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ABSTRACT

This study described the bioelectrochemistry property of hemoglobin (Hb) on biopolymer film of
polyurethane ionomer nanoparticles (PUI-NPs) noncovalently functionalized with multiwall carbon nan-
otubes (MWCNTSs). The polyurethane ionomer nanoparticles (PUI-NPs) were synthesized by emulsion
polymerization, and could provide a good biocompatible microenvironment for Hb immobilization. The
characteristic of (PUI-NPs)/MWCNTs and Hb/(PUI-NPs)/MWCNTs composite films were performed by
using transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier transform
infrared (FT-IR) spectroscopy and circular dichroism (CD). Analytical results indicated that the immobi-
lized Hb could maintain its native conformation in the (PUI-NPs)/MWCNTs hybrid film. Entrapped Hb in
(PUI-NPs)/MW(CNTs preserved its bioactivities and exhibited an excellent electrochemical behavior with
a formal potential of —0.346V in a pH 7.0 phosphate buffer. The formal potential of Hb varied linearly
with the increase of pH in the range of 5.0-9.0 with a slope of 52.9mV pH-, indicating that one proton
participated in the electrochemical reaction process. Moreover, the resulting biosensor displays an elec-
trocatalytic activity to hydrogen peroxide (H,0). The linear range for the determination of H,0, was
from 6.5 x 10~7 to 8.0 x 10~> M with a detection limit of 2.4 x 10~7 M and a Michaelis-Menten constant
KZPP value of 0.155 mM. Consequently, our investigation demonstrated that the proposed method opens a
way to develop biosensors by using polymer with good biocompatible in its nanostructured information.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, nanotechnology has become one of the most
exciting fields in analytical chemistry. Many kinds of nanoparticles
have been used to construct novel sensing devices, especially elec-
trochemical sensors and biosensors [1]. For example, noble metals
such as Au, Ag and Pt nanoparticles, in particular Au nanoparti-
cles, have been used to immobilize several kinds of proteins and
further fabricated the different electrodes. Owing to their biocom-
patibility and catalytic properties, the prepared electrodes retained
the proteinic activity and can get the higher enhancement of elec-
tron transfer [2-9]. Some nonmetal nanoparticles, such as oxide
nanoparticles TiO,, SiO,, Fe304, ZrO, and Co304 can also enhance
the electron transfer between proteins and electrodes in certain
systems [10-15]. Semiconductor nanoparticles such as CdS, PbS
were often employed as labels in biosensors [16-18]. Most recently,
the polymer matrixes for immobilization of proteins on biosensing
became a promising way to exploiting their application foreground
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in electroanalysis. These polymers include polypyrrole [19,20],
polyaniline [21,22], polyacrylonitrile [23], chitosan [24,25,11] and
even some block copolymers [26,27] etc. However, there are still
few studies concerning polymer nanoparticles for immobilization
of proteins on electrode surface. Nanostructured polymers being
identified as very promising immobilization matrixes received
much attention because of their good biocompatibility, thermal,
long-term stability and multifunctions. With entrapment of pro-
tein into polymer nanoparticles, a series of novel and improved
sensing devices can be constructed.

Polyurethane (PU) possesses good biocompatibility and desir-
able mechanical properties such as strength, abrasion resistance,
and flexibility and has been widely used as cardiovascular bioma-
terials [28]. PU is a nonconducting polymer with low permeability
and high selectivity to the interferent. The permeability can be
partly enhanced by entrapping protein into the polymer film due to
the varied polymer morphology [29]. In the present work, a PU film
composed of nanoparticles is achieved and mixed with multiwalled
carbon nanotubes (MWCNTSs) for studying the immobilization and
the direct electron transfer of redox proteins.

Carbon nanotubes (CNTs) have been extensively investigated
for electroanalytical applications due to their unique structure and
physical properties. The excellent electrical conductivity, large sur-
face area, surface chemical flexibility and ideal porous structure
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make CNTs attractive materials for electroanalysis [30]. Incor-
poration of polymer nanoparticles with CNTs will lead to new
composite materials possessing the properties of each component,
or even with a synergistic effect [31], which would be useful in the
fields of biotechnology and bioanalytical chemistry. The prepara-
tion of CNTs nanocomposite materials has important implication
to the development of materials for high performance electrodes
and biosensors. In this paper, polyurethane ionomer nanoparti-
cles (PUI-NPs) have been homogeneously coated on multiwalled
carbon nanotubes (MWCNTSs) and formed a uniformly compos-
ite film. The presence of MWCNTSs provides a promising stage for
the interactions of proteins and polyurethane ionomer nanopar-
ticles, increases the three-dimensional structure for loading of
biomolecules, improves the conductivity of the PUI film and accel-
erates the electron transfer through the conducting tunnels of
MW(CNTs with the immobilized proteins. Hemoglobin (Hb), proba-
bly is the most thoroughly studied protein and is an excellent mode
for research on the direct electron transfer between proteins and
underlying electrodes [32]. We choose Hb as a model protein for
studying the direct electron-transfer behavior of the immobilized
protein and (PUI-NPs)/MWCNTs composites.

In the past researches, enzyme was usually immobilized by
polymeric materials film. In our case, polymeric nanoparticles
were used to immobilize enzyme. Riedel et al. reported that the
topology structure presented on the surface of materials could
affect the absorption and activity of protein [33]. The three dimen-
sion architecture of PUI-NPs provides a significant increase in the
effectiveness for Hb loading on the electrode surface, and allows
the electroactive probe to easily diffuse through the films. More-
over, the good biocompatibility of PUI-NPs was also proved by
our group [34]. So, here, PUI-NPs and MWCNTs were chosen to
modify the GCEs for the retention of Hb’s biological activity and
the electron transfer between Hb and electrodes. Electrochemi-
cal behavior of the sensor was studied in detail. Direct electron
transfer between Hb and glassy carbon electrode (GCE) and the
electrocatalytic reduction of H,0, at biosensor were observed.

2. Material and methods
2.1. Materials

4,4’ Diphenylmethane diisocyanate (MDI) from Sigma-Aldrich
was stored at —22 °C before use to prevent its dimerization. Poly-
(tetramethylene ether glycol) (PTMG) and dimethylolpropionic
acid (DMPA) from Aldrich were respectively dried in a vacuum
oven for 12 h and in air for 2 h at 100°C. Ethyl acetate and pyrro-
lidinone were purified and dried over 4 A molecular sieves after
distillation. 3-Aminopropyl triethoxysilane (APTES) was purchased
from Sigma. Multiwalled carbon nanotubes (MWCNTs, 10-20 nm
in diameter and 1-2 pwm in length with a purity of more than 95%)
were obtained from Shenzhen Nanotech Port Co., Ltd., and H,0,
(30%) was from Nanjing Chemical Plant. Hemoglobin (Hb, from
bovine blood, MW 66,000, lyophilized powder, the isoelectric point
pl~7.4) was purchased from Sigma (Saint Louis, MO, USA) and used
without further purification. The 0.1 M phosphate buffered saline
(PBS) solutions with various pH values were prepared by mixing
two stock solutions of NaHPO4 and NaH,POj4. All other chemicals
were used without further purification.

2.2. Preparation of polyurethane ionomer nanoparticles

The preparation method of polyurethane ionomer nanoparti-
cles is described as follows [34]: 4.25 g of MD]I, 8.8 g of PTMG, and
0.5 L of dibutyl tin dilaurate (DBTL) were dissolved in 40 mL of
ethyl acetate and added to a 500 mL four-necked round bottom flask

equipped under mechanical stirring at 75°C and a nitrogen atmo-
sphere. Then, 0.88 g of DMPA dissolved in 10 mL of pyrrolidinone
was gradually added under stirring. 4 h later, 3 mL of isopropanol
was added as the end-capping agent. The solution mixture was fur-
ther stirred at 40 °C for 30 min. Subsequently, 1 mL of triethylamine
was added and stirred for a further 10 min. The solution mixture
was divided into two parts. One part was added to a 50 mL mix-
ture of water and sodium dodecyl sulfate (SDS) with a weight ratio
of 96:4 under stirring, resulting in a white emulsion after 30 min,
which was redispersed in 0.2 M phosphate buffered solution (PBS)
(pH 7) under ultrasonic agitation for 30 min. The volume ratio of
emulsion PU and PBS is 1:10. The PUI-NPs were purified by dialy-
sis (Spectra/Por CE, MWCO =10,000) in distilled water over a 7 day
period to remove unreacted monomers, SDS, and salts. Finally, all
the solvents were removed by freeze-drying, leading to PUI-NPs in
a white powder form. The PUI-NPs obtained can be redispersed in
water to form a dispersion solution.

2.3. Preparation of modified electrodes

The glassy carbon electrode (GCE) of 3 mm diameter (CH instru-
ment, Inc., USA) was first polished to a mirror-like with 0.3 and
0.05 pwm Al 03 slurry on a polish cloth, rinsed with double-distilled
water, and sonicated in ethanol and double-distilled water for
5 min, respectively, then allowed to dry at room temperature before
use. Preparing Hb/(PUI-NPs)/MWCNTs/GCE modified electrode is
as shown in Scheme 1. First, a cleaned GCE electrode was immersed
in an ethanol solution of 1% (v/v) APTES for 30 min at 25 °C, rinsed
five times in ethanol with sonication, and dried in air [35]. Equal
amount of 5mgmL-! MWCNTs solution in DMF and 20 mg mL~!
PUI-NPs solution were hand-mixed thoroughly, 8 uL of resulting
mixture was dropped on the silanized GCE surface and allowed to
dry at room temperature for 5h. And then 8 uL of 5mgmL-! Hb
solution in H,O was dropped on this nanocomposites surface and
allowed todry at4°C for 24 h. So that Hb immobilized on PUI-NPs to
form Hb/(PUI-NPs)/MWCNTs/GCE [36]. The same modified method
was used for Hb/(PUI-NPs)/GCE. The above prepared Hb/(PUI-
NPs)/MWCNTSs/GCE, Hb/(PUI-NPs)/GCE electrode were rinsed with
doubly distilled water and kept in PBS at 4 °C prior to electrochem-
ical measurements.

2.4. Electrochemical measurements

The three-electrode system consisted of a Hb/(PUI-
NPs)/MWCNTs modified electrode as working electrode, a
saturated calomel electrode (SCE) as reference electrode and a
platinum wire as auxiliary electrode. Buffers were purged with
highly purified nitrogen for at least 15 min and maintained under
nitrogen atmosphere during electrochemical process. All the
electrochemical measurements were performed on a CHI760C
electrochemistry workstation (CH Instruments). Cyclic voltam-
metric measurements were done in an unstirred electrochemical

APTES NH2
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Scheme 1. Preparation process of the Hb/(PUI-NPs)/MWCNTs/GCE modified elec-
trode.
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Fig. 1. TEM and SEM images of (a) PUI-NPs, (b) MWCNTS, (c) (PUI-NPs)/MWCNTs and (d) Hb/(PUI-NPs)/MWCNTs films on mica slices.

cell. The amperometric measurements were performed in a stirred
cell with successive additions of some volume of H,0, solution
into the buffer solution.

2.5. Fourier transform infrared measurements

Fourier Transform Infrared (FTIR) spectra were recorded on
the Cary 5000 spectrometer from VARIAN Company. The assem-
bling procedure of PUI-NPs, (PUI-NPs)/MWCNTs and Hb/(PUI-
NPs)/MWCNTs films were performed on the clean mica slides. First,
the PUI-NPs, (PUI-NPs)/MWCNTs and Hb/(PUI-NPs)/MWCNTs solu-
tion were casted on the mica slice respectively, after being dried at
4°C,the membrane on the slides were used for FTIR measurements.

2.6. The circular dicroism (CD) spectroscopy measurements

The circular dicroism (CD) spectra of the Hb solutions without
and with the PUI-NPs were measured over the wavelength region
at the far-UV (185-260 nm) and Soret band regions (340-480 nm)
in a JASCO J-715 pectropolarimeter using quartz cell with 0.2 cm
path length. Each spectrum was obtained from the average result of
eight scans by collecting data at 0.5 nmintervals with an integration
time of 0.5 s. The secondary structure content were analyzed using
the SSE-338 program provide by JASCO Co. in terms of Yongli et al.
[37-39].

2.7. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) analysis

TEM image of PUI-NPs was measured by JEOL JEM 2011 inter-
face high-resolution transmission electron microscopy. The surface
of the MWCNTSs, (PUI-NPs)/MWCNTs and Hb/(PUI-NPs)/MWCNTSs
films were observed with a SEM (JSM Model 6300 Scanning elec-
tronic microscopy, JOEL, Japan) following gold-sputtering on the
film surface.

3. Results and discussion
3.1. Preparation and characterization of the PUI nanoparticles

Transmission electron microscope (TEM) image of PUI-NPs
presented in Fig. 1a showed that the PUI-NPs are consisted of
monodispersed elliptic nanoparticles with the average diameter of
50 nm. The morphological character of the Hb/(PUI-NPs)/MWCNTs
complex nanomaterials is investigated by using scanning electron
microscopy (Fig. 1b-d). As shown in image b, the MWCNTs are
intertwined noncovalently with each other into a complex three-
dimensional (3D) architecture. After the PUI nanoparticles mixed
with MWCNTSs, nanoparticles could be found immobilizing onto the
surface of the nanotube of the MWCNTSs (image c). The addition of

Hb changes the structure of the (PUI-NPs)/MWCNTs film and form-
ing a porous distributed film. Thus, PUI-NPs film on the surface of
MW(CNTs could prevent MWCNTSs to contact with Hb directly and
provide a friendly microenvironment to retain its bioactivity of the
immobilized Hb.

The properties of the resulting PUI, PUI-MWCNTs, Hb and
PUI-Hb-MWCNTs films are characterized with FTIR spectra. The
characteristic amide I and amide II bands of proteins pro-
vide detailed information on the secondary structure of the
polypeptide chain [40]. In Fig. 2, curves a and b, the absorp-
tion bands (1700-1600 cm~!) on IR spectrum of PUI film and Hb
molecules attributed to the stretching vibration of the C=0 of amide
in PUI-NPs and the amide I stretching vibration band of the C=0 of
the peptide linkages in the protein’s backbone, respectively. The
amide II band (1620-1500 cm~1) results from the combination of
N-H banding and C-N stretching in Hb. In comparison to the curve a
and b, the spectra of the amide I and Il bands of Hb in the Hb/(PUI-
NPs) and PUI-Hb-MWCNTs film (1652 and 1540 cm~1) in curve ¢
and d are nearly the same position and stronger than those obtained
for native Hb (1651 and 1540 cm™!). The strong peak is due to the
overlapping of the absorption band of the C=0 stretching vibra-
tion in PUI-NPs and Hb molecules. The results suggested interaction
between polyurethane and protein. However, the interaction does
not destroy the structure and properties of the Hb in the film. There-
fore, it can be concluded that Hb molecules have retained their
natural heme secondary structure in the nanocomposite systems.

It was reported that CD is one of the most sensitive physical tech-
niques for determining the secondary structures and monitoring
the structural changes of biomacromolecules [38]. Fig. 3A repre-
sents the CD spectra of Hb in PBS without and with PUI-NPs in the
far-UV region. In the absence of PUI-NPs, a positive band at 195 nm
is corresponded to the w—* transition of the amide groups in the

transmittance
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Fig. 2. FTIR spectra of (a) PUI-NPs, (b) Hb, (c) Hb/(PUI-NPs), and (d) Hb/(PUI-
NPs)/MWCNTs films.
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Fig. 3. (A) The CD spectra of the Hb solutions without (a) and with (b) the PUI-NPs over the wavelength region at the far-UV (190-250 nm). (B) The CD spectra of the Hb
solutions without (a) and with (b) the PUI-NPs over the Soret band regions (340-480 nm).

Table 1
Comparison of the responses of some amperometric Hb sensors constructed based
on different modified electrode materials.

Electrode materials Response Detection limit  Linear range Ref.
time (s) (M) (M)

HZMS-SA - 0.6 1.75-4900 [50]
Grapheme-chitosan - 0.51 6.5-230 [51]
Flowerlike NiO - 0.68 2.0-1050 [52]
CuO NWBs - 33 10-90 [53]
Nafion/CuS - 40 8.0-700 [54]
This work <5 0.24 0.65-80 -

peptide chain of Hb and two distinct negative bands at around 208
and 222 nm are attributed to the m-m*and n-m* amide transition
of the peptide chain of Hb, respectively. Two peaks come from o-
helix of enzyme. In the presence of PUI-NPs, the intensity of the
positive band at 195 nm is obviously increased compared with that
of no nanoparticles, indicating that there is a interaction between
the amino acid residues in the peptide of Hb molecule and PUI-
NPs, while the molar ellipticity of the two negative bands at 208
and 222 nm are lightly decreased, suggesting that the secondary
structure of Hb is not obviously changed comparing with that of
Hb in the absence of PUI-NPs. The data of the secondary structure
of Hb calculated from the CD spectra were listed in Table 1. It was
found from Table 1 that the content of a-helix and [3-sheet confor-
mation are increased about 1.5% and 1.1%, respectively; while the
contents of B-turn and random coil are decreased about 0.7% and
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<
=
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Potential/V vs. SCE

1.9% comparing with that of Hb in the absence of PUI-NPs. These
results further proved that PUI-NPs could basically maintain the
native conformation of Hb, and indeed PUI-NPs have the excellent
biocompatibility.

Fig. 3B shows the CD spectra of 6.39 x 10~4M Hb in PBS with-
out and with 4.8 x 10~*M PUI-NPs in the far-UV Soret region. It
can be observed from Fig. 3B that the Soret band at 408 nm is
slightly red-shifted to 409 nm and the intensity is decreased by
1.2%. The red shift and the decrease in the intensity of the Soret
band suggested that the planarity and w-7™* transition energy of
the porphyrin cycle in the heme group is not obviously changed
[37]. In fact, the porphyrin cycle of Hb is deeply buried in the pep-
tide of Hb, and thus, PUI-NPs unlikely interact with the porphyrin
cycle of Hb directly. The possible way is that PUI-NPs interact with
the amino acid residues in the peptide of Hb and then Hb under-
goes an unfolding/folding process, which causes the change in the
planarity of the porphyrin cycle in the heme group and influence in
the exposure extent of the active center, Fe (III), in the heme group,
resulting in the decrease/increase in the bioactivity of Hb. There-
fore, the preservation of the native conformation of an enzyme is
essential for the bioactivity [41]. The results from Fig. 3B indicated
that PUI-NPs can not cause the structure of the active center in Hb
molecule although there is an interaction between polyurethane
ionomer and the amino acid residues in the peptide of Hb protein
(Fig. 3A). It was found that polyurethane ionomer possesses COO~,
HNR* groups [42,43] and has the similar structure with the amino
acid residues in the peptide of Hb protein. Therefore, the interac-
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Fig. 4. (A) Cyclic voltammograms of (a) (PUI-NPs)/GCE, (b) Hb/(PUI-NPs)/GCE in 0.1M with pH 7.0 PBS at 100mVs~! and (B) cyclic voltammograms of Hb/(PUI-

NPs)/MWCNTs/GCE in 0.1 M with pH 7.0 PBS at 100mV's~!.
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Fig. 5. (A) Cyclic voltammograms (CVs) obtained at Hb/(PUI-NPs)/MWCNTs/GCE electrode in 0.1 M with pH 7.0 PBS buffer at 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220,
240, 260, 280 and 300 mV s~! (from inner to outer). (B) Showed a plot of cathodic and anodic peak currents against potential scan rate.

tion above does not destroy the structure and properties of the Hb
in the film. It can be concluded that the secondary structure of Hb
molecules in the nanocomposite systems have been maintained.

3.2. Direct electron transfer of the enzyme electrode

Fig. 4 shows the cyclic voltammograms (CVs) of Hb on the PUI-
NPs and MWCNTs modified GCE electrode in PBS 7.0 at 100 mVs—1,
respectively. The steady state of CV for PUI-NPs and Hb/(PUI-NPs)
films were shown in Fig. 4A (a and b). No voltammetric signal
was observed at PUI-NPs film electrode in the range of —0.7 to 0V
vs. SCE. Only when Hb was embedded in the matrix containing
the nanocomposite, a pair of quasi-reversible reduction-oxidation
peaks could be observed with a formal potential (E°’) at about
—0.346V vs. SCE for both Hb-nanocomposite films. The peaks were
located at the potential characteristic of heme Fe3*/Fe2* redox
couples of the proteins [44]. When using Hb/(PUI-NPs) film as mod-
ified electrode, a pair of redox peak potentials are at —0.306 and
—0.395V. Using Hb/(PUI-NPs)/MWCNTs film as modified electrode
in Fig. 4B, a pair of redox peak potentials are at —0.28 and —0.412V,
respectively. In comparison with Hb/(PUI-NPs) film electrode, the
current of the redox peaks at Hb/(PUI-NPs)/MWCNTs film were
much larger. The biosensor based on the nanocomposite showed
very stable electrochemical responses even after 500 cycles mea-
surements, which made it suitable for further investigations and
applications.

Fig. 5 shows the cyclic voltammograms of the Hb/(PUI-
NPs)/MWCNTs/GCE electrode in PBS (pH 7.0) with the scan rate

A 20+

104

current/mA

0.7 -06 -05 -04 -03 -02 -01 0.0
potential/V

varied from 20 to 300mVs~!. The obtained cathodic and anodic
peak currents show a linear relationship with scan rate increas-
ing. This revealed that the electron transfer between Hb and GC
electrode was a surface-controlled electrochemical process for the
immobilized Hb. The surface concentration of electroactive Hb (1™*)
was estimated from integration of the reduction peaks in the CVs
according to the following equation [45]:

Q = nFAIx (1)

where Q is the charge involved the reaction, n is the number
of electron transferred, F is the Faraday’s constant, and A is the
effective area of the GC electrode. For charge (Q) values by inte-
gration of the reduction peaks were nearly constant in the range
of scan rates from 20 to 300mVs~!, the surface concentration
of electroactive Hb (I™*) for Hb/(PUI-NPs)/MWCNTSs/GCE electrode
was constant with an average value of 1.82 x 10719 molcm~2. The
average peak-to-peak separations of the cyclic voltammograms
(AEp) of the Hb/(PUI-NPs)/MWCNTSs/GCE electrode at the range
of scan rate from 20 to 300mVs~! is smaller than 200 mV. The
electron transfer rate constant (ks) of Hb on the modified elec-
trode is estimated according to the model of Laviron with the
formula ks = mnFuU/RT [46], where m is a parameter related to the
peak-to-peak separation. The ks value was calculated to be 1.17 s™!
at the scan rate of 100mVs~!, which is higher than 0.95s~! for
Hb immobilized on diazonium-functionalized aligned carbon nan-
otubes film [47], or comparable to two times that of Hb immobilized
in a poly(acrylonitrile-co-acrylic acid) film of 0.58s~! [27]. Thus,
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Fig. 6. (A) CVs of Hb/(PUI-NPs)/MWCNTSs/GCE in 0.1 M PBS at different pH values of 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0 with scan rate is 0.1V s~'. (B) Plot of Hb formal
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PU-NPs can provide a microenvironment for Hb to undergo facile
electron transfer reaction.

In most cases, the solution pH is essential to the electro-
chemical behaviors of proteins. Generally, the E°' of the redox
couple depends on solution pH which indicates the participation
of proton in the redox process. Cyclic voltammograms of Hb/(PUI-
NPs)/MWCNTs/GCE show a strong dependence on the pH of buffer
solution, as shown in Fig. 6. Stable and well-defined cyclic voltam-
mograms can always be obtained in the pH range from 5.0 to
9.0. Negative shifts in both cathodic and anodic peak potentials
are observed with an increase in solution pH. Plot of the formal
potential vs. pH produces a line with a slope of —52.9mV pH~!
(the correlative coefficient R?=0.9947), which is close to the
expected value of —58.0mV pH-!, indicating the reversible one-
electron transfer coupled with single-proton transportation pro-
cess [48,49]. The whole process may be depicted as the following
reaction:

HbpemeFe(Ill) + H + e~ <> Hbpeme HFe(Il) 2)

3.3. Electrocatalysis of the enzyme electrode for hydrogen
peroxide

Electrocatalytic reductions of hydrogen peroxide were exam-
ined using amperometric current-time method which is one of the
most widely employed techniques for biosensor. Fig. 7 shows a typ-
ical calibration curve of the Hb/(PUI-NPs)/MWCNTSs/GCE for H,0,
determination. The applied potential is controlled at —0.346V vs.
SCE. On Fig. 7A, a clearly defined reduction current proportional to
the hydrogen peroxide concentration was observed. When H;0,
was added to the stirring PBS solution, the biosensor responded
rapidly to the substrate. The response time (achieving 95% of the
steady-state current) of the biosensor was less than 5s. Such a
rapid response can be attributed to the fast diffusion of the sub-
strate in the composite film. The typical calibration curve of the
steady state current vs. H, O, concentration was shown in the inset
of Fig. 7B. The responses of H,0, are proportional to the H,0,
concentration (R?=0.9815) from 6.5 x 10~7 to 8.0 x 10~> M with
a detection limit of 2.4 x 10~7 M (the signal to noise ratio S/N was
3). The performance of the proposed method was compared with
other methods as shown in Table 1. The comparative data sug-
gests superiority of the present sensor over some earlier reported
H,0, biosensors, the possible reason being that PUI-NPs prevents
the MWCNTSs to contact with Hb directly and provides a friendly
microenvironment to retain Hb’s bioactivity. In addition, the
3-dimensional architecture of PUI-NPs and MWCNTSs provides a sig-
nificantincrease in the effectiveness for Hb loading on the electrode

surface, decreases the reorganizational energy for electron trans-
fer, and allows the electroactive probe to easily diffuse through the
films.

The apparent Michaelis-Menten constant (K3*?), an indicator of
enzyme-substrate Kinetics that shows the catalytic activity of the
film electrode toward the detected substance, can be calculated
using to the Lineweaver-Burk equation:

1 1 KZPP
Imax CHZ 0,

Icat - Imax (3)
where Iy is the electrocatalytic current, Imax is the maximum cur-
rent under saturated substrate conditions, and Cy,0, is the bulk
concentration of H,0,. In this work, KPP is 0.155 mM, which is
smaller than 0.26 mM of the Hb immobilized on LBL films with
MWCNTs and gold nanoparticles [55], 0.9 mM of the Hb-PAN film
modified GCE [23], indicating a higher affinity to H,O, and good
catalytic activity of the Hb/(PUI-NPs)/MWCNTs/GCE film toward
the reduction of H,O,.

The reproducibility of the sensor was evaluated at a H0, con-
centration of 0.1 mM, and the relative standard deviation was 2.56%
(n=6). For the inter electrode repeatability of six electrodes from
the same batch, the relative standard deviation was 8.7% at a H,0O,
concentration of 0.1 mM. The stability of the sensor was investi-
gated. Its response remained stable after continuously detecting
H,0, for about 2 h. When the Hb/PUE/MWCNTSs/PG electrode was
not in use, it was stored in PBS in a refrigerator at 4 °C. The biosen-
sor could retain 91% of its initial response current after storage for
two weeks, demonstrating good long-term stability. Good stability
may be attributed to the good biocompatibility of the nanocompos-
ite film, which can provide a favorable microenvironment for Hb to
retain its bioactivity.

4. Conclusion

We synthesized polyurethane ionomer nanoparticles (PUI-NPs)
by emulsion polymerization method, and successfully combined
them with MWCNTs to entrap the model protein Hb as an immo-
bilization matrix. The results of FT-IR and CD indicated that the
protein in PUI-NPs retained near-native secondary structures.
Redox peak currents increased linearly with the increase of scan
rate, indicating a surface-controlled electrode process. The appar-
ent heterogeneous electron-transfer rate constant (ks) of Hb was
found to be 1.17 s~1 based on Laviron’s formulism. In addition, the
Hb immobilized in the (PUI-NPs)/MWCNTs films displayed excel-
lent eletrocatalytical activity to the reduction of hydrogen peroxide
with a Michaelis-Menten constant (K;P) of 0.155 mM. This mate-
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rial can provide a favorable microenvironment for redox proteins
and enzymes, and thus it is expected to have widely potential appli-
cations in direct electrochemistry, biosensors and biocatalysis.
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