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ABSTRACT

Anovel superoxide anion (0O,*~) biosensor is proposed based on the immobilization of copper-zinc super-
oxide dismutase (SOD) in a gold nanoparticle-chitosan-ionic liquid (GNPs-CS-IL) biocomposite film. The
SOD-based biosensor was constructed by one-step ultrasonic electrodeposition of GNP-CS-IL composite
onto glassy carbon electrode (GCE), followed by immobilization of SOD on the modified electrode. Sur-
face morphologies of a set of representative films were characterized by scanning electron microscopy.
The electrochemical performance of the biosensor was evaluated by cyclic voltammetry and chrono-
amperometry. A pair of quasi-reversible redox peaks of SOD with a formal potential of 0.257V was
observed at SOD/GNPs-CS-IL/GCE in phosphate buffer solution (PBS, 0.1 M, pH 7.0). The effects of varying
test conditions on the electrochemical behavior of the biosensor were investigated. Furthermore, sev-
eral electrochemical parameters were calculated in detail. Based on the biomolecule recognition of the
specific reactivity of SOD toward O,*~, the developed biosensor exhibited a fast amperometric response
(<55s), wide linear range (5.6-2.7 x 10°> nM), low detection limit (1.7 nM), and excellent selectivity for
the real-time measurement of O,°*~. The proposed method is promising for estimating quantitatively the
dynamic changes of O,°~ in biological systems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: 0,°*~, superoxide anion; SOD, superoxide dismutase; GNPs-

CS-IL, gold nanoparticle-chitosan-ionic liquid; GCE, glassy carbon electrode; ROS,
reactive oxygen species; GNPs, gold nanoparticles; CS, chitosan; IL, ionic liquid;
XOD, xanthine oxidase; XAN, xanthine; [bmim][BF4], 1-butyl-3-methylimidazolium
tetrafluoroborate; CV, cyclic voltammetry; E, formal potential; Ep,, peak potential;
Eyc, cathodic peak potential; Ep, peak-to-peak separation; AA, ascorbic acid; UA, uric
acid.
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The superoxide anion (O,°*~), the primary species of reactive
oxygen species (ROS), is closely implicated in many physiological
and pathological processes [1]. On the one hand, it functions as
a defense against viral or bacterial attack. On the other hand, it
can lead to damage of proteins, DNA, and lipid structures in the
human body [2]. The excessive generation of O,°~ may induce
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pathological conditions including cancer, stoke, and progressive
neurodegenerative disease [3]. Hence, evaluating dynamic changes
in the superoxide concentration quantitatively is of great signifi-
cance in a variety of in vitro and in vivo models. However, it is a
long-standing and relatively challenging problem because of the
high reactivity, short half-life (in the ms to s range), and rather
low basal concentration of 0,°~ in a biological system [2]. To date,
extensive efforts have been devoted to assaying O,°~, by meth-
ods including electron spin resonance (ESR) [4], high performance
liquid chromatography, triple quadrupole mass spectrometry [5],
and chemiluminesence [6]. A majority of these methods suffered
from serious limitations, however. For instance, although ESR can
detect free radicals directly, it is limited by its low sensitivity and
the cost of ESR spectrometers [7]. Nowadays, the electrochemi-
cal method appears much more attractive for determining O,°~,
mainly due to its advantages of high sensitivity and good selectiv-
ity, and its capability in terms of direct and real-time detection [8].
Of the hitherto-reported approaches to the electrochemical mea-
surement of 0,°~, the enzyme sensor has attracted a great deal of
interest over the past several years.

It is well recognized that (copper, zinc)-superoxide dismutase
(SOD), ubiquitously distributed in aerobic organisms, can protect
organisms from the toxic effects of O,*~ by specifically catalyzing
the dismutation of O,°*~ to O, and H, 0. So, electrochemical studies
of SOD are very necessary to understand the intrinsic thermody-
namic and kinetic properties of SOD and to prepare SOD-based
third-generation biosensors for O,°*~ [2,9]. Recently, several strate-
gies have been employed to realize direct electron transfer of SOD,
for example, the use of nanomaterials [9,10]. Gold nanoparticles
(GNPs) have been widely used to immobilize enzymes because
of their large surface area and their good biocompatibility and
conductivity [11,12]. One approach for the preparation of GNPs
is electrodeposition, which allows control of the particle size and
distribution of GNPs by varying the deposition potential, concen-
tration, buffer solution, and deposition time [10]. In particular,
ultrasonic electrodeposition combines the features of ultrasound
and electrodeposition, and thus exhibits good performance in fab-
ricating well-dispersed GNPs [13]. Uncoated GNPs, however, are
sensitive to environmental factors, such as pH, temperature, and
solvents, because of the strong reactivity of the free electrons
present on their surfaces [14]. So, they easily tend to aggregate
when used in such media. To address this challenge, protective
species, such as chitosan (CS), may be added to stabilize the GNPs
[14].

CS is an aminopolysaccharide biopolymer, possessing many
useful properties such as excellent film forming ability, biocom-
patibility, and high mechanical strength [15]. Consequently, the
net charge and solubility of CS is pH-dependent. Usually, electrode-
position is carried out at reducing potential, and H* in solution is
consumed at the cathode. Using the locally generated H* gradient,
acidic side chains of CS are titrated. As a result, the solubility of CS
is changed, leading to the controlled deposition of a CS film [16].
Furthermore, CS-based biocomposite films could be conveniently
prepared by effective incorporation of functional substrates such
as ionic liquids (ILs). ILs are ionic compounds composed of bulky
asymmetric cations and small anions, which preserve their liquid
state over awide temperature range [17]. They have attracted much
attention due to their low toxicity, wide potential window, high
thermal stability, good conductivity, and electrochemical stability
[18].

Herein, a novel 0,°~ biosensor was fabricated by immobiliz-
ing SOD on a one-step ultrasonically electrodeposited GNP-CS-IL
film. In the electrodeposition process, a HAuCl4 solution was first
mixed with CS and IL, and then electrochemically reduced under
a certain voltage. The produced GNPs were deposited onto glassy
carbon electrode (GCE) along with IL-incorporated CS.

2. Experimental

2.1. Reagents and apparatus

Bovine erythrocyte copper-zinc superoxide dimutase (SOD),
xanthine oxidase (XOD), and CS were bought from Sigma (USA).
The concentration of SOD stock solution, prepared by directly
dissolving SOD in 0.1 M phosphate buffer solution (PBS, pH
7.0), was 3000UmL-'. A 5mgmL-! CS aqueous solution was
prepared by ultrasonically dissolving CS in 0.1 M acetic acid.
Then, the pH of —CS solution was adjusted to 5.0 using 1.0M
NaOH. HAuCly-4H;0 (Au%>48%) and xanthine (XAN) were pro-
vided by Aldrich. 1-Butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]), a hydrophilic IL, was purchased from Chengjie
Chemical Ltd. Corp. (Shanghai, China). The supporting electrolyte
solution for experiments was 0.1 M pH 7.0 PBS. All other chemicals
were of analytical reagent grade. Deionized double-distilled water
was used throughout the experiments.

All the electrochemical measurements were performed on a CHI
660A electrochemical workstation. A standard three-electrode sys-
tem, with a film-modified GCE as working electrode, a saturated
calomel electrode (SCE) as reference electrode, and platinum foil as
auxiliary electrode, was used in the measurements. All potentials
given in this paper are referred to SCE. Nitrogen atmosphere was
maintained during the measurements. The pH value of the elec-
trolyte was determined by a 320-S acidity meter (Mettler-Toledo,
Switzerland). A JEOL JSM-5510LV scanning electron microscope
(SEM, Japan) was applied for characterizing the prepared samples.

2.2. Preparation of biosensor

The preparation process for the biosensor is described in
Scheme 1. The electrochemical deposition process was first car-
ried out by dipping the pretreated GCE in a CS solution containing
0.2 mgmL~! HAuCl, and 1% IL at —2.0V for 300's under ultrasonic
irradiation. Then, the resulting electrode was removed from the
solution and thoroughly rinsed with water. After drying, 5 wL SOD
solution (3000 UmL~1) was dropped onto GNP-CS-IL/GCE surface,
and the electrode referred in the text as SOD/GNP-CS-IL/GCE was
fabricated. For comparison, GNP-CS-IL/GCE, SOD/GNP-CS/GCE, and
SOD/CS-IL/GCE were also prepared by analogous procedures.

3. Results and discussion
3.1. Morphology characterization of the fabricated biosensor

Morphologies of a set of typical films were explored by SEM
(Fig. 1). The image of SOD film (Fig. 1a) contained bright glob-
ular shapes, which were attributed to the deposition of heavily
aggregated SOD molecules. GNP-CS film (Fig. 1b) showed a large
number of uniform granular protuberances. Such well-dispersed
GNP-CS particles may be related to the effects of CS. It is rea-
sonable to deduce that positively charged CS could bind AuCls—,
and that amine groups of CS could interact with GNPs [19]. The
image of GNP-CS-IL showed that the nanoparticles had a quite uni-
form distribution (Fig. 1c). It is deduced that the application of IL
block the aggregation of nanoparticles (NPs) to a certain extent. As
shown in Fig. 1d, SOD/GNP-CS membrane looked rough and incom-
pact, with some agglomerates, which indicated the aggregation of
SOD. A rather uniform and smooth surface with orderly nanopores
could be observed in SOD/GNP-CS-IL matrix (Fig. 1e), which may
arise from the following aspects. IL has low interface tension and
thus can enhance the nucleation rate, which helps the formation
of smaller GNP-CS particles [20]. Additionally, IL might act as a
template, like alkylammonium surfactants and amphiphilic block
copolymers [21].
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Scheme 1. Schematic representation of the assembly process of SOD/GNPs-CS-IL/GCE.

3.2. Cyclic voltammetry characterization of the biosensor

To discern the role of each component and the possible synergy
between them, cyclic voltammograms (CVs) of different electrodes
were collected and displayed in Fig. 2. No response was observed
for GNP-CS-IL/GCE (Fig. 2a). A pair of quasi-reversible redox peaks
with formal potential (E®) of 0.257 V appeared for SOD/GNP-CS-
IL/GCE (Fig. 2b), suggesting that the pair of peaks resulted from
the electrochemical redox reaction of the copper moiety in SOD
[22]. Without IL, the current response of SOD/GNP-CS/GCE matrix
(Fig. 2c) was faint and feeble, meaning that IL played an important

3 .
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role in facilitating the direct electron transfer of SOD. Without
GNPs, peak currents decreased remarkably, and the cathodic peak
became ill-defined in SOD/CS-IL/GCE (Fig. 2d), demonstrating that
the GNPs significantly promoted the electron transfer between SOD
and the electrode. Therefore, the integration of IL with GNPs was
responsible for an extraordinary synergistic enhancement of the
electron transfer rate of SOD. Moreover, the highly porous structure
of SOD/GNP-CS-IL, produced due to the generation of H, bubbles
during the electrodeposition process, had many positive effects,
such as facilitating mass access, making substrate transport effec-
tive, releasing the inner stress of the film, and preventing phase

- 90K, Yi000 G5 4 98,3

Fig. 1. SEM images of (a) SOD, (b) GNP-CS, (c) GNP-CS-IL, (d) SOD/GNP-CS, and (e) SOD/GNP-CS-IL on glassy carbon.
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Fig. 2. CVsof (a) GNP-CS-IL/GCE, (b) SOD/GNP-CS-IL/GCE, (¢) SOD/GNP-CS/GCE, and
(d) SOD/CS-IL/GCE in 0.1 M pH 7.0 PBS at a scan rate of 0.1V s,

cracking [23]. All these had benefits for the good performance of
the biosensor.

3.3. Selection of the optimum experimental conditions

3.3.1. Influence of pH on the electrochemical behaviors of the
biosensor

The effects of the pH of the supporting electrolyte on the elec-
trochemical behaviors of SOD were investigated over the range of
4.0-8.5. As shown in Fig. 3A, peak potentials shifted negatively with
increasing pH, implying that the electrochemical process involved
proton transfer. Furthermore, the anodic peak potential (Epa), the
cathodic peak potential (Epc), and E*” were all linearly dependent
on pH, with slope values of 40, 50, and 45 mV/pH, respectively. All
those slope values are close to the theoretical value of 57.6 mV/pH
at 18°C [24], giving evidence that the electrode reaction of SOD is
a one electron transfer accompanied by an equal number of pro-
tons. The cathodic peak currents changed significantly over the pH
range (see Fig. 3B). The maximum value of the peak currents was
achieved at pH 7.0. So, pH 7.0 was deemed to be the optimum pH
and used in the further experiments.
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Fig. 4. CVs of SOD/GNP-CS-IL/GCE at different scan rates (from inner to outer): 10,
30, 50, 80, 100, 150, 200, 300, and 400 mVs~! in 0.1 M pH 7.0 PBS. Inset: plots of
peak currents vs. scan rate.

3.3.2. Influence of scan rate on electrochemical behaviors of the
biosensor

CVs of SOD/GNP-CS-IL/GCE with scan rates in the range from 10
to 400mVs~! were collected and shown in Fig. 4. With increas-
ing scan rate, the anodic and cathodic peak currents of SOD
increased continually, while the peak-to-peak separation (AEp)
also increased. The linear dependence of the anodic and cathodic
peak currents on the scan rate (inset of Fig. 4) revealed that the
electron transfer process of SOD was surface-confined. What is
more, the charge consumed (Q), obtained by the integration of
the reduction peaks, remained almost unchanged regardless of
scan rate. According to Faraday’s law [25], Q=nFAI"" (where n is
the number of electrons transferred, and F and A stand for the
Faraday constant and the geometric area of the modified elec-
trode surface, respectively). Therefore, I"* (surface coverage) of
electro-active SOD in SOD/GNP-CS-IL/GCE was estimated to be
the 4.55 x 1019 mol cm~2, which was about 4 times as large as
the 1.04 x 10-19molcm~2 for SOD/GNP/ITO [10] and 7.3 times
higher than the 6.2 x 10~ mol cm~2 for SOD/nano-Au/GCE [26].
It was inferred that the favorable microenvironment, such as the
nanometer dimensions and larger surface area provided by the
well-dispersed GNP-CS-IL matrix contributed to the high load of
electroactive SOD.
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Fig. 3. (a) Plots of E;, vs. pH. (b) Influence of pH on cathodic peak current of SOD/GNP-CS-IL/GCE in 0.1 M PBS at a scan rate of 0.03 Vs~!.
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Fig. 5. Amperometric response of SOD/GNP-CS-IL/GCE upon successive XAN injec-
tion under stirring into 4mL of 0.1M pH 7.0 PBS containing 0.002 U mL-! XOD.
An applied potential of —0.15V was chosen as a compromise between the highest
response of the sensor to O,°~ and the lowest current background. Inset: calibration
curve for superoxide; the data points for the quantitative results were obtained 25 s
later, after the addition of XAN to the solution.

Based on the Laviron theory [27] and the potential scan rate
dependence of the anodic and cathodic peak potentials, the relevant
kinetic parameters of electrode reaction, i.e., the electron transfer
coefficient () and the heterogeneous electron transfer rate con-
stant (ks), were calculated to be 0.44 and 4.7 s~ !, respectively. The
excellent electron transfer properties of SOD may be due to the syn-
ergetic action of the GNPs and IL, supplying good biocompatibility
and high conductivity.

3.4. Amperometric response of the superoxide biosensor

For investigating the intrinsic biological catalytic activity of
immobilized SOD, the response of SOD/GNP-CS-IL/GCE toward
0,°*~ was measured by amperometric measurements (Fig. 5). A sim-
ple and efficient method for in situ generation of O,*~ based on
the xanthine/xanthine oxidase (XAN/XOD) system was employed
in this work, which was described elsewhere and was confirmed by
ESR [28]. It was reported that the combination of XAN 50-400 nM
and XOD 0.002 U produced O,*~ ina manner dependent on the con-
centration of XAN, and the yield of O,°*~ was 28% of the total XAN
present in the reaction [6]. So, with successive additions of XAN
to the solution, a stepwise increase of the current response was
observed. The steady-state current was due to the simultaneous
production and spontaneous dismutation of O,*~ [29]. In detail,
the generated O,°~ could undergo automatic dismutation into O,
and H,0, under the experimental conditions. The counterbalance
between the generation of O,°*~ and its degradation results in a
constant equilibrium concentration of O,°~ [22]. 95% of the steady-
state current could be reached within 5s. The rapidly decreased
steady-state current at high concentrations of superoxide anion
might be because hypoxanthine oxidation (superoxide production)
had slowed down or finished. Moreover, the high concentration
of superoxide anion might increase the chance of interactive col-
lisions among the radicals, leading to the rapid decrease in the
response. It was clear from the inset of Fig. 5 that SOD/GNP-CS-
IL/GCE had an excellent linear response to O,*~ in the concentration
range from 5.6 to 2.7 x 103 nM, which was much wider than the
13-130nM for a SOD-modified Au electrode [30]. A low detection
limit of 1.7 nM (signal to noise (S/N)=3) was obtained, which was
not only evidently lower than the value of 15 nM for a SOD-PPr/Pt

microelectrode [31], but also lower than the 100nM detection
limit for the ESR method [28]. From the above advantages, it can
be seen that the present third-generation superoxide biosensor
with nanomolar detection limits and a wide linear range meets
the requirements for O,°*~ detection under normal physiological
conditions (10-8-10-7 M) [32].

3.5. Selectivity, reproducibility, and stability of the biosensors

It is well-known that coexisting biological compounds, such as
H,0,, ascorbic acid (AA), and uric acid (UA), may cause difficul-
ties for in vivo electrochemical determination of O,*~ [33]. Hence,
studying the influence of interfering species on the 1.1 uM 0,°~
monitor is of considerable importance. It was found that 10-fold
H,0, and UA, which were by-products in the XAN/XOD system to
generate O,°~, did not interfere with the tests for O,°~. Moreover,
the interference of a 1000-fold increase in AA was negligible in
terms of O,°~ detection.

The relative standard deviation (RSD) was 4.4% for 10 successive
determinations of 1.1 wM O,*~ using one single modified electrode.
The result demonstrated excellent reproducibility of the biosensor
for O,*~ detection. The stability of the biosensor was also inves-
tigated. The biosensor could maintain 87% of its initial response
after being stored for 44 days in a refrigerator. Owing to the above
advantages, it can be inferred that the present biosensor is reliable
for the measurement of O,*~ in biological systems.

4. Conclusions

In this paper, GNP-CS-IL biocomposite film was prepared by
a one-step ultrasonic electrodeposition method and was used to
immobilize SOD to fabricate a new superoxide biosensor. The
obtained SOD/GNP-CS-IL membrane possessed a uniform and
smooth surface with a highly porous structure, and the entrapped
SOD retained its native structure. The direct electron trans-
fer between SOD and the underlying electrode was accelerated,
suggesting the high conductivity and outstanding biocompati-
bility of GNPs and IL. In addition, these studies demonstrated
that the biosensor had excellent analytical performance, such
as wide linear range, a low detection limit on the nanomolar
level, and high selectivity for quantitative O,*~ detection. These
results make clear that the present third-generation biosensor
could be potentially useful for the physiological determination of
0y,
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