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The new nanocomposite films based on poly(styrene-alternative-maleic anhydride) grafted to 3-aminobenzoic
acid (PSMA-g-3ABA) and multi-walled carbon nanotubes (MWCNTs) were applied to immobilize hemoglobin
(Hb) for biosensor fabrication (PSMA-g-3ABA/MWCNTSs). Electrochemical impedance spectroscopy was used
to confirm the adsorption of Hb onto the surface of PSMA-g-3ABA/MWCNTs. The immobilized Hb maintains its

bioactivities and displays an excellent electrochemical behavior. The biosensor was used to catalyze the reduction
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of hydrogen peroxide. The electrocatalytic response showed a linear dependence on the H,0, concentration
ranging widely from 1.0 x 1076 M to 5.0 x 10~% M with a detection limit of 3.2 x 10~7 M. The apparent
Michaelis-Menten constant of Hb on the modified electrode was estimated to be 0.22 mM. The proposed method
opens a way to develop biosensors by using nanostructured materials with low electrical conductivity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there is a growing demand for rapid, reliable, and
inexpensive sensors for the determination of different analytes in
biomedical, environmental, and industrial samples [1-3]. Construction
of electrochemical sensors using modified electrodes continues to be
an area of great interest and a relatively large amount of electrochemical
research has been devoted to the development and application of these
sensors for the analysis of biologically active compounds [4,5]. Modifica-
tion of electrodes with suitable materials facilitates the electrochemistry
of the redox biological compounds, which generally results in increased
selectivity and sensitivity of the determinations [6,7].

Biomolecule-immobilized sensors have found various important
applications in many fields such as clinical laboratories, fermentation
processes, and pollution monitoring. Within the biosensor research
field, direct electron transfer between an electrode material and a
redox-active protein or protein clusters has become an intriguing
phenomenon for the last three decades [8]. The investigations of the di-
rect electron-transfer process on proteins and underlying electrodes can
not only help us to understand the mechanisms of redox transforma-
tions between redox biomolecules in biocatalysis and metabolic
processes involving electron transportation in biological systems but
also provide us a platform for fabricating biosensors, enzymatic bioreac-
tors, and biomedical devices [9]. In general, the functions of most
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proteins depend upon precise three dimensional structures [10,11],
which are affected by a number of noncovalent interactions such as
hydrogen bonds, van der Waals interactions, electrostatic interactions,
hydrophilic/hydrophobic effects, and so on [12,13]. Because of its well-
known structure and commercial availability, Hb is considered as an
ideal model molecule for protein electrochemistry. However, due to
the deep burying of electroactive center in the protein structure, the de-
naturation of proteins or the unfavorable orientation on the electrode
interface, it is difficult for redox proteins to achieve the direct electron
transfer process on the bare electrode directly [14]. Therefore, a great
amount of efforts have been devoted to the modification of either the
protein or the electrode surface to limit denaturing adsorption and con-
trol the orientation at the protein/electrode interface to achieve a direct
rapid electron transfer [8]. The immobilization of proteins on polymer
matrices for biosensing is a promising direction given the rapid ad-
vances in biotechnology [15,16]. However, a number of polymers such
as polyvinyl alcohol (PVA) with moderate molecular weight and polyvi-
nyl pyrrolidone (PVP) have been identified as very promising immobi-
lization matrices due to their high reaction activity for protein binding,
high reproducibility, and good mechanical, thermal, and chemical sta-
bility [17-21]. On the other hand, polymer nanocomposites containing
carbon nanotubes (CNTs) have been extensively explored in the recent
years [22-24]. It is well known, that CNTs, used as filler in conventional
polymers, can improve remarkably their mechanical and thermal prop-
erties. Moreover, when the concentration of CNTs exceeds a certain
value (at which electrical percolation occurs), the electrical conductivity
of the polymer composite increases over several orders of magnitude.
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These conductive, flexible and easy processable thermoplastic materials
can find a lot of applications in electronics and medicine as smart mate-
rials. In particular, when a CNT/polymer composite responds to certain
external stimuli with an electrical resistance change, it may be used as
a sensor [25-27]. The presence of multi-walled carbon nanotubes
(MWCNTSs) provides a stage for the interactions of biomolecules and
polymer chains, changes the morphology, increases the loading of
biomolecules, improves the permeability and the conductivity of the
polymer film, and accelerates the electron transfer of the immobilized
redox agents through the conducting tunnels of MWCNTs [28]. Up to
date, many studies have been reported on sensing properties of
immobilized Hb on the CNT/polymer composites. Liu et al. have studied
the direct electron-transfer reactivity of immobilized hemoglobin
on a polyurethane elastomer (PUE) film mixed with MWCNTs [28].
Wen et al. reported direct electrochemistry and electrocatalysis
of hemoglobin immobilized in poly(ethylene glycol) grafted multi-
walled carbon nanotubes [29]. Wang et al. applied a new composite
film composed of diblock weak polyelectrolyte poly(2-hydroxyethyl
methacrylate)-b-poly(2-(dimethylamino) ethyl methacrylate) and
MW(CNTSs to immobilize hemoglobin for biosensor fabrication [30]. A pre-
requisite for applying these sensors is the appropriate immobilization of
Hb on biocompatible beds. Such biocompatible surfaces can often be
used for various purposes in bio-related applications [31-33]. In recently
reported works, biocompatible poly(styrene-alt-maleic acid) (PSMAC)
and modified poly(styrene-alt-maleic anhydride) (PSMA) copolymers
have been introduced as external dopant, drug carriers and excellent sor-
bent for removal of heavy metals [34-40]. In this paper, PSMA-g-3ABA/
MWCNTSs nanocomposite was employed as a conducting matrix to immo-
bilize Hb and promote direct electrochemistry of protein on the electrode
surface. To the best of our knowledge, this is the first attempt to use a
PSMA-g-3ABA/MWCNTs nanocomposite as a biosensor matrix and the in-
vestigation of their hydrogen peroxide sensing characteristics. Such unique
structure of the PSMA-g-3ABA prevents the leakage of the Hb and leads to
good preparation reproducibility for the sensor. On the other hand, the
presence of MWCNTSs provides a unique three-dimensional netlike porous
structure for the interaction of Hb and PSMA-g-3ABA. The prepared bio-
sensor for hydrogen peroxide shows good analytical performance, indicat-
ing that the PSMA-g-3ABA/MWCNTs matrix is a sort of biomaterial
suitable for Hb immobilization and preparation of biosensors.

2. Experimental section
2.1. Materials and apparatus

Styrene, CgHs, (Merck) was purified by distillation at reduced pres-
sure. Maleic anhydride (MA, C4H,03), triethylamine (TEA,
N(CH,CHs)3), 3-aminobenzoic acid (3ABA, C;H;NO,), tetrahydrofuran
(THF, C4HgO), hydrochloric acid (HCI), sodium hydroxide (NaOH) and
benzoyl peroxide (BPO, C;4H,004) were purchased from Merck and
was used without further purification. Hemoglobin from bovine blood
(Sigma-Aldrich) was used without further purification. MWCNTSs
(>95%, 0.D.: 10-15 nm, I.D.: 2-6 nm, length: 0.1-10 pm) were pur-
chased from Sigma-Aldrich. MWCNTSs were chemically functionalized
by ultrasonication in a mixture of sulfuric acid and nitric acid (3:1 v/v)
for 8 h. Then, functionalized MWCNTs were washed with deionized
water and separated by centrifuging three times. The carboxylic groups
of functionalized MWCNTs were confirmed by FT-IR with stretching
bands of carboxylic acid groups at 1710 cm™ ' [41]. High viscosity paraf-
fin (density = 0.88 g cm™3) from Fluka was used as the pasting liquid.
Hydrogen peroxide (H,0-) solutions (from Sigma-Aldrich) were freshly
prepared before being used. Phosphate buffer solutions (PBS) were pre-
pared with sodium phosphate dibasic (Na,HPO4) and sodium phos-
phate monobasic NaH,PO,4 from Fluka. All other chemicals were of
analytical grades and were used without further purification. All solu-
tions were prepared with double-distilled water.

Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) measurements were carried out on an Autolab potentiostat/
galvanostat (Eco Chemie BV, Netherlands) with data acquisition soft-
ware, made available by the manufacturer (GPES and FRA 4.9 version).
An Ag|AgCl|KCI (3.0 M) electrode and a platinum electrode were
used as the reference and counter electrode, respectively. A digital pH-
meter (780 pH meter, metrohm) with precision of 4+0.001 was used
to read the pH value of the buffer solutions. Electrolyte solutions were
deoxygenated by purging pure nitrogen (99.99%) for 10 min prior to
electrochemical experiments. All measurements were carried out
under a nitrogen atmosphere. A Philips model XL30 scanning electron
microscope (SEM) was used to determine the morphology of nanoparti-
cles. FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer
(Bruker, Karlsruhe, Germany). All experiments were performed at
room temperature (25 + 2 °C). Thermogravimetric analysis (TGA)
of prepared polymers was determined using the LENSES STAPT-1000
calorimeter (Linseis STAPT1000, Selb, Germany) by scanning up to
1000 °C with the heating rate of 10 °C/min.

2.2. Synthesis of PSMA-g-3ABA

PSMA was synthesized through the thermally initiated free-radical
polymerization of styrene and maleic anhydride with benzoyl peroxide
(BPO) as an initiator [35]. Also, the modified PSMA copolymer was
successfully prepared by the chemical graft reaction of 3ABA on PSMA
as described in reported lecture [38]. Briefly, 3 g (0.015 mol) PSMA
copolymer and 1.03 g (0.008 mol) 3ABA in molar ratio of 1:0.5 were
poured into a flask. Then, 0.5 mL (0.004 mol) of triethylamine (TEA)
and 50 mL THF were added. The reaction mixture was refluxed for 5 h
under inert atmosphere. Then the reaction was cooled to room temper-
ature and finally precipitation was accomplished by adding n-hexane as
non-solvent. Finally, the obtained precipitate was filtrated and washed
with n-hexane several times. The product was dried in vacuum oven
for 48 h in 70 °C (yield 95%) and named PSMA-g-3ABA.

2.3. Preparation of PSMA-g-3ABA/MWCNTs nanocomposite and prepara-
tion of modified electrode

The PSMA-g-3ABA (0.5 g) was added to 20 mL of THF and stirred
at room temperature until complete dissolution. Afterward, MWCNTSs
(0.5 g) were added to the aforementioned solution and stirred
overnight at room temperature to form a homogeneous suspension.
Additional coating formulations were prepared with different amounts
of PSMA-g-3ABA and different ratios of MWCNTs. The coating solutions
were cast on a glass matrix. After being dried at room temperature for
24 h, homogenous nanocomposite was obtained.

The working electrode was prepared as follows: 80 mg of graphite
powder, 20 mg of PSMA-g-3ABA/MWCNTSs nanocomposite and 12 pL
of paraffin oil were mixed by hand to produce a homogeneous carbon
paste. The carbon paste was packed into the cave of a homemade carbon
paste electrode and then smoothed on a weighing paper. Then, the
electrode was immersed into the Hb solution (10 mg/mL in pH 7.0
PBS) for 80 min and named Hb-PSMA-g-3ABA/MWCNTs/CPE. The
Hb-PSMA-g-3ABA/MWCNTSs/CPE was also thoroughly rinsed with
water to remove the unabsorbed Hb molecules and was dried in
air. The Hb-MWCNTSs/CPE, Hb-PSMA-g-3ABA/CPE and Hb-CPE were
also prepared in the above manner described for comparison and
stored at 4 °Cin a 0.1 M PBS (pH 7.0) when not in use.

3. Results and discussion
3.1. Characterization of Hb immobilized on PSMA-g-3ABA/MWCNTs/CPE
The free-radical polymerization of PSMA was facile and the copoly-

mer was readily recovered. Styrene and maleic anhydride are known
to produce alternating copolymers, and the molecular weight of the
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Fig. 1. FT-IR spectra of PSMA-g-3ABA (a), MWCNTs (b), Hb (c) and Hb-PSMA-g-3ABA/
MWCNTs (d).

copolymers could be controlled by variation of the molar ratio of
the free-radical initiator to the volume of added solvent. The PSMA-g-
3ABA was prepared by amidation anhydride moieties of the PSMA
copolymer. The amine group of 3ABA reacts with maleic anhydride re-
peated groups in the PSMA copolymer backbone to form an alkylamide
linkage and a carboxylic acid group. Amide bonds are significantly
resistant to hydrolysis, so the resulting copolymer will be stable in the
acidic and basic medium.

The FT-IR spectra of PSMA-g-3ABA (a), MWCNTs (b), Hb (¢) and Hb-
PSMA-g-3ABA/MWCNTs (d) are presented in Fig. 1. The spectral feature
of PSMAC copolymer is also well demonstrated in our previous litera-
ture [35]. As shown in Fig. 1a, a broad peak around 3425 cm™! can be
assigned to the stretching vibration of acidic OH and amidic NH of
PSMA-g-3ABA. The observed peak at 2914 cm ™! is assigned to aliphatic
C-H stretching vibration. The peaks at 1714 cm™ ! can be assigned to
vibration of acidic and amidic carbonyl groups, which is overlapped.
The peaks at 1467 cm™ ' and 1444 cm ™! correspond to stretching vibra-
tion of C—0 and C- N bonds conjugated with aromatic rings. Also the
peaks at 1064 cm~! and 653 cm™~! correspond to C—N and N-H
stretching vibrations. As can be seen from Fig. 1b, the absorption
bands at 3450 cm ™' and 1710 cm™ ' correspond to the stretching vibra-
tion of O—H and carbonyl of carboxylic acid. As shown in Fig. 1c, the
strong broad band around 1651 cm™ ! resulted from carbonyl stretching
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Fig. 2. FT-IR spectra of Hb-PSMA-g-3ABA/MWCNTs before (a) and after (b) catalytic
reaction.
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Fig. 3. The AC impedance spectra of the PSMA-g-3ABA/CPE (a), Hb-PSMA-g-3ABA/CPE
(b), PSMA-g-3ABA/MWCNTSs/CPE (c) and Hb-PSMA-g-3ABA/MWCNTSs/CPE (d), recorded
at the open circuit potential in 0.1 M PBS (pH 7.0) containing 0.1 M KsFe(CN)g and 0.1
M K4Fe(CN)g.

vibration of the peptide linkages in the Hb backbone. Meanwhile the
peak at 1540 cm ™! is assigned to the combination of N- H bending
and C— N stretching in Hb. The absorption bands of Hb-PSMA-g-3ABA/
MWCNTSs nanocomposite situating around 1542 cm™! and 1705 cm ™!
were attributed to the C— N and (=0 stretching vibrations, respective-
ly. The shift of the absorption band around 1705 cm™ ! can be attributed
to the interaction between Hb, PSMA-g-3ABA and MWCNTSs. On the
other hand, the shift around 1542 cm ™! is related to blue-shifting.
These absorption bands confirm the successful formation of Hb-PSMA-
g-3ABA/MWCNTs nanocomposite.

Fig. 2 shows the FT-IR spectra of the Hb-PSMA-g-3ABA/MWCNTs
nanocomposite before (curve a) and after (curve b) the catalytic reac-
tion. As can be seen from curves a and b, there is no obvious change in
FT-IR spectra of the Hb-PSMA-g-3ABA/MWCNTs before and after the
catalytic reaction. This result suggests that Hb in the Hb-PSMA-g-
3ABA/MWCNTS retains its stability.

The electrochemistry and the response to the electrochemical probe
of the PSMA-g-3ABA are checked by CV and EIS. The CV of PSMA-g-
3ABA/CPE gives a low charge current, and no clearly formed peaks can
be seen in the potential range from 0.5 to — 0.5 Vin 0.1 M PBS, pH 7.0
(not shown). Fig. 3 exhibits the electrochemical impedance spectra
of different modified electrodes. The electron transfer resistance (Ret)
at the electrode surface can be used to describe the interface proper-
ties of the electrode, which is equal to the semicircle diameter of
electrochemical impedance spectra [42,43]. For electrochemical
impedance spectrum of bare CPE (curve a), the semicircle domain
of it is very small (R = 800 Q), which indicated very low electron
transfer resistance to the redox-probe dissolved in the electrolyte
solution. However, the Re (2650 Q, curve b) of the PSMA-g-3ABA/
CPE is much larger than that of the bare CPE. It is implied that
PSMA-g-3ABA copolymer in the electrode surface can inhibit the
electron transfer of the redox-probe of [Fe(CN)g]> ~/4~ to the elec-
trode surface to a certain degree. After added MWCNTSs, the Re. of
PSMA-g-3ABA/MWCNTSs/CPE decreases to about 450 Q (curve c),
indicating that MWCNTSs have good conductivity and the PSMA-g-
3ABA/MWCNTs can make the electron transfer easier. However, the
Re¢ of Hb-PSMA-g-3ABA/MWCNTSs/CPE increases to 1380 Q (curve
d). It is indicated that the Hb was immobilized steadily into the
PSMA-g-3ABA/MWCNTs/CPE. These data suggest that MWCNTs
help to increase the electron transfer rate.

Upon addition of Hb to the PSMA-g-3ABA solution in THF, the trans-
parent solution becomes cloudy due to the aggregation of Hb and copol-
ymer (not shown). This observation is the same with other reported
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Fig. 4. The SEM images of PSMA-g-3ABA (a) and Hb-PSMA-g-3ABA/MWCNTs/CPE before (b) and after (c) catalytic reaction.

papers about addition of protein to a nonconducting polymer matrix,
suggesting a strong interaction between copolymer and Hb [34,44].
The SEM morphologies of PSMA-g-3ABA (a) and Hb-PSMA-g-3ABA/
MWCNTs before (b) and after (c) the catalytic reaction were compared
(Fig. 4). As it can be seen in Fig. 4a, the top view of PSMA-g-3ABA film
reveals a three-dimensional porous structure aggregated as globular
particles (diameter <1 uM). In contrast, uniform and well distributed
aggregates of PSMA-g-3ABA were observed on the Hb-PSMA-g-3ABA/
MWCNTs which provide a high surface-to-volume ratio and enhance
the electron transfer kinetics between the Hb and electrode surface
(Fig. 4b). The interaction between copolymer and protein might cause
a change in the protein conformation, increases the protein flexibility,
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Fig. 5. TGA curves of Hb-CPE (a), Hb-MWCNTs/CPE (b), Hb-PSMA-g-3ABA/CPE (c) and

Hb-PSMA-g-3ABA/MWCNTSs/CPE (d). Measurements were performed under nitrogen
atmosphere at the heating rate of 10 °C/min.

and finally results in the aggregation of the copolymer with the protein
[45]. The SEM morphology of Hb-PSMA-g-3ABA/MWCNTs after the
catalytic reaction was rather similar compared to that of the
Hb-PSMA-g-3ABA/MWCNTs before the catalytic reaction, which
can be assigned to the stability of biosensor.

Fig. 5 shows the comparative thermogravimetric analysis curves of
Hb-CPE (a), Hb-MWCNTSs/CPE (b), Hb-PSMA-g-3ABA/CPE (c) and Hb-
PSMA-g-3ABA/MWCNTs/CPE (d) under nitrogen atmosphere at the
heating rate of 10 °C/min. As shown in Fig. 5a, the thermal decomposi-
tion of Hb-CPE took place mainly at 360 °C (weight loss 1.25%) that
could be ascribed to the decomposition of Hb [46]. Hb-MWCNTs/CPE
(Fig. 5b) showed weight loss 3.5% at 100-850 °C which could be related
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Fig. 6. (A) CVs of PSMA-g-3ABA/MWCNTSs/CPE (a), Hb-MWCNTSs/CPE (b) and Hb-PSMA-g-
3ABA/MWCNTS/CPE (c) in 0.1 M PBS (pH 7.0) saturated with N, ata scan rate of 0.1 Vs~
(B) Effect of the MWCNTSs content in nanocomposite on the current response of the
Hb-PSMA-g-3ABA/MWCNTSs/CPE.
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Scheme 1. The electrode construction pathway and the possible interaction between MWCNTSs, PSMA-g-3ABA and Hb in the preparation of Hb-PSMA-g-3ABA/MWCNTs/CPE.

to decomposition of evaporation of moisture, Hb and carboxyl groups
on the surface of MWCNTs groups [47]. In TGA curve of Hb-PSMA-g-
3ABA/CPE (Fig. 5¢), the weight loss 9% between 50 °C and 850 °C can
be attributed to the evaporation of moisture, decomposition of Hb, for-
mation of acid anhydride from the carboxyl groups with loss of water
and decomposition of aromatic groups [38]. Fig. 5d demonstrated that
the thermal stability of Hb-PSMA-g-3ABA/MWCNTSs/CPE is higher than
that of Hb-PSMA-g-3ABA/CPE which can be ascribed to interaction be-
tween Hb and PSMA-g-3ABA/MWCNTs.
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Fig. 7. CVs of Hb-PSMA-g-3ABA/MWCNTs/CPE in 0.1 M PBS with different pH values of
5.0 (a), 6.0 (b), 7.0 (c), 8.0 (d) and 9.0 (e) at a scan rate of 0.1 V s~ '. Inset: relationship
for formal potentials of Hb-PSMA-g-3ABA/MWCNTSs/CPE with pH.

3.2. Electrochemical behaviors of Hb

The electrochemical properties of Hb on the PSMA-g-3ABA/
MWCNTs modified electrodes were examined. Fig. 6A shows the typical
CVs of the PSMA-g-3ABA/MWCNTs/CPE and Hb-PSMA-g-3ABA/
MWCNTSs/CPE in 0.1 M PBS (pH 7.0) at a scan rate of 0.1 Vs~ '. No
redox peak was observed for the PSMA-g-3ABA/MWCNTs/CPE
(Fig. 6A, curve a), indicating that PSMA-g-3ABA/MWCNTs are electro-
inactive within the potential window. However, the Hb-PSMA-g-
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Fig. 8. CVs of Hb-PSMA-g-3ABA/MWCNTSs/CPE in 0.1 M PBS (pH 7.0) at scan rates of 10
(a), 20 (b), 40 (c), 60 (d), 80 (e), 100 (f), 120 (g), 160 (h), 180 (i) and 200 (g) mV s~ .
Inset a: plot of peak current vs. scan rate. Inset b: relationship of the anodic and cathodic
peak potential against log v.
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3ABA/MWCNTs/CPE displayed a couple of stable and well-defined
redox peaks at about —0.36 and — 0.28 V vs. Ag|AgCI|KCl (3.0 M), re-
spectively (Fig. 6A, curve c). The formal potential (E”, the average
value of the anodic and cathodic peak potentials) was around —0.32
V vs. Ag|AgCI|KCl (3.0 M), which was similar to those of —0.343 V
with Nafio-Hb-CNT [48], —0.34 V with Hb-poly(ethylene glycol)-
MW(CNTs [49], and —0.35 V with Hb-gelatin-CNT [50], suggesting
that most molecules retained their native structure after immobilization
on the PSMA-g-3ABA/MWCNTs matrix. In comparison, we find that the
peak currents obtained at the Hb-PSMA-g-3ABA/MWCNTSs/CPE are re-
markably larger than that obtained at the Hb-MWCNTSs/CPE (Fig. 6A,
curve b), suggesting that it is relatively difficult to realize the direct elec-
tron transfer of the Hb at the pristine MWCNTSs, which coincides with
the previous reports [50,51]. The results demonstrated that with the
benefits of the unique properties such as high surface area and good
electrical conductivity of MWCNTs as well as the biocompatibility of
PSMA-g-3ABA (with nanostructure), the PSMA-g-3ABA/MWCNTs
could facilitate the direct electron transfer between the Hb and the elec-
trode more effectively.

Fig. 6B shows the dependence of the current response of the Hb-
PSMA-g-3ABA/MWCNTSs/CPE in 0.1 M PBS (pH 7.0) on the amount
of MWCNTSs in nanocomposite (from 10 to 80% (w/w)). The anodic
and cathodic peak currents gradually increase with the increasing
concentration of the MWCNTSs, indicating that the MWCNTs facilitate
electron transfer between Hb and the electrode [28]. For Hb-PSMA-g-
3ABA/MWCNTSs/CPE, the peak current reached the steady state after
several CV cycles in buffers. Thus, all of the voltammetric experiments
with Hb-PSMA-g-3ABA/MWCNTs/CPE were conducted at their steady
states. The electrode construction pathway and the possible interaction
between MWCNTSs, PSMA-g-3ABA and Hb in the formation of modified
electrode are given in Scheme 1. The pH effect on the electrochemistry
of Hb was examined. The results show that the electrode potential of
the redox peak strongly depends on the pH of the electrolytes (Fig. 7).
Increasing the pH of the electrolyte (from 5.0 to 9.0) results in a linear
negative shift of the formal potential with a slope of —(0.0511 £ 1.2)
V pH~! (Fig. 7, inset), which is smaller than the theoretical value of
—0.059 V pH~! for reversible single electron transfer coupled with
proton [52]. The electron transfer between Hb and the electrode could
be expressed as follows: Hb/Fe(Ill) + H* + e~ = Hb/Fe(ll). The fact
that the slope value is smaller than —0.059 V pH™ ! is probably because
of the influence of the protonation states of trans ligands to the heme
iron and amino acids around the heme, or the protonation of the
water molecule coordinated to the central iron [53,54].

3.3. Effect of potential scan rate

The cyclic voltammograms of Hb-PSMA-g-3ABA/MWCNTs/CPE in 0.1
M PBS (pH 7.0) at different scan rates was studied in Fig. 8. When the
scan rate increased, the redox peak currents (i) of the adsorbed Hb in-
creased, accompanied by a slightly enlarged peak-to-peak separation
(AE,). The anodic and cathodic peak currents were linearly related to the
scan rate in the range of 0.01-0.2 V s~ ! with regression coefficients of
0.9964 and 0.9985, respectively (inset a in Fig. 8). This indicates that the
electron transfer process of Hb-PSMA-g-3ABA/MWCNTSs/CPE is surface
controlled. The apparent heterogeneous electron transfer rate constant
(ks) for Hb-PSMA-g-3ABA/MWCNTSs/CPE was estimated by cyclic volt-
ammetry with Laviron's method [52] of the following equations:
E

e = E7'~(2.3RT /omF) logv (1)

E,, = E” + (2.3RT/(1—0a))nF) logv )

pa

logk; = alog(1—a)
+ (1—a) loga- log(RT /nFv) — (1—a)oFAE, /2. 3RT (3)
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Fig. 9. CVs of Hb-PSMA-g-3ABA/MW(CNTSs/CPE in 0.1 M PBS (pH 7.0) containing different
concentrations of H,0, 0.0 (a), 30.0 (b), 40.0 (c), 60.0 (d), 80.0 (e) and 100.0 (f) pM at a
scan rate of 0.1 Vs~

where R is the charge transfer coefficient and n is the number of electrons
transferred. The relationships of peak potentials with log v were shown in
inset b of Fig. 8. According to Eqs. (1) and (2), the charge
transfer coefficient () can be calculated and the result found was 0.5.
The heterogeneous electron transfer rate constant (ks) was further calcu-
lated from the relationship of AE, with log v on the basis of Eq. (3), and
the result was 0.92 s~ . This value is larger than those of 0.58 s~ for Hb
entrapped in carbon nanotube [55] and 0.4 s~! on the polymer-Hb-
DMWCNT composite film [56], which implies that PSMA-g-3ABA must
play a key role in promoting the direct electrochemistry of Hb in the mod-
ified electrode.
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Fig. 10. Amperometric response of the H,0, biosensor to successive addition of different
concentration of H,0, in 0.1 M PBS (pH 7.0) at the working potential of —0.4 V. Inset:
plot of electrocatalytic peak current vs. concentration of Hy0,.
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From the integration of the Fe (III) reduction peaks of Hb-PSMA-g-
3ABA/MWCNTSs/CPE at different scan rates and according to Faraday's
law Q = nFAl* (where n is the electron-transfer number, F is Faraday's
constant, and A is the geometrical surface area of electrode), the surface
concentration (I'*) of the electroactive Hb in the Hb-PSMA-g-3ABA/
MWCNTs/CPE was estimated to be 2.8 x 10~ mol cm™2. This value is
larger than those of (5.0 + 0.3) x 10~ !° mol cm™2 on Hb/grafted
collagen-MWCNTSs [57], (5.74 + 0.57) x 10~ 2 mol cm ™2 on Nafion-
Hb-CNTs [58], 2.93 x 10~ '" mol cm™2 on Hb-agarose hydrogel [59],
and 4.34 x 107'° mol cm~2 on Hb-gelatin-CNTs [50], indicating
saturated protein adsorption and the high protein loading ability of
the PSMA-g-3ABA/MW(CNTs.

The Hb-PSMA-g-3ABA/MWCNTSs/CPE was stored at 4 °C, and the
stability was investigated by measuring the cyclic voltammogram
periodically. The results indicated that the peak potentials and currents
of Hb-PSMA-g-3ABA/MWCNTSs/CPE were stable for two weeks and then
decreased gradually. Also, the cyclic voltammetric peak potentials
appeared at the same position with the peak current decreased 20%
compared with the initial response after 1 month.

3.4. Electrocatalytic reactivity of modified electrode

The electrocatalytic activity of the Hb-PSMA-g-3ABA/MWCNTs/CPE
towards reduction of H,0, was first investigated by CV (Fig. 9). When
H,0, was added in the solution, there was a disappearance of the oxida-
tion peak and an increase of the reduction peak depending on the
concentration of H,0, in solution. This result confirms that Hb adsorbed
on PSMA-g-3ABA/MWCNTSs/CPE had a pseudo peroxidase activity. A
possible mechanism of reaction of H,0, catalyzed by the Hb-PSMA-g-
3ABA/MW(CNTSs/CPE is postulated as follows:

[HbFe(Ill)] + H* + e~ — [HbFe(Il)]
2[HbFe(I)] 4+ H,0, 4+ 2H™ + 2~ — 2[HbFe(Ill)] + 2H,0

According to above proposed mechanism, HbFe(Il) generated on the
electrode was chemically oxidized by H,0,, and the produced HbFe(III)
was reduced again at the electrode in a catalytic cycle. When increasing
the H,0, concentration, more and more HbFe(Il) was chemically
oxidized, resulting in an increase of the HbFe(IIl) reduction peak and a
decrease of the HbFe(Il) oxidation peak.

Electrocatalytic reductions of H,0, were performed by amperomet-
ric current-time method, which is one of the most frequently used tech-
niques for biosensor. Fig. 10 shows the amperometric responses of
different concentrations of H,0, at Hb-PSMA-g-3ABA/MWCNTs/CPE
with an applied potential of —0.4 V vs. Ag|AgCI|KCl (3.0 M) in 0.1 M
PBS (pH 7.0). From the steady-state current response of H,0-, at the
modified electrode, this proposed electrode achieved 95% of the
steady-state current within 5 s. It implies that the Hb-PSMA-g-3ABA/
MW(CNTSs/CPE might provide a favorable microenvironment for study-
ing the fast electrode process kinetics. The reduction currents are
proportional to the concentration of H,0, ranging from 1.0 x 107 to
5x 10~* M (inset of Fig. 10), with a regression equation of I, (LA) =
—0.57-0.21 C (uM) (R? = 0.9989). The detection limit is calculated to

be 3.2 x 1077 M (S/N = 3). Table 1 compares the performance of the
Hb-PSMA-g-3ABA/MWCNTs/CPE with the other sensors for electro-
chemical determination of H,0, reported in the literature, demonstrat-
ing that the obtained results from the present electrode are comparable
with other modified electrodes for determination of H,0,.

Kamin and Wilson [63] suggested that an enzymatic reaction is
catalytically controlled, and an apparent Michaelis-Menten constant
(Kn) can be calculated for the immobilized enzyme by the amperomet-
ric method. The Lineweaver-Burk [64] equation is as follows:

(1/iss) = (1/imax) + (Kin/imaxC) (1)

where i is the steady-state current after the addition of substrate, iy,ax
is the maximum current under saturated substrate conditions, and C is
the substrate concentration. K;,, can be obtained from the slope and
the intercept of the plot. Therefore, the K, value for this Hb-PSMA-g-
3ABA/MWCNTSs/CPE is calculated to be 0.22 mM. This value for apparent
Michaelis-Menten constant is smaller than the apparent Michaelis-
Menten constant of hemoglobin at Hb/graphene/chitosan 0.344 mM
[65], Hb/AuNPs/PDDA-G 0.57 mM [66], Hb/PEO,oP0O,0EO,o (P123)
0.51 mM [67], and Hb/PHD/MWCNTs 0.51 mM [30]. It is reasonable to
think that PSMA-g-3ABA/MWCNTSs nanocomposite provides a friendly
microenvironment to retain Hb's bioactivity. In addition, the porous
structure of PSMA-g-3ABA/MWCNTs/CPE provides a significant increase
in the effectiveness for Hb loading on the electrode surface, decreasing
the reorganizational energy for electron transfer and allowing the
electroactive probe to easily diffuse through the films.

3.5. Interference study

A possible interference of some substances that might occur in
real samples was evaluated. The interfering substance was added to
the PBS containing 10 pM H,0,. No significant interference could
be observed formatters, such as 60 UM of glucose, acetic acid, ethanol,
L-cysteine, L-tyrosine glycin citric acid, SO3~, CO3~, ClO3, CI~, Br™,
and [~ (signal change below 4%), indicating that these compounds did
not affect the determination of H,0,. In order to prove the reliability
of the proposed biosensor for H,0, detection, we applied the modified
electrode to the determination of H,0, in spiked rain water samples.
The obtained results are given in Table 2. The R.S.D. % and recovery cal-
culations indicate the potential practical application of our proposed
biosensor for H,0, in real samples.

3.6. Stability and reproducibility of the Hb-PSMA-g-3ABA/MWCNTs/CPE

The stability of Hb-PSMA-g-3ABA/MWCNTSs/CPE was investigated.
The biosensor could retain the direct electrochemistry of the
immobilized Hb at constant current values upon the continuous CV
sweep over the potential range from —0.7 Vto 0.0 Vat 100mVs™ !, sug-
gesting that Hb can tightly adsorb on the surface of PSMA-g-3ABA/
MW(CNTSs/CPE. When stored at 4 °C for over 2 weeks, the biosensor
retained 90% of the initial sensitivity to H,0,. The relative standard de-
viation (R.S.D.) of the biosensor is 1.43% for 10 successive determina-
tions in 1 x 10~% M H,0, solution, indicating a good precision. The

Table 1

The performances of the different modified electrodes for determination of H,0,.
Electrode Modifier pH Linear range (M) LOD (uM) Reference
Glassy carbon Poly(lactic-co-glycolic acid)/ionic liquid 7.0 5.0-8050.0 0.237 [60]
Glassy carbon Poly(acrylonitrile-co-acrylic acid) 7.0 9.2-2000.0 45 [45]
Glassy carbon Poly(e-caprolactone) 7.0 2.0-30.0 6.07 [61]
Gold electrode Poly-allylamine 7.0 2.5-500.0 0.2 [62]
Glassy carbon PHEMA-b-DMAEMA/MW(CNTSs 7.0 1.0-1500.0 035 [30]
Pyrolytic graphite Triblock copolymer EO»oPO70EO5o (P123) 6.0 1-500.0 05 [66]
Glassy carbon Poly(diallyldimethylammonium chloride)/gold nanoparticles/graphene 74 6.0-1010.0 039 [67]
Carbon paste PSMA-g-3ABA/MWCNTs 7.0 1.0-500.0 032 This work
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Table 2
The results of analysis of H,0, in rain water sample.
Sample Added (uM) Found (uM) Recovery R.S.D. (%)
Rain water 0.0 0.0 - -
200 19.8 99.0 43
30.0 30.2 100.6 52
80.0 81.1 101.3 3.8
120.0 1204 100.3 2.1

results demonstrated that PSMA-g-3ABA/MWCNTs nanocomposite film
was a suitable matrix for immobilization of Hb to retain its activity and
prevent it from leaking out of the film.

4. Conclusions

A simple method was developed for the effective immobilization of
Hb by the construction of PSMA-g-3ABA/MWCNTs nanocomposite.
This kind of nanocomposite film provided a favorable microenviron-
ment around Hb to retain its biological activity and native structure.
Moreover, the biosensor based on the PSMA-g-3ABA/MWCNTSs nano-
composite film modified electrodes exhibited good electrocatalytical re-
sponse to the reduction of H,0, with fast response, good reproducibility
and stability. Hence, it provides a promising application for copolymer
materials with low electrical conductivity for the study of direct electron
transfer of proteins and the development of third generation biosensors.
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