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This paper demonstrates a reliable and durable method for in situ real-time determination of O2c� based

on direct electron transfer of Mn3(PO4)2, which acts as a superoxide dismutase (SOD). Mn2+ is ion-

exchanged into zeolite–ZSM-5 microstructures, and further coated with poly(diallyldimethylammonium

chloride) (PDDA). Direct electron transfer of Mn2+ is greatly facilitated by zeolite microstructures

with the formal potential of 561 � 6 mV vs. Ag|AgCl, which is just located between thermodynamic

potentials of O2c�/O2 and O2c�/H2O2. The biomimetic catalytic activity of Mn3(PO4)2, together with

the enhanced electron transfer of Mn2+ obtained at the zeolite electrode has provided a platform

for determination of O2c� with high selectivity, wide linear range, low detection limit, and quick

response. On the other hand, the present Mn2+-ZSM/PDDA electrode shows relatively long-term

stability, good reproducibility, and biocompatibility, which opens up a way to adhering cells

directly onto the film surface for in situ monitoring of cellular species. As a sequence, the

remarkable analytical performance of the present O2c� biosensor, combined with the characteristics

of the Mn2+-ZSM/PDDA electrode surface has established a novel approach for real-time

determination of O2c� released from living cells.
Introduction

Superoxide anion (O2c�) is the primary species of reactive oxygen

species (ROS), which defends against viral or bacterial attack, as

well as destroys organisms if it exceeds the normal level.1–4

Superoxide anion is believed to be closely implicated in a number

of biological phenomena, such as aging, neurodegeneration,

diabetes, cancers, and so on.5 Therefore, local determination of

O2c� could improve our understanding on the pathology and

physiology processes involved with O2c�.

Over the past decades, a large amount of methods have been

developed for O2c� detection, including spectrophotometry,

chemiluminescence, ESR spin trapping, and electrochemical

methods.6–9 Electrochemical approaches are of particular interest

because of their simplicity, selectivity, low instrumental cost, and

capability in real-time, and even in vivo detection. There have

been many papers concerned with the electrochemical measure-

ment of O2c�, typically based on the incorporation of enzymes

onto electrodes.10–13 The two main enzymes employed in the

construction of O2c� biosensor are cytochrome (cyt c) and

superoxide dismutase (SOD). SOD-based O2c� biosensors have
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paved an elegant way for determination of O2c� with high

selectivity, low detection limit, and good sensitivity.14–17

However, these kinds of biosensors based on biomolecules are

easy to be denatured or metabolized in the long-term real

sample detection although they possess high selectivity and

sensitivity.

Recently, we have reported a facile and effective strategy for

analysis of O2c�, through direct electron transfer of a biomimetic

SOD—manganese(II) phosphate (Mn3(PO4)2) at highly conduc-

tive TiO2 nanoneedles.18 In order to further improve the stability

and durability of O2c� biosensor, herein a zeolite—ZSM-5 with

rich acidic sites, which can provide a high cation-exchange

capacity, is employed to stabilize the biomimetic SOD, and

PDAA is further coated onto zeolite to confine Mn2+-exchanged

zeolite on the electrode substrate. As expected, the PDDA-

coated Mn2+-exchanged zeolite surface (denoted as Mn2+-ZSM/

PDDA) exhibits relatively long-term stability, durability, and

biocompatibility. These properties provide a reliable platform to

adhere living cells directly on the electrode surface for real-time

assaying of cellular species. On the other hand, O2c� biosensor

based on direct electron transfer of Mn3(PO4)2 shows remarkable

analytical performance, including high selectivity, broad

detection linear range, quick response, and so on. Thus, the

present work has established a reliable and durable approach

for in situ monitoring of O2c� released from living cells.
This journal is ª The Royal Society of Chemistry 2011
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Experimental section

Chemicals and reagents

Potassium hyperoxide (KO2) was obtained from Sigma and used

without further purification. Dimethyl sulfoxide (DMSO),

MnSO4, H2O2 and K3PO4 were obtained from Sinopharm

Chemical Reagent Co., Ltd. A stock solution of KO2 was

prepared by adding KO2 to DMSO, and then sonicating the

solution for 5 min. Uric acid (UA), dopamine (DA), ascorbic

acid (AA), L-cysteine (Cys) and sodium molybdenum oxide

dihydrate were purchased from Alfa Aesar. Poly-

(diallyldimethylammonium chloride) (PDDA, Mw < 200 000)

was obtained from Aldrich. Peroxynitrite (ONOO�) was

purchased from R&D Systems. 2,2-Azobis(2-amidinopropane)-

dihydrochloride (AAPH) was purchased from Adamas-beta.

OHc was generated in 10 mM H2O2 catalyzed by Fe2+. ONOO�

(10 mM) was generated by diluting commercially available

peroxynitrite solution with a strongly basic solution (0.1 M

NaOH). 1O2 was generated as a product of the disproportion-

ation of 20 mM H2O2 catalyzed by sodium molybdenum oxide

dehydrate. ROOc was produced by thermolysis of 10 mM AAPH

in air-saturated aqueous solution at 310 K. Indium tin oxide

(ITO)-coated glass plates were obtained from Shenzhen Nanbo

Display Technology Co. Ltd. (Shenzhen, China). All solutions

were prepared with deionized water purified with a Milli-Q

system.
Characterization and measurements

XRD data were obtained by a D/max2550VB3+/PC X-ray

diffractometer using Cu (40 KV, 100 mA). Scanning electron

microscopy (SEM) was carried out using a Hitachi S-4800.

Atomic absorption spectroscopy was determined by an Agilent

AA 3510. Electrochemical experiments were performed at room

temperature by using a three-electrode setup, with a KCl satu-

rated Ag|AgCl reference electrode and a platinum wire counter

electrode. All electrochemical measurements were recorded by

using a CHI 660 electrochemical working station from CH

Instruments (Chenhua, Shanghai).
Fig. 1 XRD patterns for ZSM-5 (a) and Mn2+ ion-exchanged with

zeolite (Mn2+-ZSM, (b)). Inset: SEM image of ZSM-5.
Preparation of zeolite and zeolite-modified electrodes

ZSM-5 zeolite of Si/Al ¼ 15 was synthesized according to the

reported procedure.19 The as-synthesized ZSM-5 was exchanged

with 0.01 M NH4NO3 solution at 363 K. Then the NH4-form

ZSM-5 was transferred to H-form ZSM-5 by calcination at

a temperature of 823 K for 2 h.20 Manganese cations were

introduced into the H-form zeolites by the conventional cation-

exchange process. Typically, 0.2 g ZSM-5 was immersed in

50 mL 0.02 M aqueous solution of manganese sulfate at a pH ¼
4.3. The mixture was kept at 353 K for 24 h. The residue was

filtered and washed with hot distilled water, until the obtained

products were free from ions and dried in air at room tempera-

ture. In order to determine the percentage of Mn2+ present in

Mn2+-ZSM zeolite, 0.02 g Mn2+-ZSM zeolite was dissolved in

40% HF, then diluted to 100 mL with water. The concentration

of Mn2+ was measured by atomic absorption spectroscopy.

According to atomic absorption determination, the percentage

of Mn2+ is 0.75 wt%. The Mn2+-exchanged zeolite thus formed
This journal is ª The Royal Society of Chemistry 2011
was denoted as Mn2+-ZSM, while Mn2+ just mixed with zeolite

was denoted as Mn2+/ZSM. The zeolite-modified electrode was

prepared by the following step: firstly, the ITO was in turn

cleaned in the soapy water, neat ethanol, 1 M NaOH, and water.

The electrode was then coated with Mn2+-ZSM or Mn2+/ZSM sol

by a spin coating technique, after that one-layer PDDA was

deposited on the zeolite and was allowed to dry under ambient

condition to obtain Mn2+-ZSM/PDDA electrode or Mn2+/ZSM/

PDDA electrode.
Results and discussion

Characterization of Mn2+-ZSM surface

The SEM image of ZSM-5 is shown in the inset of Fig. 1. From

this image, we can see that the size of zeolite crystal with an

almost cubic shape is �0.1 mm. After ion exchange, the same

shape and size of zeolite crystal have been preserved. Fig. 1

illustrates the XRD spectra of ZSM-5 microcrystals and Mn2+-

ZSM microcrystals. After loading the Mn2+, the decrease of the

low-angle peak intensity is observed (curve b) due to the influ-

ence of the pore filling, indicating Mn2+ is exchanged into the

zeolite.
Electrochemical Behavior of Mn2+-ZSM/PDDA electrode

As shown in Fig. 2, one couple of well-defined redox peaks was

observed at the as-prepared Mn2+-ZSM/PDDA electrode surface

in K3PO4 solution (curve c), while no electrochemical response

was obtained at a bare zeolite (curve a) or a PDDA-coated zeolite

surface (curve b). These observations indicate that the anodic

and cathodic peaks are attributed to the redox reaction of Mn2+

ion-exchanged into the zeolite structures. The formal potential

(E00) of Mn2+ after ion-exchanged with zeolite was estimated to

be 561 � 6 mV versus Ag|AgCl (in saturated KCl). For the

comparison, the cyclic voltammogram (CV) for Mn2+/ZSM/

PDDA surface in the same solution was also given in Fig. 2d.

One pair of redox peaks was also obtained at this surface with an
Analyst, 2011, 136, 1594–1598 | 1595
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Fig. 2 Cyclic voltammograms (CVs) obtained at (a) ZSM electrode, (b)

ZSM/PDDA electrode, (c) Mn2+-ZSM/PDDA electrode, and (d) Mn2+/

ZSM/PDDA electrode in 50 mM K3PO4 solution (pH 7.0). Potential scan

rate: 100 mV s�1.

Fig. 3 Relationship between anodic and cathodic peak currents and

scan rates for Mn2+-ZSM/PDDA electrode (A) and Mn2+/ZSM/PDDA

electrode (B) in 50 mM K3PO4 solution (pH 7.0).
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E00 of 557 � 6 mV versus Ag|AgCl, which is similar to that

obtained at Mn2+-ZSM/PDDA surface.

CVs obtained at Mn2+-ZSM/PDDA and Mn2+/ZSM/PDDA

electrodes with different potential scan rates are also obtained.

The corresponding relationship between peak currents and scan

rate (v) or square root of scan rate (v1/2) was plotted in Fig. 3.

From these plots, we can see that peak currents obtained at

Mn2+-ZSM/PDDA surface is linear with v, while those obtained

at Mn2+/ZSM/PDDA surface shows a clear linearity with v1/2.

This result suggests that Mn2+ exchanged into zeolite is strongly

immobilized in intracrystalline surface of zeolite structures, thus

the redox reaction of Mn2+ in zeolite microstructures is surface-

confined process. However, the redox process for Mn2+ just

mixed with zeolite and adsorbed at the external surface of zeolite

is diffusion-controlled one. According to Laviron’s procedure,21

the relevant kinetic parameters of the Mn2+-zeolite/PDDA elec-

trode reaction, i.e., the rate constant of the electrochemical

process (ks) and electron transfer coefficient (ac, aa), were esti-

mated as: ks ¼ 2.3 � 0.4 s�1, ac ¼ 0.54 � 0.03, and aa ¼ 0.56 �
0.04.
Analytical performance of O2c� biosensor

As demonstrated above, Mn2+-ZSM/PDDA electrode, in which

Mn2+ was stably confined in the zeolite, can be employed for

construction of third-generation O2c� biosensor because of the

biomimetic catalytic activity of Mn2+ toward O2c�, as well as the

facilitated electron transfer of Mn2+ immobilized in the zeolite.

As shown in Fig. 4, both anodic and cathodic peak currents

corresponding to the redox reaction of Mn2+ clearly increased

with the addition of O2c�. The observed increases in the anodic

and cathodic peak currents could be ascribed to the oxidation

and reduction of O2c�, respectively. As reported previously,18

during the reaction of O2c� by Mn3(PO4)2, two O2c� ions are

converted to one O2 molecule and one H2O2 molecule. Proposed
1596 | Analyst, 2011, 136, 1594–1598
electron transfer pathway in O2c� dismutation is illustrated in

Scheme 1. Namely, one O2c� oxidizes the Mn2+ to generate

MnO2
+ and H2O2, while another O2c� reduces the MnO2

+ to

produce Mn2+ and O2. We can consider these two redox process

separately by fabricating two electrodes on which each reaction

occurs separately. In the anodic process (Scheme 1(A)), the redox

reaction between O2c� and MnO2
+ takes place to produce O2 and

Mn2+. The generated Mn2+ can be reoxidized at the electrode. On

the other hand, in the cathodic process (Scheme 1(B)), O2c�

oxidizes the Mn2+ to generate MnO2
+ and H2O2. The generated

MnO2
+ can be reduced at the electrode. Thus, by measuring the

oxidation or reduction current at the Mn2+-zeolite/PDDA elec-

trode in the presence of O2c�, we can detect O2c�, that is, the

present Mn2+-zeolite/PDDA electrode, which is based on direct

electron transfer of Mn2+, combined with the specificity and

selectivity of Mn3(PO4)2 toward O2c�, provides a platform for

determination of O2c� with high analytical performance.

Fig. 5A depicts amperometric responses obtained at Mn2+-

zeolite/PDDA surface with the successive addition of O2c� at the

applied potential of 0.6 V or �0.1 V. Both anodic and cathodic
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 CVs obtained at (a) ZSM/PDDA electrode and (b and c) Mn2+-

ZSM/PDDA electrode in 50 mM K3PO4 solution (pH 7.0) in the absence

(b) and presence (c) of 100 mM O2c�. Potential scan rate: 100 mV s�1.

Scheme 1 Schematic illustration of O2c� dismutation catalyzed by Mn2+/

MnO2
+ confined into the zeolite electrode surface. (A) The oxidation

process and (B) the reduction process.

Fig. 5 (A) Typical amperometric responses of Mn2+-ZSM/PDDA elec-

trode to successive addition of 10 mM O2c� at the applied potentials of

+600 mV (a) and�100 mV (b) in 50 mM K3PO4 (pH 7.0). (B) Calibration

plots of anodic (a) and cathodic (b) steady-state currents against

concentration of O2c�.
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currents increased stepwise with the increasing concentration of

O2c�, and typical responses are proportional to the concentration

of O2c� in the range of 5� 10�7 to 1.2� 10�3 M at either 0.6 V or

�0.1 V, as plotted in Fig. 5B. The wide dynamic linear range

meets the requirements of O2c� detection from nanomolar level

to millimolar grade for tracking the role that O2c� plays in

physiological and pathological processes, because under normal

physiological conditions, O2c� undergoes disproportionation by

enzymatic reactions, resulting in a rather low physiological

concentration (�10�7 M), however, increases in the activity of

O2c� (10�4–10�3 M) occur in response to traumatic brain injury
This journal is ª The Royal Society of Chemistry 2011
ischemia-reperfusion, hypoxia, and environmental stresses.22–24

The detection limit was calculated by three times of instrument

noise (S/N ¼ 3) to be as low as 0.37 mM, and the response time

was estimated to be within 5 s.

The interferences from ROS including H2O2, OHc, ONOO�,
1O2, ROOc, and other biological substances, such as Na+, Ca2+,

K+, Mg2+, Zn2+, Fe3+, dopamine (DA), ascorbic acid (AA), uric

acid (UA), and cysteine (Cys), as well as O2 which exists exten-

sively in biological system, were investigated. At the applied

potential of +0.6 V, 13.15%, 10.15%, 28.43%, and 2.87% current

responses generated from ONOO�, 10 mM AA, 5 mM DA, and

5 mM Cys were obtained relative to 10 mM O2c�. Other inter-

ferences showed negligible responses. On the other hand, at the

potential of �0.1 V, 6.51%, 9.83%, 7.28%, and 6.72% cathodic

current was observed from OHc, ONOO�, 1O2, 10 mM AA, while

other interferences were negligible (<1%), indicating the good

selectivity of the present biosensor for O2c�.

For the stability test, the response current for O2c� was

recorded three times daily at Mn2+-ZSM/PDDA electrode and

the current responses were found to be constant over four

months, which are much longer than those obtained for enzyme-

based O2c� biosensors.14,25 The further reproducibility experi-

ment was performed by testing the response current for O2c� by

using five as-prepared Mn2+-ZSM/PDDA electrodes respectively

and the response variation was less than 4.2%.
In situ determination of O2c� released from living cells

As demonstrated above, the present O2c� biosensor based on

Mn2+-zeolite/PDDA surface exhibits good selectivity, broad

linear range, low detection limit, and quick response. More

importantly, Mn2+-zeolite/PDDA surface shows relatively long-

term stability and high reproducibility. These properties provide

a platform to adhere cells directly onto the electrode surface, and

subsequently establish a reliable and durable approach for in situ
Analyst, 2011, 136, 1594–1598 | 1597
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Fig. 6 Electrochemical responses of Mn2+-ZSM/PDDA electrode

toward Hela cells at an applied potential of�0.1 V in the absence (A) and

presence (B) of 10 mM zymosan (C) with the addition of 300 U mL�1

SOD solution.
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monitoring of O2c� released from living cells with high analytical

performance. Fig. 6 depicts electrochemical responses obtained

at the Mn2+-zeolite/PDDA surface and toward Hela cells adhered

on the electrode surface at the applied potential of �0.1 V in the

absence (A) and presence (B) of zymosan, which was reported to

generate O2c� from cells.26 A much higher increased cathodic

current was observed after the addition of zymosan. According

to the calibration plots shown in Fig. 5B, the concentration of

O2c� released from about 2.5 � 106 Hela cells (Fig. 6B) was

estimated to �1.1 � 10�5 M. Interestingly, after injection of

10 mL 300 U mL�1 SOD solution, a selective scavenger of O2c�, to

the electrode surface, the increased current decreased rapidly and

went down to the almost background value in 5 s (C). Thus, we

can conclude that the generated increase of cathodic current at

the Mn2+-zeolite/PDDA electrode adhered with Hela cells is

ascribed to the biomimetic catalytic reduction of O2c� released

from living cells, which is effectively mediated by the Mn2+

confined into the zeolite.

Conclusions

A selective and sensitive approach for real-time determination of

O2c� has been developed based on a biomimetic superoxide dis-

mutase (SOD)—Mn2(PO4)3, which is confined into the zeolite

and further coated by PDDA on the electrode surface. Quasi-

reversible electrochemical reaction of Mn2+ has been realized at

zeolite surface with an electron transfer rate constant of 2.3� 0.4

s�1. The facilitated electron transfer of Mn2+, combined with the

biomimetic catalytic activity of Mn2(PO4)3 has provided a plat-

form for determination of O2c� with high selectivity, low detec-

tion limit, and wide dynamic linear range. Meanwhile, the

present Mn2+-zeolite/PDDA electrode has shown long-term

stability and biocompatibility. The remarkable analytical

performance of the biosensor, as well as the inherent
1598 | Analyst, 2011, 136, 1594–1598
characteristic of biomimetic surface, has established a reliable

and durable way to real-time monitoring of cellular O2c�. This

investigation not only opens up a new way to real-time deter-

mination of cellular O2c� which may be related to physiological

and pathological processes, but also provides a methodology to

construct the third-generation biosensors with long-term

stability and durability based on the biomimetic enzymes.
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