivity, these films were examined under a scanning
electron microscope (SEM, LEO 1530 VP, Germany) at
5.00 kV.
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Electrochemical measurements were performed on a
CHI 730A electrochemical analyzer (CHI Co., China) at
(20 +2) °C with a conventional three-electrode system with
the modified graphite electrode (GE) as working electrode,
a platinum wire as auxiliary electrode, and a saturated
calomel electrode (SCE) as reference against which all
potentials were measured. The amperometric experiments
were carried out by applying a potential of —400 mV on a
stirred cell. The biosensor response was measured as the
difference between total and residual currents. All exper-
imental solutions were deoxygenated by bubbling highly
pure nitrogen for 15 min and maintained under nitrogen
atmosphere during measurements.

2.4. Preparation of the Hb/Grafted Collagen-MWNTs/
DMSO Modified Electrode

The substrate graphite electrodes (GE, 5.6 mm in diameter)
were polished before each experiment with 1.0, 0.3 and
0.05 um a-alumina slurry (Buehler) respectively, rinsed
thoroughly with doubly distilled water between each polish-
ing step, then sonicated in 1:1 nitric acid, acetone and
doubly distilled water successively and allowed to dry at
room temperature. To improve the dispersion of grafted
collagen-MWNTs, dimethyl sulfoxide (DMSO) was used to
prepare grafted collagen-MWNTs suspension (4.0 mg in
1.0 mL DMSO). 5 pL of grafted collagen-MWNTSs suspen-
sion (without Hb) was cast on GE surface to obtain the
grafted collagen-MWNTs/DMSO/GE; 10 pL of 5.0 mg/mL
Hb solution and 5 pLL water were cast on GE surface to
obtain the Hb/GE; 10 uL of 5.0 mg/mL Hb and 5puL
aqueous suspension of grafted collagen-MWNTs were cast
on GE surface to obtain the Hb/grafted collagen-MWNTs/
GE; 10 pL of 5.0 mg/mL Hb and 5 pL. DMSO solution were
cast on GE surface to obtain the Hb/DMSO/GE; 10 pL of
5.0 mg/mL Hb solution and 5 uL of grafted collagen-
MWNTs suspension were cast on GE surface to obtain the
Hb/grafted collagen-MWNTs/DMSO/GE. The contents of
Hb for above four modified electrodes were the same. A
small bottle was fit tightly over the electrode for 2 h to
ensure the slow evaporation of water and the formation of
more uniform film. The films were then dried and aged
overnight in a sealed flask at room temperature. Prior to
electrochemical experiments, the electrodes were rinsed
thoroughly with doubly distilled water and kept in 0.1 M
pH 7.0 PBS at 4°C in a refrigerator when not in use.

3. Results and Discussion

3.1. Spectroscopic and SEM Characteristics

All systems containing Hb displayed a maximum absorption
at405 nm (curves a, b, ¢, and d in Fig. 1), while no absorption
of DMSO and grafted collagen-MWNTs/DMSO was ob-
served (curves f and e). Obviously, the absorption peak was
attributed to the Soret band of Hb. No shift of the Soret band
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Fig. 1. UV-vis spectra of Hb/grafted collagen-MWNTs in DMSO

(a), Hb in DMSO (b), Hb in water (c), Hb/grafted collagen-
MWNTs in water (d), grafted collagen-MWNTs in DMSO (e),
and DMSO (f).
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Fig.2. FT-IR spectra of grafted collagen-MWNTs (a), Hb/
grafted collagen-MWNTs /DMSO (b), Hb/DMSO (c), Hb/grafted
collagen-MWNTs (d), and Hb (e) films.
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upon mixing of Hb with grafted collagen-MWNTs or
DMSO was observable. Thus grafted collagen-MWNTs
did not change the fundamental microenvironment of Hb.

400nm

The Hb mixed in these systems retained its natural
secondary structure.

The FT-IR spectra of Hb, Hb/grafted collagen-MWNTs,
Hb/DMSO and Hb/grafted collagen-MWNTs/DMSO films
showed the interaction between grafted collagen- MWNTs
nanocomposites and Hb. The FT-IR spectrum of grafted
collagen-MWNTs showed the amide I and amide I infrared
absorbance of collagen at 1651 and 1544 cm™ (curve a in
Fig. 2), while they located at 1653, 1539 cm ™' in Hb/grafted
collagen-MWNTs film (curve d), which were close to 1654
and 1541 cm ™' obtained for Hb itself (curve ¢). The slight
shift resulted from the interaction between Hb and grafted
collagen-MWNTs. The presence of DMSO resulted in
greater shifts in the peak positions of amide I (1639 cm™)
and amide II (1529 cm™) infrared absorbance of Hb (curve
c). But the shifts became smaller in presence of grafted
collagen-MWNTs hybrid nanocomposites (curve b) with
the peak positions of 1652 and 1531 cm ™! for amide I and
amide II infrared absorbance of Hb, indicating the nano-
composites improved greatly the microenvironment for
retaining the natural structure of the immobilized Hb.

The SEM micrograph of grafted collagen-MWNTs film
displayed that collagen molecules could strongly adsorb on
the surface of MWNTs to form a uniform porous three-
dimensional structure (Fig. 3a). The diameters of the grafted
collagen adsorbed MWNTs were in the range of 30 to 60 nm.
When Hb was cast on a glass slice, the Hb molecules
aggregated together (Fig. 3b). After mixing Hb with grafted
collagen- MWNTs/DMSO, a well-distributed film could be
formed (Fig. 3c). In this case, the grafted collagen-MWNTs
were surrounded by Hb molecules, forming stereo porous
interspaces. The uniform porous structure of the grafted
collagen-MWNTs film increased the homogeneous loading
of protein and its affinity to the substrate, and provided good
preparation reproducibility of the Hb/grafted collagen-
MWNTs/DMSO modified electrodes.

3.2. Direct Electrochemistry of Hb Immobilized in
Grafted Collagen-MWNTs/DMSO Matrix

The cyclic voltammogram of Hb/grafted collagen-MWNTs/
DMSO/GE displayed a couple of stable and well-defined

Fig. 3. Scanning electron micrographs of grafted collagen-MWNTs/DMSO (a), Hb (b), and Hb/grafted collagen-MWNTs/DMSO (c)

films on glass slices.
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Fig. 4. Cyclic voltammograms of GE (a), grafted collagen-
MWNTs/DMSO/GE (b), Hb/GE (c), Hb/grafted collagen-
MWNTs/GE (d), Hb/DMSO/GE (e), and Hb/grafted collagen-
MWNTs/DMSO/GE (f) in 0.1 M pH 7.0 PBS at 100 mV7s.

redox peaks at —320 and —399 mV at 100 mV/s, while no
obvious electrochemical response was observed at both GE
and grafted collagen-MWNTs/DMSO/GE (Fig. 4). Thus
these peaks were attributed to the redox reaction of the
electroactive center of Hb. Hb/GE, Hb/DMSO/GE, Hb/
grafted collagen-MWNTSs/GE exhibited only much smaller
redox peaks compared those at the Hb/ grafted collagen-
MWNTs/DMSO/GE. The increase of the peak currents
indicated grafted collagen-MWNTs were very important for
facilitating the electron exchange. From the integration of
the reduction peaks of Hb/grafted collagen-MWNTSs/
DMSO/GE at different scan rates, an average surface
coverage of Hb was calculated to be (5.0 +0.3) x 107'° mol/
cm?, which was much larger than those of (5.74 +0.57) x
10~ mol/cm? at Nafion-Hb-CNT [15], 3.1 x 10~ mol/cm?
at Hb-CNT [27], 1.5 x 107"! mol/cm? at {TiO,/Hb}n [35] and
2.93 x 107" mol/cm?* at Hb-agarose hydrogel [36],indicating
a better loading of the Hb in the hybrid nanocomposite
matrix.

The formal potential E;, of the heme Fe""" couple in Hb/
grafted collagen- MWNTs/DMSO matrix, estimated as the
midpoint of reduction and oxidation potentials, was
—(360+2) mV (vs. SCE) in 0.1 M pH 7.0 PBS. This value
was similar to those of —343 mV at Nafion-Hb-CNT [15],
—360 mV at Hb-CNT [27], — 348 mV at Hb-agarose hydro-
gel [36], suggesting that most molecules preserved their
native structure after being entrapped in the grafted
collagen-MWNTs matrix. The cyclic voltammogram of the
Hb/grafted collagen-MWNTs/DMSO/GE showed a nearly
equal height of reduction and oxidation peaks at the same
scan rate (Fig. 5). With an increasing scan rate from 30 to
1000 mV/s, the anodic and cathodic peak potentials of the
Hb showed shift in positive and negative directions,
respectively, and the redox peak currents increased linearly
(inset in Fig.5), indicating a surface-controlled electrode
process. The peak-to-peak separations of the cyclic voltam-
mograms at scan rate from 30 to 1000 mV/s were from 54 to
79 mV. Considering the o value between 0.3 and 0.7 and the
peak-to-peak separation less than 200 mV, the average
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Fig. 5. Cyclic voltammograms of Hb/grafted collagen-MWNTs/

DMSO/GE in 0.1 M pH 7.0 PBS at 30, 70, 150, 250, 350, 450, 600,
800, and 1000 mV/s (from lowest to highest peak current). Inset:
plots of i, and i, vs. v.
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Fig. 6. Cyclic voltammograms of Hb/grafted collagen-MWNTs/
DMSO/GE in 0.1 M PBS with various pH values at 100 mV/s (A)
and plot of formal potential vs. pH (B). Inset in (B): effect of pH
on direct electrochemical response.

electron transfer rate constant k; was estimated to be (6.3 =
0.2) s " according to the formula k,=mnFv/RT [37], where
mis a parameter related to the peak-to-peak separation, Fis
the Faraday constant, R is the gas constant, 7 is the
temperature, and n is the number of electron transfer. The
k, value was larger than those of (1.25 4 0.25) s at Nafion-
Hb-CNT [15], 0.062 s for Hb entrapped in carbon nano-
tube [26], 0.58 s' Hb entrapped in carbon nanotube [32],
0.8 s™! for Hb immobilized in agarose hydrogel [36] and
0.53 s~! for Hb adsorbed on nanocrystalline tin oxide [38],
suggesting a reasonably fast electron transfer between the
immobilized Hb and the electrode due to the presence of
grafted collagen-MWNTs.

Figure 6A shows the effect of solution pH on the direct
electrochemistry of the immobilized Hb. With the increas-
ing of solution pH from 5.0 to 10.0, the negative shift of both
reduction and oxidation peak potentials was observed. In
general, all changes in the peak potentials and currents with
solution pH were reversible in the pH range from 5.0 to 10.0.
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Fig. 7. Cyclic voltammograms of Hb/grafted collagen-MWNTs/DMSO/GE in 0.1 M pH 7.0 PBS containing 0 (a), 20 (b), and 60 (c) uM
H,0, at 100 mV/s (A) and amperometric response of the sensor in 0.1 M pH 7.0 PBS at —400 mV upon successive additions of 0.6 and
1.2 uM H,0, (B). Inset: plot of amperometric response vs. H,O, concentration.

The plot of formal potential versus pH showed a slope of
—52.1 mV/pH (R=0.998) (Fig. 6B), which was close to the
—59.2 mV/pH unit expected for a reversible, one-electron
coupled one-proton reaction process at 25 °C. The pH value
also affected the peak currents of the direct electrochem-
istry. As shown in inset in Figure 6B the immobilized Hb
showed the maximum peak current at pH 7.0.

3.3. Electrocatalysis of Hb/Grafted Collagen-MWNTs/
DMSO/GE to Reduction of H,0,

Upon addition of H,O, to 0.1 M pH 7.0 PBS, the cyclic
voltammogram of the Hb/grafted collagen-MWNTSs/
DMSO modified electrode for the direct electron transfer
of Hb changed dramatically with an increase of reduction
peak current and a decrease of oxidation peak current
(Fig. 7A), while the change of cyclic voltammogram of bare
or grafted collagen-MWNTs/DMSO modified GE was
negligible (not shown), displaying an obvious electrocata-
lytic behavior of the Hb to the reduction of H,O,. At an
applied potential of —400 mV the amperometric response
of the Hb/grafted collagen-MWNTs/DMSO/GE to H,0O,
was shown in Figure 7B. Upon addition of an aliquot of H,0O,
to the buffer solution, the reduction current increased
steeply to reach a stable value. So the electrocatalytic
response could be used as an efficient biosensor for H,O,
detection.

3.4. Analytical Performance of the Biosensor

The biosensor achieved 95% of the maximum steady-state
response to H,0, inless than 5 s, butin a response time of 5 s
the Hb-MWNT film reached only 90% of the maximum
response to H,0, [27]. This demonstrated clearly that
grafted collagen-MWNTs provided a well geometry capable
of probing fast electrode process kinetics at relatively high
steady-state current levels. So the electrocatalytic response
was very fast.

The linear response range of the biosensor for H,O, was
0.6-30 uM (R=0.9999, n =29, Inset in Fig. 7B). From the
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slope a limit of detection for H,O, at a signal-to-noise ratio
of 3 was estimated to be 0.13 uM, which was much lower
than those of 9 uM for a carbon nanotube based H,O, sensor
with a linear range of 210 to 900 uM [26], and 1 uM for
another carbon nanotube based H,O, sensor with a linear
range of 5 to 45 uM [33]. The sensitivity of the proposed
biosensor for H,0, was 103 mA/M cm?, which was much
higher than those of 1.25 mA/M cm? at Hb-MWNT [27] and
2.85 mA/M cm? at {TiO,/Hb},5 [35] due to the large specific
surface area and high enzyme loading resulted from the
uniform porous structure of the grafted collagen-MWNTs
film.

The direct electrochemistry of the Hb/grafted collagen-
MWNTs/DMSO modified GE could retain the constant
values upon the continuous cyclic voltammetric sweep over
the potential range from 0.00 V to —0.80 V at 100 mV/s.
After it was stored in 0.1 M pH 7.0 PBS in a refrigerator at
4°C for a week, no obvious decrease in the currents for the
direct electron transfer and the response to H,O, was
observed. After a month, the biosensor could retain 95% of
its initial response to H,O, (Fig. 8), which was also more
stable than the biosensor for H,O, based on Hb entrapped
carbon nanotube that decreased by 5% or 15% after a
storage period of a week or a month at 4°C [32] and the
biosensor based on Hb immobilized in zirconia particles-
chitosan matrix that retained 90% of its initial current
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-‘l—l—.\-_.

4.9 =
< ~
£
S 48 \
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\
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0 10 20 30
Time / days

Fig. 8. Stability of the biosensor stored in 0.1 M pH 7.0 PBS at
4°C.
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response after a storage period of two weeks and only 80%
of its initial current response after a storage period of one
month [39]. Thus, the presence of collagen enhanced the
stability of the biosensor and was very efficient for retaining
the bioactivity of immobilized Hb and preventing it from
leaking out of the biosensor. The fabrication of five electro-
des, made independently, showed an acceptable reproduci-
bility with the RSD of 2.5% for the current determination of
10 uM H,O,. When the biosensor was not in use, it was
stored in 0.1 M pH 7.0 PBS at 4°C.

4. Conclusions

Hemoglobin can be effectively immobilized in grafted
collagen-MWNTs matrix due to its uniform porous struc-
ture and good biocompatibility, which provides a favorable
microenvironment around the protein to retain the native
structure and bioactivity of immobilized protein and results
in high loading of protein. The Hb immobilized in grafted
collagen-MWNTs/DMSO matrix shows a fast direct elec-
tron transfer between its electroactive center and electrode
and allows a quick measurement of H,O, down to 0.13 uM.
The biosensor for H,O, exhibits good stability, reproduci-
bility and operational convenience. Grafted collagen-
MWNTs nanocomposites would be useful for investigation
of the electron-transfer properties of proteins.
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