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ABSTRACT: Epilepsy is a chronic neurodegenerative disease that has seriously threatened human health. Accumulating evidence
reveals that the pathological progression of epilepsy is closely related to peroxynitrite (ONOO−). Unfortunately, understanding the
physiological roles of ONOO− in epilepsy is still challenging due to the lack of powerful imaging probes for the determination of the
level of fluctuations of ONOO− in the epileptic brain. Herein, a near-infrared (NIR) two-photon (TP) fluorescent probe
[dicyanomethylene-4H-pyran (DCM)−ONOO] is presented to trace ONOO− in living cells and in kainate (KA)-induced rat
epilepsy models with satisfactory sensitivity and selectivity. The probe is composed of a NIR TP DCM fluorophore and a
recognition moiety diphenylphosphinamide. The phosphoramide bond of the probe is interrupted after reacting with ONOO− for
10 min, and then, the released amino groups emit strong fluorescence due to the restoration of the intramolecular charge transfer
process. The probe can effectively detect the changes of endogenous ONOO− with excellent temporal and spatial resolution in living
cells and in rat epileptic brain. The imaging results demonstrate that the increasing level of ONOO− is closely associated with
epilepsy and severe neuronal damage in the brain under KA stimulation. In addition, the low-dose resveratrol can effectively inhibit
ONOO− overexpression and further relieve neuronal damage. With the assistance of TP fluorescence imaging in the epileptic brain
tissue, we hypothesize that the abnormal levels of ONOO− may serve as a potential indicator for the diagnosis of epilepsy. The TP
fluorescence imaging based on DCM−ONOO provides a great potential approach for understanding the epilepsy pathology and
diagnosis.

■ INTRODUCTION

Epilepsy is a chronic neurodegenerative disease that causes
transient brain dysfunction.1 About 50 million people in the
world suffer from epilepsy, which is growing at a rate of 2−5 in
10,000 per year. More and more anti-epileptic drugs have
recently been developed; these anti-epileptic drugs are only
intended to prevent seizures, but cannot prevent the
occurrence of epilepsy and electrogenesis after status
epilepticus.2 The increasing evidence indicates that epilepsy
is closely associated with oxidative stress following high levels
of reactive oxygen/nitrogen species (ROS/RNS).3 Therefore,
in order to comprehensively understand the epilepsy disease, it
is necessary to investigate the role of oxidative stress in the
epilepsy disease.
As a complex physiological process, epileptic seizure involves

oxidative stress and mitochondrial dysfunction, which is

spontaneous, recurrent, and induces severe brain jury.4 During
the occurrence and development of epilepsy, the overexpressed
ROS such as the superoxide anion (O2

•−) are continuously
generated and immediately react with nitric oxide (NO) to
produce ONOO−, which results in irreversible damage to a
series of biological targets, such as DNA, lipids, and proteins
and further causes neuronal cell death.5,6 Thus, the overex-
pressed ONOO− may be considered as an important indicator
for the early diagnosis of epilepsy.7 Unfortunately, the
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physiological roles of ONOO− are far from clearly understood
yet. To investigate its crucial role in epilepsy, there is an urgent
need to develop powerful imaging tools for detecting ONOO−

in brain.
In recent years, fluorescent probes have become indispen-

sable tools for studying biologically reactive molecules because
of their advantages of high sensitivity, good selectivity,
noninvasiveness, and excellent spatial and temporal resolu-
tion.8−12 Several fluorescent probes for the detection of
ONOO− in cells and in vivo have been reported;13−20 however,
the probes for specially monitoring ONOO− in epileptic brains
are still challenging.21 The emission of most reported
fluorescent probes for ONOO− are located in the visible
region, limiting the application for in vivo imaging. Therefore,
near-infrared (NIR) fluorescent probes for monitoring
ONOO− attracts more attention because of their unique
advantages including deeper tissue penetration, less interfer-
ence from background fluorescence, and less light dam-
age.22−28 Moreover, compared to the single-photon visible
light region imaging, NIR two-photon (TP) microscopy can
avoid autofluorescence and can reduce light damage.29−34

However, most of the present TP probes suffer from an
obstacle that these probes only can emit fluorescence with
short wavelength (<550 nm), which may fail the bioimaging of
brain tissues owing to light penetration depth and light
scattering.35−37 Therefore, there is a vital importance for a TP
fluorescent probe with excitation/emission wavelength in the
NIR region. With this aim in mind, we attempt to develop a
TP fluorescence probe for the specific detection of ONOO− in
living cells and in vivo, which could also track the fluctuations
of ONOO− levels in epilepsy disease in situ and in real-time.
Herein, we presented a new NIR TP fluorescent probe

DCM−ONOO for evaluating the critical physiological
function and role of ONOO− in epilepsy. The probe
comprised of the recognition moiety diphenylphosphinamide
and NIR TP fluorophore dicyanomethylene-benzopyran
(DCM). The probe exhibited specific response to ONOO−

with a large Stokes shift, which satisfied sensitivity and
selectivity, and released the NIR fluorescence signal at 685 nm
depending on the mechanism of intramolecular charge transfer
(ICT) process. DCN−ONOO could effectively track fluctua-
tions of endogenous ONOO− levels in kainate (KA)-induced
epileptic seizures. Furthermore, resveratrol could be employed
as a potential anti-epilepsy agent to inhibit ONOO−

overexpression and to relieve neuronal damage.

■ EXPERIMENTAL SECTION
Synthesis of Probe DCM−ONOO. The synthesis and

characterization of DCM−ONOO are displayed in Supporting
Information. Under argon (Ar) atmosphere, compound 5
(DCM−NH2, 0.31 g, 1 mmol), 0.1 mL of triethylamine, and 4-
dimethylaminopyridine (0.12 g, 1 mmol) were added to a
three-necked flask containing 20 mL of tetrahydrofuran at −10
°C. After stirring for 20 min, diphenylphosphinyl chloride (0.2
mL, 1 mmol) was added dropwise. The reaction continued for
2 h and then reacted at room temperature overnight. The
solvent was removed under vacuum, and the crude product
was obtained. It was then purified by silica gel chromatography
(200−300 mesh) with the eluent CH2Cl2/ethyl acetate (10:1,
v/v) to obtain the probe DCM−ONOO as a yellow solid (0.39
g, yield: 76%). The compound was accurately validated by
nuclear magnetic resonance (1H NMR, 13C NMR) and liquid
chromatography high-resolution mass spectrometry (LC-

HRMS). 1H NMR [400 MHz, dimethyl sulfoxide (DMSO)-
d6]: δ (ppm) 10.14 (s, 1H), 8.75−8.73 (dd, 2H), 7.94−7.85
(m, 6H), 7.81−7.61 (m, 6H), 7.41−7.39 (dd, 1H), 7.29−7.25
(d, 2H), 7.07−6.96 (d, 2H), 6.87−6.85 (dd, 2H). 13C NMR
(100 MHz, DMSO-d6): δ (ppm) 167.4, 160.5, 159.4, 153.4,
152.5, 139.8, 135.8, 132.2, 132.0, 130.8, 130.5, 130.1, 129.1,
126.6, 125.1, 123.2, 119.5, 117.6, 116.5, 116.4, 106.2, 65.5. LC-
HRMS (ESI, negative ion mode): m/z [C32H22N3O2P], calcd,
511.1450; found [M]: 511.1451 and [M − H]−: 510.1383.

Establishment of Rat Epilepsy Model. The SD rats were
anesthetized by inhaling a certain amount of isoflurane, and the
head was fixed on a brain stereotaxic instrument. After shaving
the hair, iodine was used to partially disinfect. The scalp was
cut along the midline of the rat’s head, and then, the supra-
skull key membrane and the cranial outer membrane were
removed. The cornu ammonis 3 (CA3) area in the center of
the right hippocampus was selected as the injection target (AP,
−4.0 mm, ML, 4.40 mm, DV, 3.8 mm). After determining the
location, a skull drill was used to drill through the skull to the
dura, with caution so as not to damage the cortex. While
drilling, the stereotaxic instrument was used to make the
needle of the microsyringe penetrate 3.8 mm (subdural). 2.5
μL KA was slowly injected into the CA3 area of the
hippocampus within 10 min, the needle was retained for 3
min, and the scalp was sutured after surgery. The severity of
acute-stage seizures was graded according to grading standards.
Rats with acute-stage seizures of grade IV and grade V were
selected for the next pharmacological experiments. The specific
classification of acute-stage seizures is described in Supporting
Information.

■ RESULTS AND DISCUSSION
Design and Synthesis of Probe DCM−ONOO. The

molecular structure of the probe and the proposed response
mechanism of DCM−ONOO toward ONOO− are illustrated
in Scheme 1. To specially detect ONOO−

fluctuations in vivo,

the choice of a suitable fluorophore is of vital importance for
the fluorescent probe that can be used in complex biological
systems. DCM has been widely applied in the field of
biological fluorescent imaging because of its unique advan-
tages, including large Stokes shift, excellent light stability, NIR
emission, and large TP absorption cross section.32,38

Accordingly, a DCM derivative (DCM−NH2) is chosen to
serve as the fluorescence signal transducer because of its stable
spectroscopic properties in the range of biologically relevant
pH. A fluorescent probe based on the nucleophilic cleavage of
diphenyl phosphinate has been designed to detect ONOO−,
providing a new strategy for detecting ONOO−.39,40 It is
hypothesized that phosphinamide-bond may be more stable
than phosphinate, although it may not reduce the response rate

Scheme 1. Molecular Structure of DCM−ONOO and Its
Proposed Response Mechanism toward ONOO−
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and selectivity. Inspired by this strategy, the diphenylphosphi-
namide as the response group was introduced to develop the
NIR TP fluorescent probe to track the endogenous ONOO−

fluctuations in the rat epilepsy model. As expected, the
diphenylphosphinamide group exhibited high sensitivity,
excellent selectivity, and rapid enough reaction dynamics
toward ONOO−. Herein, a NIR TP fluorescence probe
triggered by ONOO− is synthesized via combining DCM−
NH2 with diphenylphosphinyl chloride (Scheme S1). The
integration of the response group prevents the ICT process of
the fluorophore. The reaction of ONOO− can cleave the
phosphoramide bond and release the free amino-fluorophore,
which induces the recovery of the ICT process, thereby
providing a characteristic fluorescence emission peak centered
at 685 nm in the NIR region.
Spectroscopic Properties. The spectral properties of

DCM−ONOO were evaluated in phosphate-buffered saline
(PBS) buffer (10 mM, pH = 7.4, 30% DMSO). As depicted in
Figure 1a, the probe provided a strong absorption centered at
460 nm. With the treatment of ONOO− (0−20 μM), there
was a large 52 nm redshift to 512 nm, because the
phosphoramide bond was interrupted and the fluorophore
DCM−NH2 was released (Figure 1a). Simultaneously, the
fluorescence response of DCM−ONOO (10 μM) to different
concentrations of ONOO− was examined. The probe DCM−
ONOO was accompanied by a large Stokes shift of 165 nm,
and its fluorescence intensity of probe DCM−ONOO
centered at 685 nm gradually increased, which should be
due to the cleaved phosphoramide bond by ONOO− (Figure
1b). In order to verify this conjecture, the high-performance
liquid chromatography (HPLC) experiment was performed. As
shown in Figure S1, the peaks of DCM−ONOO and DCM−
NH2 are located at 4.46 min and 6.87 min, respectively. With

the addition of ONOO−, a new peak appeared in the probe
solution, which happened to coincide with the retention time
of DCM−NH2. These results indicated that ONOO− could
smartly break the phosphoramide bond of the probe and could
switch a significant fluorescent signal on. Furthermore, a
satisfactory linear relationship between the fluorescence
intensities and ONOO− concentrations from 0−20 μM was
obtained (Figure 1c). The regression equation was F520nm =
17.1270 × [ONOO−] μM + 93.4746 with a linear fitting
constant r = 0.9993. Based on the standard method of 3σ/k,
the limit of detection was calculated to be 96 nM. Besides, the
experimental detection limit was estimated to be 151 nM.
These results indicated that the probe could potentially severe
as a powerful detection tool to quantitatively and qualitatively
identify trace ONOO− in vitro.

Selectivity and Response Time. The desirable fluores-
cent probes generally possess high stability and excellent
selectivity in the physiological pH range. Because of the
instability of ONOO− in biological systems, the reaction
dynamics of DCM−ONOO on ONOO− was investigated.
Compared with the absence of ONOO−, the fluorescence
signal reached its maximum value in about 10 min, which
suggested that the probe was able to quickly respond to
ONOO− and the possibility of further applying to the real-time
imaging of ONOO− in living cells (Figure S2). High selectivity
is crucial to evaluate the probe’s usability in the complexity of
the biological environment. The response of DCM−ONOO
was investigated toward various biological interferents,
including ROS/RNS: NO2

−; NO; HNO; OCl−; •OH; O2
•−;

H2O2;
tBuOO•, ions and anions: Na+; K+; Ca2+; H2PO4

−;
SO3

2−; HCO3
−; HS−, and biothiols: glutathione (GSH);

cysteine; homocysteine. It was delightful that only ONOO−

induced significant fluorescence enhancement because it could

Figure 1. Spectral properties and selectivity of DCM−ONOO. (a) Dose-dependent UV−vis absorption spectrum with ONOO− (0−20 μM) for 10
min. (b) Fluorescence emission spectrum with ONOO− (0−20 μM), λex = 520 nm. (c) Linear relationship between the fluorescence intensity and
different concentrations of ONOO−, λex = 520 nm, λem = 685 nm. (d) fluorescent intensity response of DCM−ONOO to various reactive species at
10 min: 1, blank, 2, 20 μM ONOO−; 3, 100 μM, NO2

−; 4, 100 μM NO; 5, 100 μM 100 μM NO3
−; 6, 100 μM OCl−; 7, 100 μM •OH; 8, 100 μM

O2
•−; 9, 100 μM H2O2; 10, 100 μM tBuOO•. The experiments were repeated three times, and the data are shown as mean (±S.D.).
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efficiently trigger the probe to release the free DCM−NH2
fluorophore, further verifying that DCM−ONOO exhibited
excellent selectivity to ONOO− (Figures 1d and S3).
Moreover, we also assessed the fluorescence intensity changes
of some interferers (O2

•−,−OH, and NO) in 0 − 60 min
(Figure S4), which caused negligible fluorescence signal
changes. To estimate the effect of pH on DCM−ONOO in

the absence and presence of ONOO−, their fluorescence
intensity was analyzed at λem = 685 nm ranging from pH 3.0 −
10.0. As shown in Figure S5, there was negligible fluorescence
change at the maximum emission (685 nm) for DCM−
ONOO with an excitation at 520 nm, indicating the high
stability of the probe. Upon the addition of ONOO−, a
significant increase of fluorescence intensity at 685 nm was

Figure 2. Imaging of endogenous and exogenous ONOO− in RAW 264.7 cells. (a) Fluorescent imaging of ONOO− generation in RAW 264.7 cells
at time points: 0, 15, 30 min, and 1 and 2 h. (b) Fluorescent imaging of exogenous ONOO− in RAW 264.7 cells. (c) Fluorescent imaging of
endogenous ONOO− in RAW 264.7 cells. (d−f) Mean fluorescence intensities of images in (a−c). (g−i) Flow cytometry analysis for (a−c). (j−l)
Mean values of (g−i). Confocal microscopy images (λex = 820 nm, λem = 650−730 nm) and flow cytometry assays (λex = 514 nm, λem = 650−730
nm) for the detection of ONOO− in RAW 264.7 cells. The experiments were repeated three times, and the data are shown as mean (±S.D.).
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observed in the pH from 4.8 to 7.0 and then reached a plateau,
demonstrating that DCM−ONOO could be utilized to
monitor ONOO− under the physiological pH range. The
maximal TP absorption cross section of DCM−ONOO was
measured as 48 GM with excitation wavelength at 820 nm via
reported methods, which suggested that the TP microscope
could be employed to track ONOO− in living cells.34

Imaging of ONOO− in Living Cells. Encouraged by the
prominent chemical performance of DCM−ONOO, we
further assessed the potential application of this probe to
detect ONOO− in living cells. To verify the biocompatibility of
this probe, the cytotoxicity of DCM−ONOO was evaluated by
Cell Counting Kit-8 (CCK-8) assay against mouse mono-
nuclear macrophage cell line (RAW 264.7 cells) and mouse
hippocampal (HIP) neuron cell line (HT22 cells). As
illustrated in Figure S6, the probe exhibited low cytotoxicity
and high biocompatibility.
Because the probe possessed the features of low cytotoxicity,

high sensitivity, as well as high specificity, we hypothesized that
DCM−ONOO could be suitable for the detection of ONOO−

in living cells. Afterward, the RAW 264.7 cell line was selected
as the testing cell model. First, the optimal incubation time was
examined after adding the probe DCM−ONOO (10 μM) to
RAW 264.7 cells. The RAW 264.7 cells were incubated for 1 h
in the absence or presence of 100 μM 3-morpholino-
sydnonimine (SIN-1, an ONOO− donor) and then treated
with DCM−ONOO (10 μM) before imaging. As illustrated in
Figure 2a, a weak fluorescence signal was obtained in RAW

264.7 cells without pretreatment with SIN-1. In contrast, after
the cells were incubated with SIN-1 for 15 min, a significant
fluorescence was observed and attained saturation; thus the
best incubation time was set to be 15 min. Furthermore, the
probe could maintain fluorescence in the cells for 2 h.
Subsequently, flow cytometry assays were employed to further
verify these data. As shown in Figure 2g,j, the results were in
well accordance with the imaging output (Figure 2a,d).
Subsequently, in order to prove that the probe could respond
specifically to ONOO− in living cells, NOC-18 (a NO donor,
500 μM) and MSB (a O2

•− donor, 100 μM) were employed
for real-time generation of ONOO−.41 As expected, no evident
intracellular fluorescence signals were observed. Moreover, a
dramatic fluorescence signal was obtained by the treatment
with SIN-1, but the treatment with FeTMPyP (a ONOO−

decomposition catalyst, 50 μM) could effectively suppress the
generation of fluorescence (Figure 2b).42 These results
suggested that only ONOO− could trigger the fluorescence
turn-on response rather than other substances, which further
indicated the specific imaging of ONOO− with DCM−ONOO
in living cells. These observations were confirmed by flow
cytometry analyses. As shown in Figure 2h,k, the obtained
results were basically consistent with the above imaging
outcome. The potential of DCM−ONOO for imaging
endogenous ONOO− was investigated in living cells. The
assays were performed in RAW 264.7 cells because the cells
expressed high levels of inducible nitric oxide synthase (NOS)
after being stimulated by lipopolysaccharide (LPS, 1 μg/mL)/

Figure 3. Detection of ONOO−
fluctuation in living HT22 cells with DCM−ONOO by confocal microscopic imaging and flow cytometry analysis.

Confocal microscopy images (λex = 820 nm, λem = 650−730 nm) and flow cytometry assays (λex = 514 nm, λem = 650−730 nm) f2or the detection
of ONOO− in HT22 cells. The HT22 cells were treated with KA (50 μM, 12, 24 h, and 3 d), KA + LRes (20 μM, 12, 24 h, and 3 d), KA + MRes
(50 μM, 12, 24 h, and 3 d), and KA + HRes (100 μM, 12, 24 h, and 3 d), respectively. Consequently, DCM−ONOO (10 μM) incubated for 15
min at 37 °C before confocal imaging and flow cytometry analyses. (a) Fluorescent imaging of ONOO− in different HT22 model cells. (b) Flow
cytometry analysis for a. (c) Apoptosis detection by flow cytometry analysis. Q1: necrosis cells, Q2: late apoptotic cells, Q3: early apoptotic cells,
Q4: survival cells. (d) Mean fluorescence intensities of the images in (a). (e) Mean values of (b). (f) Apoptosis rate. The data are shown as mean
(±S.D.).
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interferon-γ (INF-γ, 100 ng/mL).43 A significant fluorescence
enhancement in RAW 264.7 cells was found by the treatment
with LPS/INF-γ, which demonstrated that the intracellular
ONOO− level increased under the stimulation of external
oxidative stress.
However, the living cells were stimulated with LPS/INF-γ

and pretreated with a NOS inhibitor aminoguanidine (0.5
mM), a superoxide scavenger 2,2,6,6-tetramethylpiperidine-N-
oxyl (Tempol, 0.5 mM), or a ONOO− scavenger (uric acid,
100 μM) and then treated with DCM−ONOO, because of
which the intracellular fluorescence signals were greatly
inhibited, suggesting that the levels of intracellular ONOO−

were decreased.14 Meanwhile, it also indicated that the
detected intracellular fluorescence signals were indeed caused
by the endogenous ONOO− rather than other ROS (Figure
2c). The obtained data were further verified by flow cytometry
analysis. As shown in Figure 2i,l, the observed results were well
consistent with fluorescence images (Figure 2c,f). All the above
results indicated that the probe DCM−ONOO could be
suitable for monitoring of endogenous and exogenous
ONOO− in living cells.
Visualizing of ONOO− Levels in HT22 Cells under KA

Stimulation. Because the probe had been successfully
employed to detect ONOO− in living cells, we tried to further
investigate the fluctuations of ONOO− concentrations in cells
under KA stimulation. Resveratrol (Res), a small molecule of
polyphenols, possesses a strong antioxidant effect, which can
play biological roles by activating histone deacetylase.
Furthermore, recent studies reported that Res is able to
effectively reduce nerve damage.44 Therefore, we attempted to
explore the effect of Res on the expression of ONOO− under
KA stimulation. Herein, a nerve cell line HT22 cell line was
selected as the test cell model. In this assay, the cells were
divided into five groups, and each group was imaged after the
cells were incubated for 12, 24, and 72 h, respectively. Control
group: HT22 cells. KA group: HT22 cells were incubated with
KA (50 μM). HT22 cells were treated with KA (50 μM) and
Res (low-dose, LRes, 20 μM), Res (medium-dose, MRes, 50
μM), and Res (high-dose, HRes, 100 μM) as KA + LRes, KA +
MRes and KA + HRes, respectively. As illustrated in Figure 3a,
the control group provided weak fluorescent signals, revealing
low levels of ONOO− in HT22 cells. However, the KA group
displayed relatively powerful fluorescent signals, further
indicating the increased ONOO− content under KA
stimulation. Compared with the KA group, the treatment
with different concentrations of Res resulted in nearly invisible
fluorescence, indicating that the concentration of ONOO− was
low, which should be the result of certain antioxidant effects of
Res. Evidently, the fluorescence intensity of the KA + HRes
group was lower, revealing that the inhibitory effect of high-
dose Res was better than that of low-dose Res. Along with the
extent time to 24 h, only the KA group still possessed stronger
fluorescence. Nevertheless, the other groups displayed lower
fluorescence, which demonstrated that Res could inhibit the
overexpression of ONOO−. However, with an extended time
period of 3 days, cells in all the groups exhibited negative
fluorescence intensity. These above results demonstrated that
Res might be applied to relieve the oxidative stress caused by
KA. Subsequently, flow cytometry analysis was also performed
(Figure 3b,e) that showed excellent consistency with the
outcomes of bioimaging (Figure 3a,d). In addition, compared
to the control group, the cells in other groups were clearly
round and in a semi-adherent state, especially the KA group

and the KA + HRes in 3 days (Figure 3a). The result suggested
that the addition of KA and high-dose of Res might induce
apoptosis. Thus, the disturbance of redox homeostasis
inevitably led to cell apoptosis. On the basis of these
phenomena, the apoptosis experiment was carried out via a
flow cytometry approach. As illustrated in Figure 3c,f, the
apoptosis rates of the KA groups increased compared with that
of the control groups. The ratio of apoptotic cells in the KA +
LRes and KA + MRes groups were lower than that of the KA
group. However, KA + HRes groups displayed the opposite
trend, which exactly coincided with the poor state of the cells
that we observed in this group. These results indicated that
high-dose Res could not improve the disorder of intracellular
redox homeostasis caused by KA, which further aggravated
apoptosis; in contrast, low-dose Res could scavenge RNS with
less damage to cells. Taken together, the developed fluorescent
probe DCM−ONOO would effectively investigate the
fluctuation of intracellular ONOO− in living cells and evaluate
the role of Res inhibiting the overproduction of endogenous
ONOO− under KA stimulation. The probe could be used for
simple screening of inducers and inhibitors against the
formation of ONOO− according to the changes in its
fluorescence signal.

Visualizing Real-Time Imaging of Endogenous
ONOO− in Rats. With the promising living cell imaging
data in hand, we next assessed the suitability of DCM−ONOO
for the detection of ONOO− in vivo. Generally, rats were
divided into four groups. For the control group, the rats were
processed with an intraperitoneal (i.p.) injection of PBS buffer
before intravenous (i.v.) injection of probe DCM−ONOO.
The other groups were pretreated with SIN-1, SIN-1+ Res, and
SIN-1 + uric acid by i.p. injection, respectively. Subsequently,
the images were captured at different time points (5, 15, 30,
45, and 60 min) after i.v. injection of probe DCM−ONOO. As
shown in Figure S7, weak fluorescence intensity was obtained
in the control group, implying that the ONOO− content was
low under normal circumstances. In contrast, SIN-1 groups
displayed powerful NIR fluorescence signals, which were
gradually increasing within 30 min and then remained at the
maximum intensity for a period of time. The results indicated
that the probe could be applied for real-time imaging of
ONOO− in vivo. Thereafter, an ONOO− scavenger (uric acid)
was employed to verify whether fluorescence was induced by
an increase in the amount of ONOO− in vivo. Negligible
fluorescence signals were observed as compared with SIN-1
groups, further revealing that the probe DCM−ONOO could
be utilized to image and monitor the fluctuations of ONOO−

in vivo. Meanwhile, weak fluorescence signals were also
obtained for the rats pretreated with Res before SIN-1
administration, confirming that Res could effectively inhibit
the excessive increase of ONOO−, which should be because of
the antioxidant effect of Res. The above results demonstrated
DCM−ONOO offered great potential to serve as a chemical
tool for tracing ONOO− in vivo and Res might be used as an
antioxidant drug.

Imaging of ONOO− in Rat Epilepsy Models. Encour-
aged by the above results, we further explored whether DCM−
ONOO could be applied to the fluctuation of endogenous
ONOO− levels in the epileptic brain. The concentration of
ONOO− in healthy brains is about 300 nM, and its
concentration would obviously increase in epilepsy disease.21

The proposed probe was sensitive enough to detect the
ONOO− levels in epilepsy. Herein, the KA-induced method, a
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classic model of induced epilepsy in rat, was employed. Rats
were divided into five groups: Control group: normal rats; KA
group: rat epileptic model; KA + LRes group, KA + MRes
group, and KA + HRes group. The rats were pretreated with
different doses of Res (15, 30, and 60 mg/kg/d) after the same
procedure as that of the KA group, respectively. Unfortunately,
almost all the rats in the KA + HRes group died, which might
be due to the high concentration of Res causing certain toxic
and side effects.
Herein, rats with grade IV and grade V acute attacks were

selected for the following experiments. All the rats were treated
with intracranial injection of DCM−ONOO (50 μM, 50 μL in
DMSO/saline = 1:99, v/v) for 30 min before in vivo
fluorescence imaging. As illustrated in Figure 4a, all control
groups exhibited weak fluorescence signal, implying that the
content of ONOO− in normal rats was quite low. However,
compared with other groups, the fluorescence intensity of the
KA group was significantly stronger in 12 h, indicating a higher
ONOO− content, which further verified that epilepsy would
cause abnormal elevation of ONOO− levels. The fluorescence
intensity of the KA + LRes group and the KA + MRes group
were relatively weaker than that of the KA group, revealing that
the ONOO− content reduced after Res treatment, which
should be attributed to the antioxidant effect of Res.
Subsequently, the fluctuations of ONOO− content within a
week (quiescent period) were assessed. The fluorescence
intensity of each group decreased and tended to stabilize with
the extension of time, indicating that the content of ONOO−

increased during the seizure of rats, but it could gradually
decrease or even return to the original state during the stable
period, such as 3 days and 7 days. In addition, different organs
were collected and then subjected to fluorescence imaging
analysis (Figure 4b). Except for the brain, no obvious
fluorescence intensity was found in the lung, heart, spleen,
liver, and kidney. The phenomenon of in vitro and in vivo
experiments was almost identical. These results implied that

the occurrence of epilepsy disease might be inseparable from
ONOO−. Meanwhile, it also confirmed that Res was effective
for the treatment of epilepsy. Thus, ONOO− might be used as
an indicator of epilepsy disease and a potential chemical and
biological imaging tool for diagnosis of epilepsy disease. The
probe can be utilized as a screening agent for antioxidant
drugs. Excessive ONOO− produced by stimulating stress may
further lead to severe neuronal death, which is also closely
related to the decrease of GSH peroxidase and protective
superoxide dismutase 2 in epilepsy diseases.3 Consequently,
epilepsy is often accompanied by damage to HIP neurons. The
hematoxylineosin and Nissl staining were employed to
illustrate the pathological morphology of the epilepsy and to
verify whether the rat epilepsy model was successfully
established or not (Figure 4c,d). The neurons in the cornu
ammonis 1 (CA1), CA3, and dentate gyrus (DG) regions of
the hippocampus of the control group were polygonal, the
nuclei were lightly stained and vacuolated, with clear nucleoli,
basophilic cytoplasm, and no abnormalities in the neural
network. Interestingly, no significant neuron loss was observed
in the DG region of all groups. However, in the KA group, a
large number of neurons were lost and fewer residual neurons,
followed by the KA + MRes group, and a small number of
neurons were lost and more residual neurons in the KA + LRes
group. The neuron layer in the HIP CA3 area further thinned
and neurons were again lost in 24 h. Subsequently, we
observed that about 3 d after the injection of KA, a large
number of CA3 neuronal cells degenerated and died in the
rats. The loss of neurons in the CA1 and CA3 regions of the
hippocampus in the KA group and the KA + MRes group was
severe, and almost no neurons remained, but there was neuron
loss in HIP CA3 but no obvious abnormalities in CA1 area in
the KA + LRes group at 7 days. The above results suggested
that the KA + LRes group possessed a better protective effect
on neurons in the HIP CA1 area than the CA3 area. Compared
with the KA + LRes group, the KA + MRes group exhibited a

Figure 4. Time-dependent fluorescence images of rat epilepsy models (λex = 514 nm, λem = 650−730 nm). (a) Fluorescence images of ONOO−

with DCM−ONOO in the hippocampus of normal, epilepsy, and treatment rats. (b) Fluorescence detection of vitro vital organs (heart, liver,
spleen, lung, kidney, and brain) from the rats in (a). (c) HE and (d) Nissl staining for evaluating neuronal damage in the HIP region.
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poor protective effect on neurons, which further suggested that
the low concentration of Res had a certain protective effect on
neurons. Overall, after the application of Res drugs, the early
and mid-term (12, 24 h, and 3 d) had a trend of delaying
neuronal degeneration or protecting neurons, and the low-dose
had a more obvious effect than the high dose.
To further discuss the level changes of ONOO−,

fluorescence imaging of the fresh rat brain slices was carried
out (Figure 5). The brain tissue slices were incubated with
DCM−ONOO (10 μM) for 20 min and then washed with
PBS three times before TP confocal fluorescence imaging
(Figure 5). In the control group, the fluorescence signal in
each area of the hippocampus exhibited weak fluorescence
signals, clear hierarchical structure, neatly arranged nerve cells,
and uniform cytoplasmic staining. However, KA group’s tissues
exhibited strong fluorescence, especially in CA1 and CA3
regions. In addition, a large number of neuron loss and
disorder were observed, which should be attributed to the
overdose of ONOO−. The fluorescence intensity of the KA +
LRes group and KA + MRes group were significantly weaker
than the KA group. As shown in Figure 5, the fluctuations of
fluorescence signals were consistent with the results in Figure
4a. The above assays displayed that the probe possessed
favorable penetration ability and could be utilized for ONOO−

detecting and imaging in tissue and in vivo. All of these
observations demonstrated that overexpressed ONOO− might
induce severe neuronal damage and even death, while effective
inhibition of ONOO− in the brain might have the potential to
be a useful strategy for relieving epilepsy.

■ CONCLUSIONS

In summary, we developed a new NIR TP fluorescent probe
DCM−ONOO to track the dynamic changes of ONOO− in
live cells and in vivo. The probe features high sensitivity and
specificity as well as rapid detection toward ONOO− in virtue
of the supervision of the ICT mechanism. Combining with TP
fluorescence imaging, DCM−ONOO can effectively visualize
the endogenous ONOO− in the hippocampus region of KA-
induced epileptic rat model, demonstrating the positive
correlation between abnormal overexpressed ONOO− and
epilepsy seizures as well as the neuronal damage. Furthermore,
resveratrol can effectively inhibit the overexpression of
ONOO− and the damage of neurons, which has the potential
use for the remission of epilepsy. The probe DCM−ONOO
may provide great potential to serve as a powerful chemical
tool for real-time tracking of ONOO−

fluctuations and further
assist diagnosis of epilepsy diseases.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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More experimental materials, general methods, addi-
tional figures, synthesis steps, and compound character-
ization, procedure for the synthesis of the probe,
spectrum for structure characterizations, HPLC experi-
ments, and additional fluorescence spectra and images
(PDF)

Figure 5. Fluorescent brain tissue imaging was performed to assess the levels of ONOO− dynamic changes and neuronal damage for whole HIP
region, CA1, CA3, and DG subregions at different times in various rat models after KA administration. Red channel: DCM−ONOO with collection
window from 650 nm to 730 nm (λex = 820 nm); Blue channel: 4′,6-diamidino-2-phenylindole.
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