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ABSTRACT: Photopolymerization strategy, as one of the
immobilization methods, has attracted considerable interest
because of some advantages, such as easy operation,
harmlessness to the biomolecules, and long storage stability.
(E)-4-(4-Formylstyryl) pyridine (formylstyrylpyridine) was
prepared through Heck reaction and used as a photopolymer
material to immobilize biomimetic superoxide dismutase under
ultraviolet irradiation (UV) irradiation in a short time. The
styrylpyridinium moiety of Formylstyrylpyridine was photo-
reactive and formed a dimer under UV irradiation. Mn,P,0,
multilayer sheet, a novel superoxide dismutase mimic, was
synthesized. The formed photopolymer can immobilize
Mn,P,0; firmly under UV irradiation. On the basis of high
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catalytic activity of Mn,P,0- biomimetic enzyme and long-term stability of Mn,P,O,—formylstyrylpyridine film, after introducing
multiwalled carbon nanotubes (MWCNTs), a novel electrochemical biosensing platform called MWCNTs/Mn,P,0,—
formylstyrylpyridine for superoxide anion (O,*”) detection was constructed. The biosensor displayed good performance for O,*~
detection and provided a reliable platform to adhere living cells directly on the modified electrode surface. Therefore, the
biosensor was successfully applied to vitro determination of O,°” released from living cells, which had a promising prospect for
living cells monitoring and diagnosis of reactive oxygen species-related diseases.

mmobilization methods have been considered as an essential

factor to develop efficient biosensors with excellent proper-
ties, such as good operational stability, short response time,
high sensitivity and selectivity, and good reproducibility and
storage stability." Various immobilization strategies, such as
adsorption,”® covalent coupling,*”® entrapment,”™® cross-
linking,'">"" and affinity,'"* have been developed to construct
biosensors. Adsorption technique presented drawbacks, such as
desorption of the immobilized biomolecules, nonspecific
adsorption of other substances, and poor operational and
storage stability. Covalent coupling method might couple with
toxic products and some groups need to be activated in the
process. Cross-linking strategy might distort the conformation
and active sites of the active enzymes. Affinity method limited
the kind of the immobilized biomolecules because correspond-
ing biomolecules were oriented and site-specific.">'*'> Entrap-
ment methods including electropolymerization, photopolyme-
rization, sol—gel process and entrapment in a carbon paste have
attracted increasing attention due to some advantages
compared with other immobilization methods mentioned
above. First, this immobilization method was easy and simple
to handle. Conductive materials, enzymes and signaling
molecules could be added in the same sensing layer
simultaneously. Second, the enzymatic activity was preserved,
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because there was no modification of the enzyme during the
immobilization process. Third, biosensors showed good
operational and storage stability due to enzymes physically
entrapped.”'® Besides these three outstanding features, photo-
polymerization method could make the monomer form
polymer film under ultraviolet (UV) irradiation in a short
time and the film presented a higher mechanical stability than
those of some hydrogels that were used for enzyme
immobilization." The styrylpyridinium (SbQ) moiety of the
monomer was photoreactive and could form a dimer under UV
irradiation."® According to this principle, a novel material called
(E)-4-(4-formylstyryl) pyridine (Formylstyrylpyridine), which
contained SbQ moiety, was introduced to prepare polymer film
under UV irradiation in this work.

Superoxide anion (O,*”) is one of the most active reactive
oxygen species (ROS) in biological systems.'”'® Excess O,*~
may bring oxidative damage to lipids, nucleic acids, and
proteins, resulting in mutagenesis, cell death, and some
diseases.'”™® Therefore, a variety of techniques includin§
electron spin resonance trapping,u’22 chromatograph,23’2
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spectrophotometry,” fluorescence, and chemilumines-

cence” have been developed for reliable detection of O,*”.
In addition to these techniques, electrochemical methods have
received extensive attention owing to their intrinsic advantages
including direct and real-time detection, high sensitivity, facile
operation and so on.**"*® Recently, the electrochemical
measurements of O,°” based on the incorporation of enzymes,
such as superoxide dismutase (SOD) onto electrodes have been
paid more attention due to its good selectivity and high
sensitivity.””*® However, the preparation and purification of
enzymes are usually expensive and time-consuming.*®~*!
Meanwhile, enzymes are of easy denaturation and leakage
during their immobilization and storage procedure.*** There-
fore, a large amount of SOD mimics have been developed
because of their natural stable property, high catalytic activity,
long-term stability and low cost.”* Among the SOD mimics,
MnSOD mimics have attracted increasing attention, owing to
their lower toxicity in comparison to copper or iron
mimics.***® Recently, a lot of MnSOD mimics, for example,
manganous phosphate and manganese(II) complexes of
scorpiand-like azamacrocycles, have been synthesized and
applied to monitor O,*~*** However, Mn>* needed to be
confined in the Nafion-modified TiO, nanoneedles when
manganous phosphate was formed and ligands needed to be
synthesized when manganese(II) complexes of scorpiand-like
azamacrocycles was synthesized. To simplify the complex
synthesis process, manganous pyrophosphate (Mn,P,0,) used
as MnSOD mimic in phosphate solution was expected.

In this work, SOD mimic was stabilized by a photopolymer
material, Formylstyrylpyridine, which was generated from
ultraviolet (UV) irradiation. After introducing multiwalled
carbon nanotubes (MWCNTSs), a novel electrochemical
biosensor was developed to detect O,°” (Scheme 1). As

Scheme 1. Schematic diagram for the construction of the
biosensor
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expected, the Mn,P,0,—formylstyrylpyridine film exhibited
long-term stability, durability and good biocompatibility.
MWCNTs had large surface area and good electronic
conductivity which could enhance the electrochemical
response. MWCNTs/Mn,P,0,—formylstyrylpyridine films
provided a reliable platform to adhere living cells directly on
the modified electrode surface for real-time monitoring of O,"".
On the other hand, this O,°” biosensor exhibited remarkable
analytical performance, including good selectivity, wide linear
range, low detection limit and so on. Thus, a reliable and
durable approach for real-time and in situ detection of O,*” in
cells was designed in this work.
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B EXPERIMENTAL SECTION

Reagents and Materials. Potassium hyperoxide (KO,),
dopamine (DA), ascorbic acid (AA), ir-cysteine (Cys),
peroxynitrite (ONOQO™), ferricytochrome ¢, and phorbol 12-
myristate 13-acetate (PMA) were obtained from Sigma and
used without further purification. MWCNTs (¢ = 10—20 nm)
were obtained from Nanotech Port Co. Ltd. (Shenzhen,
China). Mn(CH;COQ), was obtained from Alfa Aesar.
Dimethyl sulfoxide (DMSO), polyphosphoric acid (H¢P,0,3),
K;PO,, and H,0, were purchased from Sinopharm Chemical
Reagent Co., Ltd. A stock solution of KO, was prepared by
adding KO, to DMSO (N,-saturated and stored together with
molecular sieve 4 A), and then sonicating for 2 min. OH® was
generated in H,O, (10 mmol L") catalyzed by Fe®". 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell proliferation and cytotoxicity assay kit was purchased from
Nanjing KeyGEN Biotech. Co., Ltd. (Nanjing, China). All
other chemicals were of analytical grade. Aqueous solution was
prepared with doubly distilled water (DDW) and pH of K;PO,
solution was adjusted by pH meter.

Preparation of Formylstyrylpyridine. The recipe of the
preparation of Formylstyrylpyridine was developed by our lab.
A sealed tube (25 mlL) initially filled with 4-bromobenzalde-
hyde (92.5 mg, 0.5 mmol), 4-vinylpyridine (52.57 mg, 0.5
mmol), Pd(OAc), (1.344 mg, 0.006 mmol, 1.2 mol %), and
triphenylphosphine (3.144 g, 0.012 mmol, 1.2 mol %) was
evacuated and purged with nitrogen gas three times. Triethyl-
amine (0.34 mL, 2.5 mmol) and tetrahydrofuran (2 mL) were
added to the system. The reaction mixture was stirred at 60 °C
for 15 h and then was extracted with dichloromethane, being
washed and dried for later use. The filtrate was concentrated by
vacuum and separated on a silica gel column using hexane/
ethyl acetate as eluent to give the corresponding pure product
(yellow solid, 62.7 mg, 60% yield).

Preparation of Mn,P,0;, Sheets. The recipe of the
preparation of Mn,P,0, was developed also by our lab. In a
typical synthesis, Pluronic P123 (20 mL, 0.0104 mol L7/,
EO,,PO,EO,, Aldrich, M,, =5800 g mol™") ethanol solution
and H¢P,O,; (2.6 mL) were mixed under stirring for 0.5 h at
room temperature. Then Mn(CH;COO), (1.20 g) was added
to the above solution and stirred for 1 h at room temperature.
The pink resulting transparent solution was transferred to a 50
mL Teflon-lined autoclave. The autoclave was sealed and
maintained at 100 °C for 12 h, and then it was allowed to cool
to room temperature. After the deposits were collected and
washed with absolute ethanol for several times to remove
surfactants, the deposits were centrifuged and dried at 40 °C to
obtain Mn,P,0;. This as-synthesized material of Mn,P,0, was
gray powder.

Preparation of Formylstyrylpyridine and Mn,P,0,—
Formylstyrylpyridine Film. Formylstyrylpyridine was solved
in ethanol solution to obtain 0.5 mmol L™ formylstyrylpyridine
ethanol solution. Five milligrams of Mn,P,0, was mixed with 2
mL of formylstyrylpyridine ethanol solution and ultrasonicated
to obtain a uniform Mn,P,O,—formylstyrylpyridine suspension.
Then 10 pL of formylstyrylpyridine ethanol solution was
dropped on a quartz substrate without or with UV irradiation
for 12 min to obtain formylstyrylpyridine film. Mn,P,0,—
Formylstyrylpyridine film was prepared by dropping 10 uL of
Mn,P,0,—formylstyrylpyridine suspension on a quartz sub-
strate without or with UV irradiation for 12 min.
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Preparation of MWCNTs Suspension. The MWCNTs
suspension was prepared according to the previous report*
with a little modification. First, MWCNTs (15 mg) were
purified through reflux in concentrated HNO;—H,SO, (30 mL,
V/V, 1:1) mixture for 12 h at 55 °C. Then the reaction mixture
was dried after washing with DDW until pH 7.0. Finally, the
purified MWCNTs (1 mg) were added into DDW (2 mL) and
ultrasonicated to obtain a uniform and black MWCNTs
suspension.

Preparation of the Modified Electrodes. The GCE was
polished with 1.0, 0.3, and 0.05 um a—Al,O; powder,
respectively. After sonication in water, the electrode was rinsed
with DDW and allowed to dry under a stream of nitrogen gas.
MWCNTs suspension (5 pL) was dropped on the pretreated
GCE and dried in a desiccator to obtain MWCNTs modified
electrode. Mn,P,0, (S mg) was mixed with Formylstyrylpyr-
idine ethanol solution (2 mL, 0.5 mmol L™") and ultrasonicated
to obtain a uniform Mn,P,0,—formylstyrylpyridine suspension.
Then Mn,P,0,—formylstyrylpyridine suspension (5 L) was
dropped on MWCNTs to obtain MWCNTs/Mn,P,0,—
formylstyrylpyridine modified electrode. Finally, MWCNTs/
Mn,P,0,—Formylstyrylpyridine was under UV irradiation
performed with a high-pressure mercury lamp (365 nm) for
12 min to obtain MWCNTs/Mn,P,0,—formylstyrylpyridine
modified electrode.

Apparatus and Measurements. Electrochemical meas-
urements including cyclic voltammetry (CV) and amperometric
i—t curve were performed on a CHI 660D electrochemical
workstation (CH Instruments Inc, USA). The CV exper-
imental parameters were as follows. Scan rate was 100 mV s™*
and potential scanning range was 0.1—0.9 V. The applied
potential of amperometric i-t curve was 0.15 V. The supporting
electrolyte of CV and i—t experiments was K;PO, solution (pH
7.4). Electrochemical impedance spectroscopy (EIS) was
performed on an Autolab potentiostat/galvanostat
PGSTAT302N (Eco chemie, BV, The Netherlands). A three
electrode electrochemical system was composed of a saturated
calomel electrode (SCE) as the reference electrode, a platinum
wire as the auxiliary electrode, and a bare or modified GCE (d =
3 mm) as the working electrode. The EIS experiments were
carried out under open circuit conditions, the voltage
frequencies ranged from 0.1 to 10° Hz and the AC voltage
amplitude was 5 mV. The supporting electrolyte was
K;[Fe(CN),] and K,[Fe(CN)4] (5 mmol L7} 1:1) solution
containing KCI (0.1 mol L™"). Ultraviolet—visible (UV—vis)
absorption spectra were recorded using a Cary 5000 UV-—
visible/near-infrared spectrophotometer (Varian, USA). UV
irradiation for the dried Mn,P,0,—Formylstyrylpyridine film
was performed with a high-pressure mercury lamp (365 nm, 12
min) and the absorbance was recorded at wavelength from 200
to 600 nm. The transmission electron microscopy (TEM)
image was examined by a JEM-200CX instrument (Japan),
using an accelerating voltage of 80 kV. The scanning electron
microscopy (SEM) images of the formed complex film were
recorded on a JSM-7600F field emission scanning electron
microscopy (JEOL, Japan) at an accelerating voltage of 10 kV.
'H nuclear magnetic resonance ('"HNMR) (400 MHz, CDCl,)
was recorded at an AVANCE 400 nuclear magnetic resonance
spectrometer (Bruker, Switzerland). The X-ray diffraction
(XRD) patterns were characterized by a powder sample in 20
ranging from 10 to 90° wusing a D/max 2500VL/PC
diffractometer (Japan) equipped with graphite monochromat-
ized Cu Ka radiation (1 = 1.54060 A).
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Preparation of O,°~ Solutions and Different Concen-
trations of Interfering Species. The O,°” solutions were
prepared by adding KO, stock solution, which was N,-
saturated. The concentration of O,°” was monitored by
recording the reduction of ferricytochrome ¢ spectrophoto-
metrically at 550 nm. The extinction coefficient of ferricyto-
chrome ¢ is 21.1 mM™" cm™. All measurements were carried
out at room temperature. The experimental solutions were
deaerated by bubbling highly pure nitrogen for 20 min, and a
nitrogen atmosphere was kept over the solution during the
measurements. A stock solution of 5 mmol L™! DA, 10 mmol
L' AA, 5 mmol L™ Cys, 10 mmol L™! H,0,, and 10 mmol
L7 Fe®* was prepared by adding corresponding DA, AA, Cys,
H,0,, and FeCl; to DDW, respectively. A stock solution of
OH* was generated in 10 mmol L™' H,0, catalyzed by Fe**. A
stock solution of 10 mmol L™' ONOO~ was generated by
diluting commercially available peroxynitrite solution with 0.1
mol L™' NaOH solution. The interfering species including 5
umol L™ DA, 10 umol L™" AA, 5 umol L' Cys, 10 ymol L™!
H,0,, 10 umol L™ OH®, 10 gmol L™" ONOO™, and 10 gmol
L' Fe’* was prepared by adding 2 uL of the corresponding
stock solution to 2 mL of 50 mmol L™' K;PO, solution (pH
7.4). O, was added by bubbling highly pure oxygen for 20 min,
and an oxygen atmosphere was kept over the solution during
the measurement. At room temperature and pressure, the
saturated concentration of O, was about 8.25 mg L' (258
umol L),

Culture of Cells. The HeLa cells were purchased from
Shanghai Institute of cell library. The cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U mL™"), and streptomycin (100 U mL™") at
37°C in a humidified atmosphere containing CO, (5%).
Glutaraldehyde could enhance the stability of cells and decrease
the gap between the cells and the modified electrodes.*”>°
Adhered cells (5 mL) were fixed with 0.5 L of glutaraldehyde
(2%) for 20 min at room temperature. The final concentration
of glutaraldehyde was 0.0002%. After that the pretreated cells
(0.5 mL, 1 X 10° cells mL™") were plated on the modified
electrode for electrochemical determination of O,°”. Four
microliters of 100 yg mL™' PMA was added to 1 mL of K;PO,
solution (50 mmol L™") containing S0 mmol L™ glucose. Real
sample measurements were performed in K;PO, (50 mmol
L™") containing glucose (50 mmol L™").

MTT Assay. The cytotoxicity of glutaraldehyde was analyzed
by using MTT.>">* For the MTT assay, HeLa cells were seeded
in 96-well plates (1 X 10* cells per well). The cells were treated
with various concentrations of glutaraldehyde (0, 1%, 0.2%,
0.02%, 0.002%, 0.0002% and 0.00002%) for 30 min. After that,
MTT (0.2 mg/mL) was added to each well and incubated for 4
h. The supernatant was removed and the formazan crystals
were dissolved in DMSO. Cell viability was assessed by
measuring the absorbance at 550 nm using a microplate reader.

B RESULTS AND DISCUSSION

Characterization. Formylstyrylpyridine was characterized
by nuclear magnetic resonance spectrometer. '"HNMR (400
MHz, CDCL,): 6 = 10.01 (s, 1H), 8.64 (d, ] = 4.4 Hz, 1H), 7.89
(d, ] = 8.0 Hz, 2H), 7.68—7.73 (m, 4H), 7.42 (d, J = 8.00 Hz,
1H), 7.30 (d, J = 16.0 Hz, 1H), 7.21 (t, ] = 6.8 Hz, 1H) ppm.

Figure 1A showed the spectral change on UV—vis absorption
of the Formylstyrylpyridine film on a quartz substrate before
(curve a) and after (curve b) UV irradiation. The decrease of
the absorption at 340 nm after UV irradiation indicated the
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Figure 1. UV—vis spectra of the formylstyrylpyridine film (A) and
Mn,P,0,—formylstyrylpyridine film (B) on a quartz substrate without
UV irradiation (a) and with (b) UV irradiation for 12 min. UV
irradiation was performed with a high-pressure mercury lamp (365
nm).

consumption of SbQ groups.16 In addition, a new shoulder
peak appeared at around 270 nm, which was attributed to the
nonconjugated aromatic ring of cyclobutane dimers.'® The SbQ
moiety was photoreactive and formed a dimer under UV
irradiation. The associated reactive SbQ_groups of formylstyr-
ylpyridine formed covalent bonding via UV irradiation, which
led to accelerate the rate of the formation the photopolymer
film.'® After adding Mn,P,0,, the spectral change on the UV—
vis absorption before (curve a) and after (curve b) UV
irradiation was shown in Figure 1B. The change was the same
as that of Formylstyrylpyridine film. The results demonstrated
that Mn,P,0, was enwrapped by Formylstyrylpyridine polymer
film under UV irradiation.

The TEM image of Mn,P,0, was displayed in Figure 2A.
Mn,P,0, was multilayer sheet. Figure 2B showed the XRD
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Figure 2. TEM image of Mn,P,0, (A), the accelerating voltage was 80
kV; XRD patterns of Mn,P,0, (B) in the range of 10 < 26 < 90°.

pattern of Mn,P,0, prepared under the typical reaction
conditions. The diffraction peaks in the range of 10 < 20 <
90° could be indexed as different planes of monoclinic phase
Mn,P,0,, which were in good accordance with the ASTM
standard 72—2043.

Figure 3A and Figure 3B showed the SEM images of
Mn,P,0,—Formylstyrylpyridine without UV irradiation and
with UV irradiation, respectively. Significant differences on the
surface morphology could be observed. Without UV irradiation,
Mn,P,0; could not be enwrapped well by the formylstyrylpyr-
idine (Figure 3A). However, under UV irradiation, the
aggregates of the trapped Mn,P,0, displayed a relatively
uniform film (Figure 3B), which indicated the formation of
specific interface.

Electrochemical Behavior of MWCNTs/Mn,P,0,—For-
mylstyrylpyridine Modified Glassy Carbon Electrode
(GCE). Figure 4 showed the CVs of different electrodes in 50
mmol L' K;PO, solution at 100 mV s™. No electrochemical
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Figure 3. SEM images of Mn,P,0,—formylstyrylpyridine without UV
irradiation (A) and with UV irradiation for 12 min (B), respectively.
The accelerating voltage was 10 kV.
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Figure 4. CVs of formylstyrylpyridine (a), Mn,P,0, (b), Mn,P,0,—
formylstyrylpyridine (c), MWCNTSs/Formylstyrylpyridine (d),
MWCNTSs/Mn,P,0,—formylstyrylpyridine (e) modified GCEs in
1.0 mL S0 mmol L™ K;PO, solution (pH 7.4). Inset: Magnified
responses of Mn,P,0; (b) and Mn,P,0,—formylstyrylpyridine (c)

modified GCEs, respectively. Scan rate: 100 mV s™".

responses were obtained at both formylstyrylpyridine (curve a)
and MWCNTs/formylstyrylpyridine modified GCEs (curve d).
While one couple of well-defined redox peaks were observed at
Mn,P,0; (curve b), Mn,P,0,—formylstyrylpyridine (curve c)
and MWCNTs/Mn,P,0,—formylstyrylpyridine (curve e)
modified GCEs. The anodic and cathodic peaks were attributed
to the redox reaction of Mn,P,0,. The response of Mn,P,0,—
formylstyrylpyridine modified GCE was much larger than that
of Mn,P,0;, modified GCE (insert in Figure 4). The
experimental results demonstrated that formylstyrylpyridine
could provide a biocompatible microenvironment for Mn,P,0,
and subsequently provide a durable platform for determination
of 0,°”. Moreover, MWCNTs/Mn,P,0,—formylstyrylpyridine
modified GCE showed the largest peak current (curve e). This
might be due to excellent electronic conductivity of
MWCNTSs,>*** which would largely improve the sensitivity of
bioanalysis. On the basis of these results above, the MWCNTSs/
Mn,P,0,—formylstyrylpyridine films could be used to con-
struct a biosensor for O,°~ sensing and cell monitoring.
Electrochemical impedance spectroscopy was used to
confirm the modification process of the biosensing interface
based on MWCNTSs/Mn,P,0,—formylstyrylpyridine films.
The Nyquist diagrams of electrochemical impedance spectra
are shown in Figure S1 in Supporting Information. After the
electrode was modified with MWCNTSs (curve b), the
semicircle domain became smaller comparing with that of the
bare GCE (curve a). However, when Mn,P,0,—formylstyr-
ylpyridine added to the surface of MWCNTSs modified GCE
(curve c), the semicircle domain became larger comparing with
that of the MWCNTSs modified GCE (curve b). It may be due
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to the inferior conductivity of formylstyrylpyridine. From these
results, the biosensing interface based on MWCNTSs/
Mn,P,0,—formylstyrylpyridine films was verified to be
constructed successfully through layer-by-layer assembly.

CVs obtained at MWCNTs/Mn,P,0,—formylstyrylpyridine
modified GCE with different potential scan rates were displayed
in Figure S2 in Supporting Information. The reduction and
oxidation peak currents of MWCNTs/Mn,P,0,—formylstyr-
ylpyridine modified GCE increased linearly with the scan rate
in the range of 10—500 mV s71, while the difference of redox
peak potentials showed slight increase, indicating a surface
controlled electrode process.

Electrocatalysis of MWCNTs/Mn,P,0,—Formylstyryl-
pyridine Modified GCE to the Oxidation and Reduction
of O,°". As shown in Figure S, with the addition of 100 gmol
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Figure 5. CVs of MWCNTs/Mn,P,0,—formylstyrylpyridine modified
GCE in the absence (a) and presence (b) of 100 umol L™ 0,° in 1.0
mL of 50 mmol L™ K;PO, solution (pH 7.4). Scan rate: 100 mV s™".

L™ 0, (curve b), anodic and cathodic peak currents, which
were consistent with the redox reaction of Mn,P,0, in K;PO,
solution (curve a), both increased. This might be attributed to
the oxidation and reduction of O,°”, respectively. According to
the previous report,55 two O,°” were transformed into one O,
molecule and one H,0, molecule during the reaction of O,"~
catalyzed by Mn** in K;PO, solution, respectively. In the
anodic process, the redox reaction between O,°” and MnO,"
took place to generate O, and Mn**. The generated Mn** could
be reoxidized at the modified electrode. In the cathodic process,
0,"” oxidized the Mn?* to produce H,O, and MnO,". The
generated MnO," could be reduced at the modified electrode.
Namely, in the anodic process, MnO," + 30, + 4H" = Mn**
+ 30, + 2H,0; in the cathodic process, Mn** + 30,°” + 2H,0
+ 2H" = MnO," + 3H,0,. Thus, O,°” could be detected by
measuring the oxidation or reduction current at the
MWCNTSs/Mn,P,0,—formylstyrylpyridine modified GCE in
the presence of O, due to the high efficient catalysis of
Mn,P,0..

Effects of Formylstyrylpyridine Concentration, Time
of UV Irradiation, and Applied Potential on the
Electrochemical Response. The electrochemical response
depended on the amount of the formed complex film on the
electrode surface. Formylstyrylpyridine largely affected electro-
chemical responses of the formed complex films due to its
inferior conductivity of formylstyrylpyridine. Formylstyrylpyr-
idine with different concentrations were mixed with Mn,P,0,
and then added to the surface of MWCNTs modified GCE to
form different MWCNT's/Mn,P,0,—formylstyrylpyridine films
modified GCEs. When the concentration of formylstyrylpyr-
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idine was 0.5 mmol L™/, the reduction peak current reached a
maximum value (Supporting Information Figure S3A). At this
concentration of formylstyrylpyridine, MWCNTs/Mn,P,0,—
Formylstyrylpyridine films were performed by UV irradiation
with different times (Supporting Information Figure S3B). The
maximum reduction peak current occurred at 12 min under UV
irradiation. Therefore, 0.5 mmol L™! and 12 min were selected
as the optimum concentration of Formylstyrylpyridine and time
of UV irradiation, respectively. The applied potential was
another important parameter for obtaining an optimal electro-
catalytic response (Supporting Information Figure S3C). When
the applied potential was 0.15 V, a largest response was
achieved. Therefore, an applied potential of 0.15 V was chosen
for the amperometric measurements.

Detection of O,°". At the applied potential of 0.15 V, the
typical amperometric responses of MWCNTSs/Mn,P,0,—
formylstyrylpyridine modified GCE to successive concentration
changes of O,°” were examined and the corresponding
current—time responses were displayed in Figure 6. The
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Figure 6. Successive amperometric responses of MWCNTSs/
Mn,P,0,—formylstyrylpyridine modified GCE to KO, of different
concentrations at applied potentials of 0.15 V in 1.0 mL S0 mmol L™
K;PO, solution (pH 7.4). From a to b, the KO, concentration of each
adding step was 0.08 umol L™%; from b to ¢, each adding step was 0.4
umol L™" and after ¢ each adding step was 0.8 umol L™". Upper inset:
Linear calibration curve of catalytic response of MWCNTSs/
Mn,P,0,—formylstyrylpyridine modified GCE to KO, concentrations.
Lower inset: Amplified response of the step marked with red circle.

response showed a linear increase with an increase in O,
concentration from 0.08—3.19 and 3.67—11.65 umol L™ with
correlation coefficient of 0.9915 and 0.9973, respectively. The
linear range was wider than those of some other modified
electrodes®*°~* (Table S1 in Supporting Information). The
detection limit was estimated to be 0.029 ymol L™" at a signal-
to-noise ratio of 3:1, which was lower than those of some other
modified electrodes and methods®~%* (Table S2 in Supporting
Information). The normal level of O,*” in physiological
condition is about 0.1 ymmol L™ and its concentration
increases under traumatic brain injury ischemia-reperfusion,
hypoxia, and other oxidative stress diseases.*>*® Thus, the
proposed amperometric biosensor showed promising applica-
tion in the monitoring of O,*” with high sensitivity and wide
concentration range due to the high efficient catalysis of
Mn,P,0, and fast interfacial electron transfer at the surface of
MWCNTSs/Mn,P,0,—formylstyrylpyridine modified films.
Selectivity, Stability, and Reproducibility of the O,*~
Biosensor. To evaluate the selectivity of the proposed
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electrochemical biosensing system, a variety of relevant
interfering species including DA, AA, Cys, O,, H,0,, OH®,
ONOO", and Fe*" in biological system was investigated for
control experiments. 8.23%, 6.52%, 6.54%, 3.65%, 7.28%,
3.97%, 5.98%, and 14.27% of 1 umol L™' O,*  cathodic
current from 5 ymol L™! DA, 10 umol L™ AA, § umol L™ Cys,
258 pumol L™ O,, 10 pmol L' H,0,, 10 umol L™" OH®, 10
umol L™' ONOO™, and 10 umol L' Fe®* were observed,
respectively (Figure 7). No obvious interference was observed

Relative response

BN om0 e (T ﬁ_-_-_

0, DA AA Cys 0, H,0,0H ONOO Fe*

Figure 7. Effects of common interfering species including S ymol L™
DA, 10 umol L™ AA, 5 umol L™! Cys, 258 ymol L™ O,, 10 gmol L™!
H,0,, 10 umol L™' OH®, 10 yumol L™' ONOO™, and 10 gmol L™!
Fe®* on the detection of 1 umol L' 0,*” by using MWCNTSs/
Mn,P,0,—formylstyrylpyridine modified GCE in 1 mL 50 mmol L™
K;PO, solution (pH 7.4) at an applied potential of 0.15 V.

upon O,°” detection at 0.15 V. Therefore, the as-prepared
electrochemical biosensor would have good selectivity for
monitoring of O,°” in biological samples. The stability of the
fabricated biosensor was another important factor in practical
applications. The long-term storage stability of the proposed
biosensor was examined by measuring current response of the
biosensor toward S ymol L™ O,°”. After a storage time of 1
week in the shade at room temperature with measurements
every few days, no obvious decrease of the current response to
0,°” was observed. After 4 weeks, the current response still
retained 94.15% of its initial response, thereby suggesting that
formylstyrylpyridine photopolymer film was very eflicient for
retaining the activity of immobilized SOD mimics and
preventing them from leaking out of the biosensors. The
fabrication reproducibility of five electrodes, made independ-
ently, showed an acceptable reproducibility with the relative
standard deviation of 6.3% for the determinations of 5 ymol
L' 0o, .

Cell Monitoring. As described above, the biosensor showed
good analytical performance, which could be used in vitro
determination of O,°” released from living cells. 0.0002%
glutaraldehyde was of lower toxicity to cells.®”*® Further
evidence came from MTT assay. The group without
glutaraldehyde was considered as the control group and the
cell viability was viewed as 100%. From the results shown in
Figure S4 in Supporting Information, we can find that after cells
were fixed with 0.0002% glutaraldhyde, the cell viability was
almost preserved. The amperometric responses of the
biosensor toward HeLa cells adhered on the biosensing
interface in 1 mL K;PO, solution (50 mmol L™") containing
50 mmol L™ glucose were exhibited in Figure 8. After the
addition of 4 uL 100 ug mL™' PMA, which was reported to
active NADPH oxidase (endogenous) and induce O,°*”
generation from cells, ="' a much improved cathodic current
was observed. Thus, the increased response was due to the
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Figure 8. Amperometric responses of MWCNTSs/Mn,P,0,—Formyl-
styrylpyridine modified GCE to O,°” released from Hela cells induced
by PMA (400 ng mL™') and scavenged by adding 1 mmol L™
ferricytochrome ¢ in 1.0 mL 50 mmol L™" K;PO, containing 50 mmol
L™" glucose at an applied potential of 0.15 V.

biomimetic catalytic reduction of O,°” released from living
cells. A stable current of 33.5 nA was obtained at about 12 s
after injection of PMA. This current corresponded to the O,
concentration of 87.9 nmol L™}, which was calculated based on
the calibration curve displayed in the upper inset of Figure 6.
Because the pretreated cells (0.5 mL, 1 X 10° cells mL™") were
plated on the modified electrode for electrochemical determi-
nation of O,°”, the amount of O,*~ was calculated to be 0.176
nmol per 10° cells, which was similar to 0.148 nmol per 10°
cells releasing from embryonic striatal cells.”* Thus, the mean
flux of O,°” releasing from the cells was evaluated to be 147
amol cell™'s™". After the addition of PMA, 10 L 100 mmol L™*
ferricytochrome ¢ which acted as a selective scavenger of 0,*"
was added, the current response of O,°” decreased since the
released O,°” was scavenged by ferricytochrome ¢, further
confirming that the enhancement of cathodic current was
attributed to the electrochemical reduction of O,* catalyzed by
Mn,P,0,. Therefore, the biosensor could be used in living cells
monitoring with ideal performance and studying the O,°”
generation in cells as well as quantifying the flux of O,
releasing from cells.

H CONCLUSION

The novel MWCNTs/Mn,P,0,—formylstyrylpyridine films
under UV irradiation were prepared. MWCNT's enhanced the
electrochemical responses because of their good conductivity.
Formylstyrylpyridine was acted as a photopolymer material to
immobilize Mn,P,0,. Under UV irradiation, the aggregates of
the trapped Mn,P,0, displayed a relatively uniform film and
formed a specific interface. On the basis of fast interfacial
electron transfer and the high efficient catalysis of Mn,P,0-,
which was used as a SOD mimic, a novel electrochemical
biosensing platform for the O,°~ detection was developed. The
proposed amperometric biosensor showed promising applica-
tion in the determination of O,*” with high sensitivity, wide
concentration range, good selectivity, reproducibility, long-term
stability and biocompatibility. The electrochemical biosensor
provided a reliable platform to adhere living cells directly on the
modified electrode surface. Using HeLa cells as a model, the
biosensor was successfully applied to vitro determination of
0,°" released from living cells, which had a promising prospect
for living cells monitoring and diagnosis of ROS-related
diseases.
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