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A novel organic mesoporous material, polyacrylamide-P123 (PAM-P123) composite film, was used to incorpo-
rate hemoglobin (Hb) onto the surface of glassy carbon (GC) electrode for studying the direct electron transfer
of Hb and fabricating a sensitive biosensor of H,0,. Compared with inorganic mesoporous material, the PAM-
P123 composite film has better film-forming property, which is particularly useful for preparing modified elec-
trodes on various substrates for voltammetric measurements. The cyclic voltammetry of Nafion/Hb/PAM-P123/
GC modified electrode showed a couple of well-defined and quasi-reversible redox peaks at about 0.317 V
(vs. SCE) in pH 7.0 phosphate buffer solution. The Nafion/Hb/PAM-P123/GC modified electrode showed a fast
amperometric response and good stability for the detection of hydrogen peroxide. The results indicate that the
PAM-P123 film has a promising potential in fabricating third-generation electrochemical biosensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical sensors were widely applied in real clinical, envi-
ronment, food and industry related samples due to their high sensitivity
and selectivity, fast response, low cost, and potential for continuous on-
line detection of complex systems [1-4]. Since the catalytic process and
chemical properties of redox enzymes with mediator are very complex,
utilization of the direct electrochemistry of redox enzymes has attracted
much interest in recent years. However, it is difficult for an enzyme or a
protein to carry out a direct electrochemical reaction due to several fac-
tors. Firstly, the electroactive centers of redox proteins are deeply em-
bedded in the insulated protein shells, resulting in a very long
distance between the electroactive centers and underlying electrodes,
so it is difficult to transfer electrons directly to the conventional elec-
trodes [5]. Secondly, loss of electrochemical activities and bioactivities
often occur when proteins are adsorbed on the electrode surface [6].
An effective method to realize direct electrochemistry of enzymes is
to incorporate them into cast films modified on electrode surface
[7,8]. Great efforts have been devoted to explore new supporting mate-
rials and suitable methods of immobilization of proteins onto the
electrode surface to obtain their direct electrochemical reactions.
Various materials such as surfactants [9-11], polymers [12-15] and
nanomaterials [16-25] have been exploited for immobilizing proteins
and facilitating the electron transfer of proteins.
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The inorganic mesoporous materials have been widely applied in
the study of direct electron transfer of proteins, due to their unique
properties of high surface area, good biocompatibility and nontoxicity
[26-28]. The mesoporous materials can provide favorable microenvi-
ronments for proteins and enhanced electron transfer between the
electroactive centers of proteins and electrodes surface. However, the
electronic insulating property of inorganic silica mesoporous materials
and the relatively weak adhesive stability between mesoporous
materials and electrode surface inhibit their application in the electro-
chemical field [29]. An assembly of stable sensing structures requires
strong binding of supporting materials to solid supports [12]. Thus, we
expect to use a kind of organic mesoporous material, which not only
inherits the advantages of their polymer matrix but also presents
large surface area, as a new film-forming material to study the direct
electron transfer of redox protein. To the best of our knowledge, no
electrochemistry of heme proteins in organic mesoporous modified
electrode has been studied.

In our previous work, a novel organic mesoporous material
polyacrylamide-P123 (PAM-P123) composite film was prepared using
a simple water-evaporation-induced self-assembly method, which has
lamellar structure and good film-forming property [30]. In this paper,
the PAM-P123 composite film was used for immobilizing Hb on glassy
carbon (GC) electrode surface and studying the electron transfer of
Hb. The structural features of Hb immobilized on PAM-P123 film were
characterized using UV-Vis spectra and AFM method. The effect of
PAM-P123 composite film on direct electron transfer of Hb was investi-
gated by cyclic voltammetry (CV) method. The influences of scan rate
and pH value of buffer solution on Nafion/Hb/PAM-P123/GC were
investigated in detail. The electrocatalitic reduction of hydrogen perox-
ide on Nafion/Hb/PAM-P123/GC modified electrode was also studied.
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2. Experimental
2.1. Reagents

Hb (MW 64,500, from bovine blood) was purchased from Sigma
Co. Ltd. (USA). Pluronic P123 (EO,oP0O70EO29, MW =5800) was
obtained from BASF. Acrylamide (AM), ammonium persulfate (APS)
and formaldehyde (37-40 wt.%) were obtained from Shanghai Lin-
Feng Chemical Reagent Ltd. (China). Phenol was purchased from
Shanghai Fei-Da Trade Ltd. Phosphate buffer solutions (PBS) contain-
ing 0.1 mol-1~ ! KCI (pH 7.0) were prepared by mixing stock standard
solutions of Na,HPO, (0.1 mol-1~1!) and KH,PO,4 (0.1 mol-1~1). All
solutions were prepared with doubly distilled water.

2.2. Synthesis of PAM-P123 composite film

The synthesis of PAM-P123 composite was performed according to
the reference [30] with some modifications. Firstly, a soluble low-
molecular-weight PAM precursor (p-PAM) was prepared by a basic
polymerization method. AM (1.0 g) was dissolved in 80 ml H,O at
room temperature in a three-necked flask equipped with a reflux
condenser and a magnetic stirrer. The solution was deoxygenated
with bubbled nitrogen at 60°C for 15min. Then 20ml of APS
(14%x 10~ " mol-1—1) initiator aqueous solution was added into the
flask, after 60 min, a p-PAM sol was obtained.

The above PAM precursor, p-PAM, was mixed with 30 ml P123
aqueous solution (1.03x10~?mol-1~") and stirred at 40 °C for 4 h.
Phenol (0.13 g) and formaldehyde (0.34 g) were dissolved in 50 ml
water, and this solution was used as a cross-linking reagent. After the
cross-linking reagent was added, the solution was heated to 70 °C and
stirred for 60 min under nitrogen atmosphere. The PAM-P123 solution
was obtained.

Finally, the obtained PAM-P123 solution was dialyzed against
doubly distilled water for several times to remove AM monomer,
phenol and formaldehyde using a semi-permeable membrane.

2.3. Electrode modification

Prior to preparation of modified electrode, GC electrode of 3.0 mm
in diameter was mechanically polished to a mirror finish with
0.05 pm alumina slurry, then ultrasonically washed with 1:1 HNO3
(v/v), NaOH (1.0 mol-1~1), ethanol and redistilled water for 30s,
respectively. In a typical procedure, 10 pl of the PAM-P123 solution
was dropped on the pretreated GC surface and dried for 2 h at room
temperature. Then 10l of 10 mg-ml~! Hb solution was spread
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Fig. 1. Low-angle XRD patterns of PAM-P123.
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Fig. 2. UV-Vis spectra of (a) Hb and (b) Hb/PAM-P123 in 0.1 M PBS (pH 7.0).

onto the dry PAM-P123 film surface. Until the Hb/PAM-P123 film
dried for about 3 h, 5 ul of Nafion solution was dropped and dried
for 1 h at room temperature. The modified electrodes were noted as
Nafion/Hb/PAM-P123/GC. The electrodes were stored at 4 °C in a
refrigerator.

2.4. Apparatus and measurements

Electrochemical experiments were carried out on a CHI 430A
electrochemical workstation (Shanghai Chenhua, China) with a three-
electrode system: a modified GC electrode as the working electrode, a
platinum electrode as counter electrode and a saturated calomel
electrode (SCE) as reference electrode. The CV experiments were
carried out in 5 ml of 0.1 mol-1~! PBS (pH 7.0) at room temperature.
The solutions were bubbled with highly purified nitrogen for at least
20 min to remove oxygen, and nitrogen atmosphere were maintained
over the solutions during the experiments.

The low-angle X-ray powder diffraction (XRD) patterns were
recorded using a Rigaku D/max 2550 VB/PC diffractometer with the Cu
Ko radiation (A=0.154056 nm). UV-Vis spectra were recorded on
Shimadzu UV-2450 spectrophotometer. The AFM topography images
were obtained in tapping mode by an AFM (AJ-III, Aijian Nanotechnology
Inc,, China) with a triangular microfabricated cantilever (Mikro Masch Co.,
Russia).

3. Results and discussion
3.1. Characterization of PAM-P123 by XRD

Fig. 1 shows the low-angle XRD pattern obtained from the
PAM-P123 solution deposited on glass substrate. The XRD diffraction
peaks of PAM-P123 film appeared at 0.70° and 1.40° indexing as the
(100) and (200) planes, which suggests a typical feature of lamellar
structure [31,32]. The PAM-P123 composite film with lamellar structure
can be easily formed on solid surface, which is suitable for immobiliza-
tion of protein and modification of electrode.

3.2. UV-Vis spectra

It is important to immobilize Hb on the surface of the modified
electrode without its denaturation. It is well known that the position
of the Soret absorption band of Hb in UV-Vis spectra can provide
information about possible denaturation of Hb. Fig. 2 exhibits the
UV-Vis spectra of Hb and Hb/PAM-P123 on quartz glass substrate.
Hb/PAM-P123 film gives a Soret band at 412 nm, which is the same
as the Soret band at 412 nm for Hb film. These results indicate that
the secondary structure of Hb immobilized on the surface of PAM-
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Fig. 3. AFM images and corresponding profile analysis of (a) PAM-P123 and (b) Hb/PAM-P123 film.

P123 is not destroyed. Thus, the PAM-P123 composite film can be
used to immobilize Hb molecules while retaining their native struc-
tures and biological activities.

3.3. AEM and SEM

The structural features of Hb immobilized on PAM-P123 film
were characterized using AFM method. Fig. 3 shows the surface
morphologies of PAM-P123 film and Hb/PAM-P123 film on sur-
faces of mica wafer and the corresponding profile analyses, re-
spectively. A relatively smooth surface can be clearly seen in
AFM image of PAM-P123 film (Fig. 3a), which indicates that the
PAM-P123 solution can be uniformly distributed to be a homoge-
neous film when it is dried on a smooth surface. After the casting
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Fig. 4. AFM images and corresponding profile analysis of PAM-P123 film.

of the Hb solution on the PAM-P123 film, the surface of Hb/PAM-
P123 film (Fig. 3b) becomes much rougher with many bright con-
vex spots resembling small mountains, and the profile analysis ex-
hibits large fluctuations different from that of the virgin PAM-
P123 film. Comparatively, the root-mean-square roughnesses of
the two figures were 0.13 and 3.74 nm, respectively. It has been
suggested that the Hb protein is loaded on the smooth PAM-
P123 film to be aggregates [33]. The thickness of PAM-P123 was
measured using AFM height image of PAM-P123 with scratching
method [34]. Fig. 4 shows AFM images and corresponding profile
analysis of PAM-P123 film. The film thickness of PAM-P123 can
be estimated to be 280430 nm from the cross-sectional analysis.

SEM was also used to characterize and compare the morphologies of
PAM-P123 and Hb/PAM-P123 with the results shown in Fig. 5. It can be
seen that the PAM-P123 film is fairly smooth on a large area (Fig. 5a).
The image in Fig. 5b shows that the aggregates of the immobilized Hb
molecules are distributed regularly, resulting in a film-like structure.
The SEM results are consistent with the AFM results (Fig. 3).

3.4. Direct electrochemistry of Nafion/Hb/PAM-P123/GC modified electrode

As mentioned above, the PAM-P123 film was prepared using a
water-evaporation-induced self-assembly method. The film with a
biomembrane-like lamellar structure can be formed on glass substrate
or metal electrode surface, which can be used as interface layer to
immobilize biological components. Therefore, the PAM-P123 film was
used for immobilizing Hb on GC electrode surface and studying the elec-
tron transfer of Hb in the following electrochemistry experiment.

The PAM-P123 film can be considered as a hybrid material, which
retains the original properties of PAM and P123 while giving to the
composite distinct chemical and physical properties that differ from
those exhibited by the individual components. PAM has a long hydro-
phobic carbon backbone with hydrophilic amide groups. P123 is an
amphiphilic triblock copolymer that consists of hydrophilic PEO
segments and hydrophobic PPO segments. The interaction between
PAM-P123 and Hb is complicated, mainly containing hydrophobic
interaction, hydrogen bond and van der Waals force [35]. In this way,
PAM-P123 film can adsorb Hb on its surface. Since PAM-P123 film and
Hb are water soluble to some extent, Nafion was used to enhance
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Fig. 5. SEM micrographs of (a) P123-PAM and (b) Hb/PAM-P123.

stability of the modified electrode and to prevent Hb molecules release
of under the conditions of liquid phase and electricity.

The electrochemistry properties of Nafion/Hb/PAM-P123/GC modi-
fied electrode were characterized by the CV method. Fig. 6 shows the
CVs at 0.3 V-s~!in pH 7.0 PBS of PAM-P123/GC electrode and Nafion/
Hb/PAM-P123/GC electrode. No clear peak was observed in the CV of
PAM-P123/GC electrode (Fig. 6a), indicated that PAM-P123 film is elec-
troinactive in potential window. A couple of well-defined and quasi-
reversible redox peaks can be observed at Hb/PAM-P123/GC electrode
(Fig. 6b). Under the same conditions, a more obvious couple of well-
defined and reversible redox peaks can be observed in the CV of
Nafion/Hb/PAM-P123/GC electrode at about —0.366V and —0.268 V
(Fig. 6¢), which can be ascribed to the redox of the electroactive center
Fe(Ill)/Fe(II) of Hb. Besides, the formal potential [E*’ = (Ep,+ Epc)/2]
is —0.317 V (vs. SCE), which is more positive than the values of Hb in
inorganic mesoporous material modified electrode (e.g., E* of Hb/
SBA-15/GC is —0.343V (vs. SCE) and E” of Hb/MCF/GC
is —0.358 V(vs. SCE) [36]. This may be attributed to a specific influence
of film environment on E” of heme proteins that had been reported pre-
viously [37]. Based on the above experiments results, it can be conclud-
ed that the main reason for the dramatic improved electrochemical
properties of Nafion/Hb/PAM-P123/GC is that PAM-P123 film provides
a favorable biomembrane-like microenvironment to avoid denatur-
ation of Hb molecules and facilitate transfer electrons directly with
underlying electrodes [38,39].

The effect of scan rate on the electrochemical response of Nafion/
Hb/PAM-P123/GC is demonstrated in Fig. 7a. The reduction and oxi-
dation peak currents for Hb increase linearly with the scan rate
from 0.1 to 1.0V-s~" (Fig. 7b). The regression equations are I,c/
A=3.65(£0.03)x10" ®v/V-s~ 1 —1.91(+1.86)x 10~ 2 and I,,/A=

04 02 00 02  -04 0.6 -08
E/V (vs SCE)

Fig. 6. CVs of (a) PAM-P123/GC electrode, (b) Hb/PAM-P123/GC, and (c) Nafion/Hb/PAM-
P123/GC electrode at 0.3 V-s~ ' in pH 7.0 PBS.

—3.41(4+0.04)x 10~ Sv/V-s71 —1.88(4+2.52)x 10~ 8 with correla-
tion coefficients of 0.9997 and 0.9994, respectively. On the contrary,
charge (Q) values calculated by integration of the oxidation peaks
are independent of the scan rates in the same range. These results
correspond to the characteristics of surface or thin layer electrochem-
istry [40-42], suggesting that the electroactive HbFe (III) in the film
are converted to HbFe (II) on the forward scan and vice versa. The
surface concentration of electroactive Hb (I™) was estimated from
the integration of the oxidation peak in the CVs according to the
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Fig. 7. (a) CVs of Nafion/Hb/PAM-P123/GC electrode in pH 7.0 PBS at different scan
rates. From inner to outside: 0.1-1.0 V-s~'.(b) Redox peak current/uA as a function
of the scan rate/V-s~ .
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pH values.(b) Dependence of the formal potential on the solution pH.

equation:

'« = Q(nFA)™' 1)
wherein Q is the charge involved in the reaction (Q=5.20 x 10~7C),nis
the number of electrons transferred (n=1), F is the Faraday's con-

stant(F=96500 C/mol), and A is the electrode area
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Fig. 9. CVs of Nafion/Hb/PAM-P123/GCE electrode in PBS solution (pH 7.0) containing
different H,0, concentrations: (a) 0, (b) 5, (c) 10, (d) 15 umol -1~ 1.
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Fig. 10. Amperometric response of Nafion/Hb/PAM-P123/GC at — 0.4 V upon successive
additions of H,0, in PBS (pH 7.0).

(A=7.06x1072 cm?). Based on the above equation, I'* can be calculated
to be 7.64x 10~ ! mol-cm 2. This value is only 0.35% of the total amount
of Hb deposited on the electrode surface. The relative amount of the elec-
troactive proteins on the electrode surface are always below 1% for all the
heme proteins. These results indicate that only those proteins in the inner
layers of the films close to the electrode and with a suitable orientation
can exchange electrons with the electrode surface. The I'* value obtained
in our experiment is about three times larger than that of theoretical
monolayer coverage of Hb (1.89x 10~ ' mol-cm~2) [43]. This may sug-
gest that a multilayer of Hb participate in the electron transfer process on
the PAM-P123 modified electrode.

The effect of pH value of the supporting electrolyte on the peak poten-
tials of the Nafion/Hb/PAM-P123/GC electrode was also investigated. As
seen from Fig. 8a, an increase in the solution pH value caused a negative
shift in both cathodic and anodic peak potentials. The formal potential
(E®") [E*" = (Epa+ Epc)/2] with a strong dependence on the pH value of
the external solutions indicated that the transfer of one proton and one
electron per heme group occurred according to the reaction shown
below [44]. Fig. 8b shows a linear relationship between E°” and pH value
with the slope of 54 mV/pH, which is close to the theoretically expected
value (59 mV/pH) for one electron and one proton reaction [45].

Hb hemeFe (Ill) + H" + e~ =Hb hemeFe (II) (2)
0.4+ .
i L]
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Fig. 11. Calibration curves of steady-state currents versus concentrations of H,0, for
Nafion/Hb/PAM-P123/GC electrodes.
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Table 1

Linear range and detection limit for different H,0, biosensors based on the direct electron transfer of Hb.
Different H,0, biosensors Immobilized Hb technique description Linear range (mol 17) Detection limit (mol 17) Reference
Hb/P123-NGP/GC nanotechnology 1.0x107°-1.5x10~* 8.24x10°6 [46]
Hb/SDS/Ti0,/GC liquid phase deposition technique 50x1077-40x107° 8.7x1078 [47]
Hb/IL/CILE carbon ionic liquid electrode method 1.0x1074-50x1073 4%10° [48]
Hb/sol-gel/CPE sol-gel technology 5%x1076-7x10~4 - [24]
Hb/PAM-P123/GC water-evaporation-induced self-assembly method 1.0x107%-3.0x107° 4x1077 This work

3.5. Electrocatalytic properties of Nafion/Hb/PAM-P123/GC electrodes

The electrocatalytic properties of Nafion/Hb/PAM-P123/GC modi-
fied electrodes for the reduction of H,O, were investigated. Fig. 9
shows the cyclic voltammograms of the electrode in 0.1 M PBS (pH
7.0) in absence or presence of H,0,. When H,0, (5 pumol -1~ ') is present
in PBS, the anodic peak current of Nafion/Hb/PM-P123/GC electrode de-
creases and the cathodic peak current increases (Fig. 9b). Increasing the
H,0, concentration, the cathodic peak currents continue to increase,
while the anodic peak currents disappear gradually (Fig. 9c and d).
These results indicate that the Hb immobilized in PAM-P123 film on
GC has electrocatalytic activity to the reduction of H,0,.

Fig. 10 shows the amperometric response of modified electrodes
at —0.4V upon successive additions of 5x10~*mol-1=! H,0, in
PBS. The amperometric response reaches 95% of the steady-state cur-
rent in less than 5 s on the Nafion/Hb/PAM-P123/GC modified elec-
trode, showing a very fast electrocatalytic response. In addition,
with increasing added concentration of H,0,, the response of the
Nafion/Hb/PAM-P123/GC modified electrode increased. For compari-
son, no obvious electrocatalytic response of H,0, was observed on
the Nafion/PAM-P123/GC modified electrode without Hb incorporat-
ed. These results suggest that the catalytic reduction reaction was due
to the interaction between immobilized Hb and H,0,.

Calibration curves of steady-state currents versus concentrations of
H,0, for Nafion/Hb/PAM-P123/GC electrodes were shown in Fig. 11.
The reduction peak current increased with increasing concentration of
H,0,. Under optimal conditions, the linear response range of the sensor
to H,0, concentration was from 1 to 30 M with a correlation coeffi-
cient of 0.9990. The calculated detection limit was 4x10~7 mol-1~!
(S/N=3). When the concentration of H,O, was higher than
30 umol-17", a plateau was observed, showing a characteristic of the
Michaelis-Menten kinetic mechanism. Table 1 shows the performance
of the here proposed H,0, biosensor in comparison with some previous
works [46-48,24]. As can be seen, the results obtained with Hb/PAM-
P123/GC electrode present a reasonable linear range and a detection
limit lower than that of some works reported in the literature.

The apparent Michaelis-Menten constant (Ky,), which reflects both
the enzymatic affinity, can be calculated from the electrochemical
version of the Lineweaver-Burk equation [49]:

1/lss = 1/Iss max + Kin/lss maxC 3)

wherein I is the steady-state current after the addition of substrate, Cis
the bulk concentration of the substrate, and Iss max iS the maximum cur-
rent measured under saturated substrate conditions. In this system, its
linear regression equation is y=76.35(+1.41)x+2.11(4+0.54)
(R=0.9986, n=10), wherein y and x stand for 1/l ((uA)~!) and 1/C
((uM)~ 1), respectively. From the intercept and slope of this linear re-
gression equation, K, was calculated to be 0.036 mmol-1~"' for the
Nafion/Hb/PAM-P123/GC modified electrode. This value is smaller
than Hb/3-mercaptopropylphosphonic acid/Au electrode of 0.042 mM
[50], Ky, of 0.176 mM for Hb-CuO NWB/GC electrode [20], K, of
0.51 mM for Hb/P123/PG electrode [39], 0.898 mM Hb in silica sol-gel
film [51]. The small K, value indicates that the immobilized Hb on the
Nafion/Hb/PAM-P123/GC electrode has a high biological affinity for
H,0- and higher catalytic activity for reduction of H,0,.

The stability of the Nafion/Hb/PAM-P123/GC modified electrode
was investigated. After the modified electrode was stored at 4 °C in
refrigerator for about 7 days, the sensor retained about 95% of its initial
sensitivity for the reduction of H,0,, while a month later, 90% efficiency
was retained. On the other hand, the experiments on six electrodes that
were made independently showed an acceptable reproducibility with
the relative standard deviations of 5.3% for the current determinations
of 10 umol -1~ ! H,0,.

4. Conclusions

In this work, direct electrochemistry of Hb was observed when the
proteins were immobilized on organic mesoporous material PAM-
P123 composite film. The electrode reactions showed a surface-
controlled process at the scan rate range from 0.1 to 1.0 V-s~'. The ap-
parent standard potentials of Hb on the PAM-P123 film change linearly
with solution pH in the range from 5.0 to 9.0, with a slope of 54 mV/pH.
These results suggest that PAM-P123 composite film provides an effi-
cient strategy and a new promising platform for the study of electron
transfer of redox proteins. Good electrocatalytic properties of the
Nafion/Hb/PAM-P123/GC electrode toward hydrogen peroxide indicate
that the films have a promising potential in fabricating the third-
generation electrochemical biosensors.
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