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A B S T R A C T

The superoxide anion (O2
•−) is an important reactive oxygen species (ROS) in the brain system, which has been

associated with the development of many neurological diseases, including Alzheimer's disease (AD). Herein, we
introduced a carbon fiber microelectrode (CFME) based in vivo technique for specific and sensitive monitoring of
the O2

•− radical in the living brains of both normal and AD model rats. Compared with other reported super-
oxide dismutase (SOD) electrochemical biosensors, the microsensor presented in our work was featured in the
coating of a functionalized ionic liquid polymer (PIL) onto PB nanoparticles (PBNPs) and carbon nanotubes
(CNT). It was demonstrated that the cationic and carboxyl-rich PILs provided abundant interaction sites with
SOD to prevent enzyme leakage from sensor, which was beneficial for the enhancement of sensitivity.
Additionally, CCK-8 assay and autoxidation of pyrogallol tests showed that MCF-7 cells maintained a high
viability after incubated with PIL and most of the SOD bioactivity was retained in the presence of PIL, which
implied the PIL itself possessed an excellent biocompatibility. These properties allow the sensor to track the
fluctuation of O2

•− levels in vivo between normal and AD rats. This is the first report on application of func-
tionalized PIL to reveal the O2

•− related pathological process of AD.

1. Introduction

A characteristic hallmark of one of the major neurodegenerative
disorders, Alzheimer's disease (AD), is the deposition of the amyloid β
peptide (Aβ) in the brain (Villemagne et al., 2018). Both in vitro and in
vivo, the Aβ monomer will self-assemble into higher order structures,
including dimers, trimers, tetramers, larger oligomers, and eventually
elongated fibrils (Chen et al., 2018). The inhibition of Aβ fibril as-
sembly has therefore been considered a primary therapeutic strategy for
neurodegenerative diseases (Zhao et al., 2019; Du et al., 2018). Not-
withstanding an accepted clinical practice, the effectiveness of this
treatment strategy is always under controversy because of the multi-
factorial nature of AD and the current lack of an accepted unitary
theory on its etiology (Bolognesi et al., 2007). In this context, the effects
of extrinsic or environmental factors such as metal ion homeostasis
(Han et al., 2017; Cui et al., 2016; Nam et al., 2018; Chen et al., 2017),

degeneration of cholinergic neurons (Huang and Fu, 2017; Luo et al.,
2018; Mangalath et al., 2017), and superfluous levels of reactive oxygen
species (ROS) (Guan et al., 2016; Beck et al., 2016) on Aβ aggregation
are all of high interest, which is useful for understanding the patho-
physiology and treatment of AD. Among them, Aβ-induced mitochon-
drial dysfunction through abnormal overproduction of ROS has widely
been known to be a possible cause of AD. An excessive generation of
these ROS will inevitably lead to a high oxidative stress and cause
diseases, such as cancers, acute inflammation-induced injury, and also
AD (Yang et al., 2019; Lou et al., 2015; Yao et al., 2018; Zhao et al.,
2018).

Until now, most of the interpretations on the relationship between
ROS and Aβ are carried out only at cellular level (Li et al., 2013). The
exact concentration variations of ROS associated with AD are still un-
clear, as the level of ROS can only be judged by observing the lumi-
nescence intensity with the naked eye. Due to its highly oxidative
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activity and functions, the superoxide anion radical (O2
•−) is a rather

key radical among kinds of ROS (Wei et al., 2018; Liu et al., 2018).
Therefore, the quantitative analysis of O2

•− is critical in the early di-
agnosis and treatment of ROS induced diseases. In the past decade, a
number of methods have been reported for the detection of O2

•− level
released from living cells by fluorescence spectroscopy (Zhou et al.,
2016; Yun et al., 2014), chemiluminescence (Cai et al., 2018a,b,c; Nam
and Lee, 2018), electronspin resonance (ESR) spectroscopy (Haseloff
et al., 1991; Kaji et al., 2009), and electrochemical sensing (Wang et al.,
2012, 2017; Wei et al., 2018). In particular, electrochemical biosensors
have received more and more attentions because of their striking ad-
vantages in simplicity, selectivity, low instrumental cost, and capability
of real-time, sometimes even in vivo detection (Gu et al., 2019; Yu et al.,
2018). In vivo electrochemistry, using tissue-implantable microelec-
trodes, is a powerful method to monitor extracellular neurochemicals
with a high time and space resolution (Li et al., 2016; Zhou et al., 2016;
Vitale et al., 2015; Wilson et al., 2018; Zhang et al., 2019; Liu et al.,
2017). Several important requirements for in vivo applications must be
considered in a microsensor configuration, including specificity, stabi-
lity, and electrode biofouling by molecular components in high con-
centrations within the physiological medium, which may lead to a de-
creased sensitivity (Liu et al., 2017). In this sense, an electrode material
which provides a promising reaction interface between substrate and
sensor, while remaining resistant to fouling, is an important aspect for
in vivo biosensor development.

Due to its excellent catalytic activity and good redox properties,
prussian blue (PB) has widely been used as a mediator for shuttling the
electron transfer on electro-chemical biosensors. Nevertheless, PB has
the major drawback of poor chemical and electrochemical stability,
because of the interaction between its Fe3+ ion and OH− in a neutral
aqueous medium (Sitnikova et al., 2011; Li et al., 2015), which sub-
stantially decreases its possible use in in vivo applications. In this work,
we have developed a carbon fiber-based microelectrode (CFME) for
monitoring the change of O2

•− levels in AD rat brains. For the electrode
modification, one crucial early step is the coating of ionic liquid
polymer (PIL) onto PB nanoparticles (PBNPs) and carbon nanotubes
(CNT). PIL is a good matrix for enzyme immobilization, which has been
confirmed by several oxidase biosensors (Lee et al., 2012; Zhang et al.,
2011). On the one hand, the bioactivity of immobilized enzymes can be
well maintained on PIL, due to the matrix's excellent biocompatibility.
On the other hand, the tunability of functional groups in the structure of
PIL makes it suitable for interacting with enzymes, and it therefore
inhibits the leakage of enzymes from biosensors. In view of these at-
tractive advantages of PIL, herein, we constructed an O2

•− biosensor
using PIL as the stabilizing layer to immobilize SOD, which constituted
the most innovative part of our work over other reported O2

•− elec-
trochemical biosensors that also used SOD. Consequently, the real-time
measurement of O2

•− release from living cells, as well as in vivo bio-
sensing of O2

•− level changes in AD rat brains, with high sensitivity and
specificity was realized. Generally speaking, with the help of in vivo
technique, we have achieved the accurate contents of O2

•− under
normal and pathological conditions at the level of whole animal, which
shows a tremendous potential application in assessing oxidative stress
on AD progress.

2. Materials and methods

2.1. Chemicals and materials

Multi-walled carbon nanotube (CNT) was provided by Nanjing
Xianfeng Nanomaterials Technology Co., Ltd. The IL monomer (IL-Br)
and cross-linker (BVD) were provided by Tianxiao Yin. The structure of
IL-Br was confirmed by mass spectrum (MS) and 1H NMR (Fig. S1 and
Table S1). 2,2′-azobis(2-methylpropionitrile) (AIBN), potassium super-
oxide (KO2), hydrogen peroxide (H2O2), sodium nitrite (NaNO2) were
bought from Aladdin-Reagent Company (Shanghai, China). Tertbutyl

hydroperoxide (TBHP) and hypochlorite (NaOCl) were received from
Shanghai Macklin Reagent Company (Shanghai, China). Superoxide
dismutase (SOD, from bovine erythrocytes), Zymosan A (from Sac-
charomyces cerevisiae), glutaraldehyde (25%), all the amino acids and
copper sulfate (CuSO4) were all purchased from Sigma-Aldrich and
used without further purification. DMEM medium was purchased from
KeyGEN BioTECH (Nanjing). Fetal bovine serum (FBS) was from
Thermo Fisher Scientific, USA. Water (≥18M) used throughout the
whole experiment was purified with Millipore system. All other re-
agents were of at least analytical grade and commercially available.

2.2. Instruments

Scanning electron microscope images (SEM, Hitachi Co. Ltd., Tokyo,
Japan) for the morphological analysis of the modified CFME were taken
on a field emission gun Hitachi S-4800 scanning electron microscope
(operating at 1 kV). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on an ESCALab 250Xi X-ray photoelectron
spectrometer using Al Kα radiation. UV–vis spectra were recorded on a
MAPADA UV-6100 spectrophotometer. The fourier infrared spectro-
scopy (FT-IR) of PIL was determined using a Nicolet model 460 Fourier
transform-infrared spectrometer. 1H NMR and MS spectra were per-
formed on Bruker DMX 400 spectrometer using SiMe4 as an external
standard at 25 °C and Agilent 6460 Triple Quad LC/MS (performed on
the electrospray ionization (ESI) source interface in positive mode),
respectively.

2.3. Fabrication of SOD/PIL/PB/CNT/CFME

The preparation procedure of a bare CFME is displayed fully in the
Supporting Information. For fabrication of the SOD/PIL/PB/CNT/
CFME, the CFME was sequentially cleaned in acetone, ethanol and
distilled water for 3min, respectively. Then, the surface of CFME was
activated by cycling the potential between 0 and 1.6 V in a 1M H2SO4

solution at 0.1 V/s, until a stable cyclic voltammogram was obtained,
followed by washing with distilled water three to four times. For the
first step modification with CNT, the protruding tip of CFME was im-
mersed in a 1mg/mL CNT suspension in DMF for 1.5 h, and dried under
an infrared lamp. After that, the electrode was carefully rinsed with
double distilled water for several times to remove unassembled mate-
rials and dried in air. The obtained electrode was denoted as CNT/
CFME.

For the following modification of PBNPs on CNT/CFME, the CNT/
CFME was immersed in a electrolyte solution containing 2mM K3[Fe
(CN)6], 2 mM FeCl3, 0.1 M KCl, and 0.01M HCl and scanned between
−0.4 and 0.6 V for 10 cycles at 0.05 V/s by cyclic voltammetry. In this
way, the layer of PBNPs was electrochemically deposited on CNT/
CFME. The resultant electrode was cleaned by distilled water and
named as PB/CNT/CFME. To introduce more carboxyl groups onto the
electrode for SOD immobilization and stabilizing of the PB layer, the
PB/CNT/CFME was further immersed in a PIL suspension (diluted from
the original PIL by 20 times with DMF) for 4 h and dried under an
infrared lamp for 1 h. After that, the electrode was washed with dis-
tilled water to remove excel PIL. This kind electrode was named as PIL/
PB/CNT/CFME. The PIL-coated electrode was immersed for 6 h in a PBS
solution (0.1M, pH 7.4) containing 10mM EDC to activate the car-
boxylic acid groups on the PIL. Next, the EDC-treated PIL/PB/CNT/
CFME was incubated in 0.1 M PBS (pH 7.4) containing 4mg/mL SOD at
4 °C overnight. SOD was immobilized onto the PIL/PB/CNT/CFME via
the formation of covalent bonds between the –COOH groups on the PIL
and the –NH2 groups on the SOD. After being air-dried for 3 h, the
prepared electrode was consecutively immersed in 2.5% glutaraldehyde
solution for crosslinking for 1.5 h, and 2.5% Nafion for 40min to pro-
tect it against potential fouling interferences. The obtained electrode
was dried at room temperature for 2 h, and stored at 4 °C until use,
which was denoted as SOD/PIL/PB/CNT/CFME. The schematic
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illustration of the fabrication process of SOD/PIL/PB/CNT/CFME was
presented in Scheme 1.

2.4. Cell culture for CCK-8 assay and real time electrochemical detection of
cell released O2

•−

The cell culture and CCK-8 assay procedures for this study are
shown in the Supporting Information. For real time detection of cell
released O2

•− the number of cells was first counted, and all the cells
were collected through centrifugation and dispersed in 5mL aCSF for
the electrochemical tests. The amperometric detection of O2

•− released
from MCF-7 cells was performed on the SOD/PIL/PB/CNT/CFME elec-
trodes at 0.0 V (vs. SCE). Different concentrations of Zymosan were
introduced to the cell suspensions to promote the generation of O2

•−

when the current reached stable levels, and the current responses were
recorded throughout.

2.5. In vitro and in vivo electrochemical measurements

Both in vitro and in vivo electrochemical experiments were carried
out on a CHI 832D electrochemical work-station (Chenhua Company,
Shanghai) equipped with a shielded box to reduce external electro-
magnetic interferences on the detected signals. In the in vitro mea-
surements, a three-electrode system was used, comprising a bare CFME
or SOD/PIL/PB/CNT/CFME as the working electrode, a SCE as the re-
ference electrode, and a platinum wire as the counter electrode. The
determination of O2

•− was carried out by immersing the SOD/PIL/PB/
CNT/CFME into a 5.0 mL aCSF solution (0.1 M, pH 7.4), and the steady-
state currents following consecutive injections of varying amounts of
O2

•− were recorded at 0.0 V.
In the in vivo experiments, before implanting the CFME into the rat

brain to measure the dynamic changes of O2
•− levels, the rats were

placed in a stereotaxic frame (Beijing Tide-Gene Biotechnology
Development Center) with the incisor bar set at 5mm above the in-
teraural line, and appropriately placed holes were drilled through the
skull. The SOD/PIL/PB/CNT/CFME electrode was implanted in the
striatum at the site of 2.4 mm anterior to the bregma, 2.5 mm lateral

from the midline, and 4.5 mm below the dura. Electrical contact be-
tween brain tissue and a SCE reference electrode was established via a
salt bridge fashioned from a plastic pipet tip plugged with tissue paper.
All the sensors were calibrated before and after the in vivo experiments
at ambient temperature. A background CFME was also prepared
without SOD and used in vivo to obtain an O2

•− - background signal.

3. Results and discussion

3.1. Confirmation of the SOD/PIL/PB/CNT/CFME fabrication

The characterizations of the bare CFME are presented in the
Supporting Information (Fig. S3). The step-by-step preparation of the
SOD/PIL/PB/CNT/CFME was characterized by SEM, XPS, and electro-
chemical techniques. Fig. 1 displays the SEM images of the surface
morphology obtained on the bare CFME, CNT/CFME, PB/CNT/CFME,
and SOD/PIL/PB/CNT/CFME. As can be seen, compared with the
smooth and unmodified bare CFME (Fig. 1A), a typical three-dimen-
sional tubular microstructure of the uniformly dispersed carbon nano-
tubes on the surface of the CFME were observed after CNT was casted
onto it (Fig. 1B). With further electropolymerization of the PB film to
the outer layer of the CNT, the densely distributed PB nanoparticles
became clearly visible (Fig. 1C). The good conductivity of the CNT and
the large specific surface area of its particular three-dimensional
structure provided a suitable platform for the electrodeposition of PB.
As PIL and SOD were successively modified to PB/CNT/CFME, as
shown in Fig. 1D, a high degree of cross-linking occurred between SOD
on the sensor surface and the sensor material, confirming the successful
modification of SOD. To further demonstrate the sensor fabrication
process, element mapping was investigated (Fig. S4). It could be seen
that Fe (a characteristic element of PB), Cu and Zn (characteristic ele-
ments of SOD) were successively distributed onto the sensor, indicating
the successful modification of PB and SOD.

The surface compositions and chemical oxidation states during the
sensor fabrication were characterized by XPS measurement. As dis-
played in Fig. 2A, prominent peaks at 284.7, 399.9, and 531.5 eV cor-
responding to C 1s, N 1s, and O 1s were observed on the four spectra.

Scheme 1. Schematic diagram showing the fabrication of SOD/PIL/PB/CNT/CFME sensor for the determination of O2
•−.
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The high-resolution XPS spectra in Fig. 2B–D indicated that with PB
modification, two Fe 2p peaks at 708.1 and 721.5 eV and a new N 1s
peak at 398.0 eV appeared, which confirmed the presence of PB (Peng
et al., 2019). Moreover, following the modification of PIL, the C 1s were
separated into three peaks at 284.7, 286.2, and 289.1 eV, indicating
three types of C bonds in the PIL structure, which corresponded to
C]C/C–C in aromatic rings, C–N, and COOH groups, respectively (Liu
et al., 2013). As well, a new higher energy of N 1s appeared at 402.0 eV
on the PIL-coated surface, which might be assigned to the tertiary ni-
trogen (N-(C)3) in the skeleton of PIL (Yu et al., 2017). These results
suggested the successful immobilizations of these molecules onto the
CFME.

We also used the cyclic voltammetry of K3Fe(CN)6 to track the
sensor modifications. Fig. S5 displays the current changes throughout
the layer-by-layer assembly in a K3Fe(CN)6 solution among the four
electrodes, i.e., bare CFME, CNT/CFME, PB/CNT/CFME, and SOD/PIL/

PB/CNT/CFME. The bare CFNE exhibited a steady-state voltammogram
with a well-defined sigmoidal shape and rather small charging currents.
After CNT and PB were stepwise dip-casted onto it, the currents in-
creased significantly. Later on, the currents again decreased sig-
nificantly when PIL and SOD were modified onto the surface, due to
their intrinsically poor conductivities.

Since all results from SEM, XPS and CV characterizations were in
good agreement with one other, we concluded that these results jointly
certificated that the modification strategy for fabricating the SOD/PIL/
PB/CNT/CFME sensor was feasible, and had been successful in this
case.

3.2. In vitro O2
•− determination by SOD/PIL/PB/CNT/CFME

Before the in vivo experiments, the response of the O2
•− sensor was

checked in an in vitro system. Fig. 3A presents the CV curves of SOD/
PIL/PB/CNT/CFME in the absence and presence of 10 μM O2

•− between
−0.3 and 0.4 V. When the CV was recorded in a blank aCSF solution, a
pair of redox peaks was clearly observed in the potential range of
0.1∼−0.2 V, which corresponds to the reduction and oxidation pro-
cesses of PB. However, compared with the cathodic peak, the anodic
peak of the PB was more irregular, which may have been caused by the
multiple coatings of poorly conductive compounds over the PB layer.
When 10 μM O2

•− was introduced into the 0.1M aCSF, an obvious in-
crease in the cathodic current was observed, while the anodic current
was almost unchanged. The reaction of O2

•− in the experiment could be
explained according to the following equation (Lian et al., 2017):

2O2
•− + 2H+ → H2O2 + O2

Firstly, SOD was able to catalyze the dismutation of O2
•− to O2 and

H2O2 via a redox cycle of the copper complex moiety. Then, the gen-
erated H2O2 was reduced on the electrode by the confined electroactive
PB. Accordingly, by measuring the reduction currents of H2O2, we were
able to detect O2

•− by the SOD/PIL/PB/CNT/CFME. The reduction

Fig. 1. SEM images of bare CFME (A), CNT/CFME (B), PB/CNT/CFME (C),
SOD/PIL/PB/CNT/CFME (D).

Fig. 2. (A) Peak-fitting XPS survey spectra of CNT, PB/CNT, PIL/PB/CNT and
SOD/PIL/PB/CNT. (B–D) The high resolution XPS spectra of C 1s (B), N 1s (C)
and Fe 2p (D) on the four composites.

Fig. 3. (A) CV responses of SOD/PIL/PB/CNT/CFME in blank aCSF solution
(solid line) and 10 μM O2

•− (dashed line). (B) Amperometric curves of CNT/
CFME (a), PB/CNT/CFME (b), SOD/PB/CNT/CFME (c) and SOD/PIL/PB/CNT/
CFME (d) toward 10 μM O2

•−. Applied potential: 0.0 V. (C) Comparison of CV
curves between SOD/PIL/PB/CNT/CFME (red) and SOD/PB/CNT/CFME
(black) in 0.1M aCSF solution scanned for 20 cycles. (D) Cell viability of MCF-7
incubated with different volumes of PIL for 24 h. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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peak at around 0.05 V was found to be more positive than previous
reports on O2

•− detection. The significant positive shift in the reduction
potential was indicative of the excellent electrocatalytic activity of CNT
and PB toward H2O2 reduction.

The optimal working potential was selected at 0.0 V (see Fig. S6).
We then investigated and compared the current responses obtained on
the four sensors, i.e., CNT/CFME, PB/CNT/CFME, SOD/PB/CNT/
CFME, and SOD/PIL/PB/CNT/CFME, toward the same concentration of
O2

•−, using a chronoamperometric technique. As Fig. 3B shows, com-
pared with curves c and d, with four successive additions of 10 μM O2

•−

standard solutions into aCSF, no obvious cathodic currents of O2
•− were

generated on the CNT/CFME and PB/CNT/CFME that without SOD
modifications (curves a and b). On the other hand, when SOD was
modified onto the PB/CNT/CFME electrode surface, a significant cat-
alytic current was observed, which was approximately 0.69 nA for
10 μM O2

•− (curve c). These results confirmed that the presence of the
O2

•− reduction current was due to the specific recognition and response
by SOD on the electrode surface. Meanwhile, the comparison between
curves c and d demonstrated that the catalytic ability of the sensor
modified with PIL was higher than that without PIL, with a current
enhancement of ∼4.4 times. The improved catalytic ability toward
O2

•− was therefore concluded to be a result of the addition of PIL. On
the one hand, the PIL was rich in positive charges, which may have
allowed it to interact with negatively charged PB through electrostatic
attractions, so as to stabilize the PB film and retain its electrocatalytic
activity. This conclusion is supported by Fig. 3C, where it can be seen
that without PIL modification, the peak current of PB continuously
decreased with the increase of scanning cycles, and there seemed no
stable trend. In comparison, when PIL was modified onto PB, the
dropping rate of the peak current was greatly reduced and the current
tended to be stable at the 5th cycle. On the other hand, the PIL was also
rich in carboxyl groups, which provided enough covalent binding sites
with the amine groups of the enzyme, and consequently allowed for the
immobilization of sufficient amounts of the enzyme on the sensor. More
importantly, PIL was quite different from other polymers in that it had
an enhanced biocompatibility, so it would not damage the biological
activity of biological macromolecules such as enzymes, which was of
great significance for the construction and application of an enzyme-
based electrochemical sensor. To verify the applicability of PIL in in vivo
determination, several additional experiments were conducted. Firstly,
we examined the cytotoxicity of PIL by a CCK-8 assay. The results
shown in Fig. 3D indicate that with an increase in the incubated volume
of PIL, the viability of MCF-7 cells declined gradually but slightly. Even
at a high concentration of PIL, the cell viability was still high enough,
indicating that PIL had low toxicity to cells. Moreover, we also tested
the influence of PIL on the bioactivity of SOD by determining the ability
of SOD to inhibit the autoxidation of pyrogallol (Lian et al., 2017). As
Fig. S7 shows, only a rather tiny drop in SOD enzyme activity was seen
in the presence of PIL, which implied that PIL could be a potential re-
liable platform for bioactivity analysis.

The amperometric responses of O2
•− on SOD/PIL/PB/CNT/CFME

were evaluated using O2
•− standard solutions. As Fig. 4A shows, the

catalytic reduction currents rose steeply to a stable value as soon as the
standard solutions were introduced into aCSF. The constructed sensor
exhibited a good linear relationship toward O2

•− in the range of
1.0–228.0 μM (inset graph). The linear dependency of O2

•− con-
centration yielded the regression equation of I/nA=
(1.55 ± 0.43) + (0.09 ± 0.004) C/μM (R2= 0.99), with a sensitivity
of (0.89 ± 0.04) nA/μM (n=3). The detection and quantification
limits were estimated to be 0.42 and 1.2 μM, which were found be equal
to or lower than other reported O2

•− electrochemical biosensors
(Crulhas et al., 2017; Cai et al., 2018a,b,c, 2018; Braik et al., 2016;
Wang et al., 2012).

Besides O2
•−, oxidative stress in vivo also produces a series of other

free radical products. So in order to apply this approach to the specific
determination of O2

•− in a rat brain, the selectivity of this assay was

examined by adding potential interfering substances (mainly ROS) into
aCSF, and determining its current responses in the same way as O2

•−.
Fig. 4B shows the current responses of SOD/PIL/PB/CNT/CFME with
successive additions of 1O2, TBHP, −OCl, •OH, •OtBu, ONOO−, and
H2O2 in a 0.1 M aCSF (pH 7.4) solution, at an applied potential of 0.0 V.
Compared with O2

•−, almost no obvious amperometric responses were
observed for any of the other species, suggesting that the presence of
these species did not affect the detection of O2

•−, as a result of the
excellent specificity of SOD toward O2

•−. This high selectivity provided
strong support for our subsequent in vivo experiments.

Additionally, to inspect the stability of the microsensor, the sensor
was immediately stored at 4 °C for one week after it had been used for
determining 10 μM O2

•− once. We found that 92.5% of the original
currents were retained after this period, indicating a satisfactory sta-
bility of the modified sensor. Five sensors with the same concentration
of O2

•− were fabricated in parallel on the same day and consecutively
for five days, respectively, and the corresponding amperometric re-
sponses were recorded. The two relative standard deviations (RSDs)
representing the intra- and inter-precisions were calculated to be 8.68%
and 8.52%, respectively. This indicated that the constructed SOD/PIL/
PB/CNT/CFME has excellent stability, reproducibility, and repeat-
ability toward O2

•− monitoring.

3.3. Investigation of the kinetic process of O2
•− release from living cells

The applicability of the SOD/PIL/PB/CNT/CFME was initially ex-
amined by real time monitoring of the O2

•− release from MCF-7 cells.
Zymosan was chosen as the functional drug to stimulate living cells to
release molecular O2

•−. Fig. S8 shows the current responses obtained on
the SOD/PIL/PB/CNT/CFME at 0.0 V, in different conditions. Smooth
current baselines were obtained in both PBS and cell suspensions
(curves a and b). However, compared with in PBS (curve a), the cur-
rents produced in MCF-7 cell suspensions (curve b) were much higher,
which indicated that MCF-7 cells released O2

•− constantly and could be
detected by our sensor with a fairly high sensitivity. Meanwhile, ob-
vious responses toward the cell-released O2

•− with stable current steps,
upon the additions of varying amounts of Zymosan, were observed on

Fig. 4. (A) Amperometric i-t curves on the SOD/PIL/PB/CNT/CFME in aCSF
upon successive additions of different concentrations of O2

•−. The concentra-
tions of O2

•− were: 1.0, 2.0, 4.0, 6.0, 8.0, 18.0, 28.0, 48.0, 68.0, 108.0, 148.0,
228.0 μM. Inset graph was the fitted linear plot. (B) Selectivity investigation
against various endogenic substances in vivo. Working potential: 0.0 V.
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the SOD/PIL/PB/CNT/CFME (curves c and d). In both two cases, the
current first increased rapidly to a maximum, then decreased gradually,
implying that O2

•− in the cells was generated rather quickly following
stimulation by Zymosan. Contrary to this, when Zymosan and SOD were
added into the above MCF-7 cell suspension simultaneously (curve e),
the current changes were fairly weak relative to that in curve d, which
meant that the cell-released O2

•− has been scavenged by SOD. These
results confirmed that our sensor was fully capable of responding to
O2

•− in a cellular matrix with a high sensitivity.

3.4. Performance comparison of SOD/PIL/PB/CNT/CFME on O2
•− before

and after in vivo experiments

In the application of microelectrodes in vivo, one of the most im-
portant problems is the adsorption of proteins onto the surfaces of the
electrodes, which leads to the “pollution” of the electrodes, and de-
creases in their sensitivities. Therefore, we compared the sensor per-
formances before and after implanting into a rat brain, which was
carried out with the introduction of various concentrations of O2

•−

standard solutions. As shown in Fig. 5A, both oxidation and reduction
currents were remarkably reduced after the sensor had been implanted
in vivo for some time. Moreover, the CV curve also changed sig-
nificantly, with a far more irregular voltammetry being obtained in the
later measurements (curve b). The oxidative peak was clearly broa-
dened and the reductive one was almost eliminated. In order to char-
acterize the degree of decline in the sensitivity of the sensor after im-
plantation in the brain more accurately, we further adopted an
amperometric technique to compare the response values of the sensor
toward the same concentration of O2

•− before and after implantation in
the brain. The results shown in Fig. 5B indicate that after in vivo ex-
periments, the current values toward the same concentration of O2

•− in
the range of 1.0–188.0 μM were about one-third of those before the
implantation. The inset graph shows the two linear standard curves
fitted under the two situations, from which the equations were I/nA =
(0.07 ± 0.004) C/μM + (0.14 ± 0.14) (precalibration), and I/nA =

(0.03 ± 0.001) C/μM + (0.01 ± 0.01) (procalibration), respectively.
It can therefore be concluded that during our in vivo experiments, the
sensitivity of the SOD/PIL/PB/CNT/CFME sensor toward O2

•− de-
creased by about ∼60%. This significant decline in the sensitivity is a
common phenomenon for implanted microsensors, which is attributed
to the “fouling” of the sensor surface, decreasing the permeabilities of
the added modification layers (Sitnikova et al., 2011; Kulagina et al.,
1999). Even in such a case, the sensitivity calculated according to post-
calibration of the SOD/PIL/PB/CNT/CFME sensor was still high enough
to monitor O2

•− variations in vivo.

3.5. In vivo responses of SOD/PIL/PB/CNT/CFME and background sensors

Fig. 6A–B presents the typical current responses recorded from the
SOD/PIL/PB/CNT/CFME and another background microsensor si-
multaneously, which were implanted side-by-side in the striatum of
both normal and AD rat brains. As indicated from these i-t curves, the
stable baseline signals obtained on the SOD/PIL/PB/CNT/CFME were
higher than that of the background microsensor throughout the ex-
periment, which was likely due to the electrochemical reduction of
O2

•− in the presence of SOD. Based on the post-calibrated sensitivity
after in vivo experiments, the constant difference in their baseline sig-
nals was found to be associated with a basal O2

•− concentration of
3.33 ± 1.20 μM in normal rat brains (n=3). A clear rise in this value
up to 28.00 ± 4.41 μM (n=3) was witnessed in the striatum of AD
rats (P < 0.01). It has been widely acknowledged that the binding of
Aβ to metal ions makes Aβ deposit in brain and contribute to the
production of neurotoxic ROS, including O2

•−. Continuously increasing
levels of O2

•−, along with Aβ aggregation, triggers a series of damages
to cellular components such as DNA, lipids, and proteins (Yang et al.,
2016). However, most studies on this increase in O2

•− production have
been based on various qualitative techniques, and therefore the accu-
rate concentrations of this free radical involved in the pathological and
physiological process of AD have remained unclear thus far. The de-
veloped SOD/PIL/PB/CNT/CFME sensor showed high sensitivity and
specificity toward O2

•− determination, and demonstrated its ability to
track the change of O2

•− levels associated with AD both in vitro and in
vivo.

Fig. 5. CV curves (A) and fitted linear plots (B) of the SOD/PIL/PB/CNT/CFME
in 0.1M aCSF solution before (black) and after (red) implanted into rat
striatum. Working potential: 0.0 V. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 6. Amperometric i-t curves of the SOD/PIL/PB/CNT/CFME and a back-
ground sensor co-implanted into striatum of normal (A) and AD (B) rats. (C)
The post-calculated contents of O2

•− according to the results of A and B.
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4. Conclusions

In summary, an O2
•− microsensor based on SOD immobilized on a

PIL matrix was fabricated for the in vivo measurement of O2
•− in living

brains of rats. Besides a low toxicity of the PIL itself, the incorporation
of PIL not only stabilized the PB film and retained its electrocatalytic
activity, but also allowed for the immobilization of sufficient amounts
of SOD onto the sensor, to enhance its sensitivity and stability to low
O2

•− concentrations. Thus, the sensor had the ability to track the O2
•−

level variations in normal and pathological conditions of a living brain
system. We believe that this O2

•− microsensor could be an effective tool
to facilitate msore discoveries on the relationship between oxidative
stress and the brain.
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