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ABSTRACT: Screening anti-Parkinson’s disease (PD) drugs at in vivo
brain level is imperative for managing PD yet currently remains
unaccomplished. Peroxynitrite (ONOO−) has been implicated in PD
progression. Thus, developing in vivo ONOO−-based imaging tools for
anti-PD drug screening holds promise for early prognosis and treatment of
PD. Consequently, a near-infrared (NIR) fluorescence probe, BOB-Cl-
PN, with high specificity, good sensitivity (LOD = 24 nM), and rapid
response (<60 s), was devised to investigate ONOO− and PD
relationships. Utilizing NIR fluorescence imaging, BOB-Cl-PN effectively
monitored ONOO− fluctuations in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-induced PD cell models, establishing a cellular high
throughput screening (cHTS) system for anti-PD drugs. In live animal
imaging, BOB-Cl-PN’s ability to penetrate the blood−brain barrier
enabled ONOO− flux imaging of PD mouse brains. Moreover, BOB-Cl-PN served as an imaging contrast for in vivo screening of
potential traditional Chinese medicines for PD therapy, identifying fisetin as having the best therapeutic index among 10 Chinese
medicines. This study constructs a sensitive, efficient imaging contrast for monitoring ONOO− dynamics in PD brains and provides
a valuable platform for cellular and in vivo screening of anti-PD drugs.
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■ INTRODUCTION
Parkinson’s disease (PD) is the second most common
neurodegenerative disease in middle-aged and older adults,
following Alzheimer’s disease.1 The pathological features of PD
involve the degeneration and death of dopaminergic neurons
in the midbrain substantia nigra, resulting in a significant
decrease in dopamine activity and content.2,3 Currently, PD
cannot be completely cured and can only be managed with
medications to alleviate the progression of the disease, placing
a heavy burden on families worldwide. Consequently, there is
an urgent need to explore more potential therapeutic drugs to
ameliorate or even cure the disease.4,5 Comparatively to the
studies focusing on drug action mechanism and the Trial and
Error methods employed in screening PD drugs, fluorescent
probes have emerged as a highly promising approach in recent
years.6−9 This is primarily attributed to their noteworthy
advantages of high sensitivity, exceptional specificity, and the
ability to noninvasively monitor drug effects in real-time.10−16

Thus, the use of fluorescent probes for PD drug screening
and discovery furnished the following three primary advan-
tages: (1) By leveraging the power of fluorescent probe-based
imaging technology, it becomes feasible to establish a readily
accessible platform for high-throughput drug screening. Such a
platform enables the rapid evaluation and screening of a vast
number of potential drug candidates.17−20 Consequently, this

expedites the overall drug research and development process
while simultaneously reducing the costs associated with drug
discovery. (2) Fluorescent probes have the ability to bind to
PD-associated biomolecules such as proteins, metal ions, and
reactive species.21−25 By utilizing real-time fluorescence
imaging, they can assess drug affinity, selectivity, and potential
side effects by monitoring the interactions between drugs and
these targets. (3) Fluorescent probe-based imaging enables the
observation of drug distribution, metabolism, and transport
processes within cells or living animals.26−29 This technique
offers researchers a valuable means to visualize the mechanisms
of drug action, optimize drug design, and enhance its efficacy.
Peroxynitrite (ONOO−) is recognized as a potent oxidant

and neurotoxic factor, considered pivotal in the development
of neurodegenerative diseases.30−32 Studies indicate a notable
increase in ONOO− concentration in the brains of PD
patients, underscoring the importance of accurately detecting
ONOO− levels to comprehend PD progression. For instance,
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in 2020, Liu’s team devised a series of NIR fluorescent probes
(NIR-PNs) with ultrafast ONOO− response, enabling visual-
ization of ONOO− fluctuations in PC12 cells, Drosophila, C.
elegans, and PD mouse brains.33 Similarly, in the same year,
Li’s group introduced a two-photon fluorescent probe (ER-
PN) for imaging endoplasmic reticulum ONOO− in living cells
and a PD model of the nematode Hidradenitis elegans.34 In
2022, Zhang and colleagues developed a ratiometric NIR
fluorescent probe successfully monitoring ONOO− fluctua-
tions in a zebrafish PD model.35 Until now, only a limited
number of probes have been able to be utilized for in vivo
imaging of ONOO− in PD mice.36−39 Furthermore, there is
little mention of their application in estimating anti-PD drug
screening through in vivo fluorescence, potentially due to the
inadequate permeability of the blood−brain barrier (BBB) and
subpar real-time imaging capabilities of current probes.40−42

Consequently, it is crucial to develop fluorescent probes that
possess both enough BBB-permeability and high sensitivity,
allowing for the real-time monitoring of dynamic changes in
cerebral ONOO−.
In this study, we report a near-infrared (NIR) ONOO−-

activated fluorescent probe BOB-Cl-PN, enables the real-time
imaging of ONOO− in PD mouse brains and facilitates in vivo
screening of anti-PD drugs. BOB-Cl-PN demonstrates out-
standing selectivity, high sensitivity, and rapid response to
ONOO− in solution tests with an emission peak at 708 nm.
Cellular imaging results support that BOB-Cl-PN can
sensitively detect intracellular ONOO− variations induced by
incubating cells with ONOO− donors or lipopolysaccharide
(LPS), as well as in a PD cell model. Additionally, a high-
throughput screening (HTS) platform has been developed to
assess the therapeutic efficacy of anti-PD drugs at the cellular
level using cell culture plates. Further, through in vivo brain
imaging, BOB-Cl-PN facilitates the screening of effectual anti-
PD drugs from ten Chinese herbal medicines by utilizing real-
time fluorescence associated with ONOO‑ in mice. Overall,
this work introduces a valuable tool for early PD diagnosis and

real-time screening of potential anti-PD drugs using NIR
fluorescence imaging.

■ EXPERIMENTAL SECTION

Experimental Details
Details of the experiment are given in the Supporting Information.
Synthesis of BOB-Cl-PN
In a 50 mL round-bottomed flask, 173 mg (0.34 mmol) BOB-Cl,
104.2 mg compound 4 and 140 mg anhydrous K2CO3 were added
and dissolved by 20 mL DMF. It then reacts overnight at 80 °C. After
the reaction, 40 mL pure water was added to quench the reaction,
then the mixture was extracted with CH2Cl2 (60 mL × 3) and dried
with anhydrous Na2SO4. The solvent is removed. The crude product
was purified by silica gel column chromatography (eluent: dichloro-
methane/petroleum ether = 3:1, v:v) to obtain a dark blue solid
powder (50 mg, 22% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.41
(d, J = 8.2 Hz, 1H), 8.29 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 8.1 Hz, 1H),
7.97 (d, J = 10.8 Hz, 3H), 7.87 (d, J = 16.8 Hz, 1H), 7.81 (dd, J = 8.2,
1.9 Hz, 1H), 7.75 (d, J = 2.2 Hz, 1H), 7.68 (d, J = 1.8 Hz, 1H), 7.64
(dd, J = 8.2, 6.9 Hz, 2H), 7.51 (q, J = 8.9, 8.4 Hz, 2H), 7.42 (d, J = 8.6
Hz, 1H), 7.23−7.18 (m, 2H), 7.11 (d, J = 8.6 Hz, 2H), 5.27 (s, 2H),
3.16 (s, 3H), 2.29 (s, 3H), 0.85 (s, 3H), −0.14 (s, 3H).

■ RESULTS AND DISCUSSION

Probe Design
The N2O-type benzopyrromethene boron complex (BOBPY)
was selected as the fluorophore scaffold for its locked planar
structure and axial steric protection, which contribute to its
exceptional stability, high absorbance, high fluorescence
quantum yield, narrow emission band, and near-infrared
emission.43 Consequently, BOBPY fluorophores exhibit
significant promise in the development of fluorescence
probes.44−46 Through the Knoevenagel condensation reaction,
the methyl group of BOBPY was condensed with the aldehyde
group of 4-hydroxybenzaldehyde to yield the new fluorescent
compound, BOB. Recognizing that halogen substitution can
notably influence the probe’s response properties, a related

Scheme 1. (A) Design Principles of Probe. (B) Mechanism of BOB-Cl-PN Response to ONOO− in Parkinson’s Disease Mice
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fluorophore, BOB-Cl, was synthesized by introducing a
chlorine (Cl) atom into the ortho position of BOB’s phenol
group. The hydroxyl group of the fluorophore (BOB, BOB-
Cl) was linked with the ONOO− recognition unit 5-
(bromomethyl)-1-methylindoline-2,3-dione to produce the
probes BOB-Cl-PN and BOB-PN. Consequently, the
fluorescence of the fluorophores in these two probes (BOB-
Cl-PN, BOB-PN) was quenched by the isatin moiety.47−49

Upon the probe’s reaction with ONOO−, the removal of the
isatin component results in the liberation of the fluorophores
BOB/BOB-Cl, thus reinstating strong near-infrared emission
(Scheme 1). The synthesis and characterizations (1H NMR
and HRMS) of these probes are detailed in the Supporting
Information (Scheme S1 and Figure S10−23).
Fluorescence Response to ONOO−

First, the absorption and fluorescence responses of BOB-Cl-
PN and BOB-PN to ONOO− were respectively measured in a
PBS/DMF buffer solution (PBS, pH = 7.4, containing 50%
DMF, v/v). The absorption peak of BOB-PN is at 688 nm.
After the reaction with ONOO−, the absorption peak position
of BOB-PN is red-shifted to 730 nm (Figure S1A). The
absorption peak of BOB-Cl-PN is located at 688 nm, and the
absorbance undergoes a noticeable enhancement subsequent
to the reaction with ONOO− (Figure 1A). At the same time,
the fluorescence quantum yields of BOB-Cl-PN and BOB-PN
before and after reaction with ONOO− were further evaluated
(Table S1). Subsequently, the fluorescence spectra of BOB-Cl-
PN and BOB-PN with varying concentrations of ONOO−

were examined. Both probes exhibit a concentration-depend-
ent increase in ONOO− fluorescence at 708 and 713 nm,
respectively (Figures 1B and S1B). At an ONOO−

concentration of 20 μM, the fluorescence intensity of BOB-
PN increases approximately 4.5 times (F/F0) (Figure S1B,C),
revealing a strong linear relationship within the range of 7 to

15 μM ONOO− (Figure S2B). Furthermore, the limit of
detection (LOD) was determined to be 1.39 μM using the 3σ/
k method.
In contrast, the fluorescence intensity of BOB-Cl-PN at 708

nm is significantly enhanced upon interaction with ONOO−

(Figure 1B), reaching a maximum F/F0 value of approximately
19 times. Additionally, the fluorescence response within the
range of 1.0 to 20 μM ONOO− demonstrates a strong linear
relationship (Figure 1C). The calculated LOD value is 24 nM
using the 3σ/k method (Figure S2A). It is evident that BOB-
Cl-PN exhibits a much better response sensitivity to ONOO−.
Furthermore, the time-dependent relationship between the
fluorescence profiles of BOB-Cl-PN/BOB-PN and ONOO− is
also assessed. The fluorescence intensity of BOB-Cl-PN
reached a plateau within 60 s upon the addition of 4.0−18
μM ONOO− (Figure 1D), whereas the reaction between
BOB-PN and 3.0−20 μM ONOO− was completed within 120
s (Figure S1D). Thus, the reaction profiles demonstrate that
BOB-Cl-PN reacts with ONOO− at a significantly faster rate
compared to BOB-PN. The superior response performance of
BOB-Cl-PN, characterized by a lower limit of detection
(LOD) and rapid reaction rate, can be attributed to the
enhanced reactivity and fluorescence resulting from the ortho-
chlorine substitution.50 The specificity of the probe for
ONOO− detection is critical in complex biological environ-
ments. Therefore, we evaluated the selectivity of BOB-Cl-PN
and BOB-PN for ONOO−. As expected, no significant increase
in fluorescence intensity was observed for the incubation of
BOB-PN or BOB-Cl-PN with possible bio-interference
substances (Figures 1E and S1E). Moreover, BOB-Cl-PN
showed higher stability and specificity (19-fold vs 4.5-fold). It
is worth noting that the co-incubation of 100 μM other ROS
(ClO−, H2O2, NO2−, •OH) also did not affect the response
performance of the probes to ONOO−, indicating that they
have good anti-interference (Figure S3A,B). Finally, we further

Figure 1. (A) Absorption spectra of BOB-Cl-PN before and after reacting with ONOO−. Inset: color change of BOB-Cl-PN before (left) and after
(right) reacting with ONOO−. (B) Spectral response of 10 μM BOB-Cl-PN with 0−30 μM ONOO−. (C) Relationship of fluorescence intensities
and ONOO− concentrations. (D) Time course of fluorescence responses of BOB-Cl-PN with 0, 4, 10, 18 μM ONOO−. (E) Fluorescence
responses of 10 μM BOB-Cl-PN to various biological species including 20 μM 2−8: Ca2+, Cu2+, Fe2+, K+, Mg2+, Na+, Zn2+; 50 μM 9−16: H2O2,
ClO−, NO2−, O2−, •OH, S2O32−, S2−, SO32−, 100 μM 17−19: Cys, Hcy, GSH, and 20 μM ONOO−. (F) Influences of pH on the fluorescence
response of BOB-Cl-PN to ONOO−. λex/λem = 688/708 nm.
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evaluated the pH stability of the two probes. The fluorescence
intensities of both probes and ONOO− remained stable at pH
values of 7−10 and were higher than that at pH = 3−6
(Figures 1F and S1F). It may be due to the decomposition of
ONOO− to produce NO• and O2−• under acidic conditions
below physiological pH and comprise the fluorescence
decreases.51,52 Through the test results, it can be concluded
that BOB-Cl-PN showcases much more superior response
performance, more suitable for the detection of ONOO− in
complex biological environments. Further, we assessed the
stability of BOB-Cl-PN in mouse plasma. After 11 h of
incubation, BOB-Cl-PN still exhibited strong stability in
plasma (Figure S4). Afterward, we summarize several
ONOO−-activated probes used for detecting PD, comparing
their optical properties and biological applications (Figure S5
and Table S2). Notably, BOB-Cl-PN offers significant
advantages over other probes in terms of near-infrared
emission, penetration depth, and ability to cross the blood−
brain barrier.
NIRF Imaging of Cellular ONOO−

Prior to the imaging of the cells, we determined the
cytotoxicity of BOB-Cl-PN on PC12 cells using the MTT
assay. As shown in Figure S6, BOB-Cl-PN exhibited low
cytotoxicity to living PC12 cells at low concentrations.
According to the MTT results, the probe concentration of 5
μM was selected for subsequent cell experiments. Next, we
investigated the cellular imaging capabilities of BOB-Cl-PN.
Initially, the PC12 cells showed a weak fluorescence signal after
the incubation with BOB-Cl-PN (Figure 2a). To eliminate the
effect of endogenous ONOO−, PC12 cells were pretreated
with uric acid (UA, an ONOO− scavenger) and incubated with
BOB-Cl-PN for confocal cell imaging. Weak fluorescence
intensity was observed in the cells (Figure 2b). This proves
that the fluorescence intensity in Figure 2a is induced by

cellular endogenous ONOO−. Additionally, PC12 cells were
pretreated with UA to deplete endogenous ONOO− and
stimulated with 3-morpholino-sydnonimine (SIN-1, exogenous
ONOO− donor) or lipopolysaccharide (LPS, endogenous
ONOO− stimulator). Compared with Figure 2b, the
fluorescence intensity was significantly improved (Figure
2c,d,B). In order to verify the specificity of BOB-Cl-PN to
ONOO−, several ONOO− inhibitors were applied including
aminoguanidine (AG, a commonly used NO synthase
inhibitor), 2,2,6,6-tetramethylpethyl-1-oxide (TEMPO, a
superoxide radical scavenger), and UA (Figure 2e,f,g,
respectively).53,54 The results indicated that the inhibitor
significantly diminished fluorescence in comparison to the
control group (Figure 2B), and BOB-Cl-PN could sensitively
monitor the intracellular ONOO− level.
The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-

dine (MPTP) is recognized for inducing degeneration and
necrosis of dopaminergic neurons by depleting adenosine
triphosphate (ATP) and generating reactive oxygen species
(ROS), consequently leading to a substantial decrease in
dopamine levels.55 Building upon this premise, we exposed
PC12 cells to MPTP for 2 h to establish a PD cell model. As
depicted in Figure 3a−c, the intracellular fluorescence intensity
gradually increased with the escalating concentration of MPTP
(200 μM, 300 μM) in comparison to the control group (Figure
3a,B). This observation suggests the generation of ONOO−

during the burst of reactive oxygen species (ROS) burst
induced by MPTP. Significantly, the addition of UA notably
decreased the fluorescence intensity in the PD cell models,
indicating the effective reduction of ONOO− levels in the cells
by UA (Figure 3d,B). Therefore, it is evident that BOB-Cl-PN
can accurately monitor the fluctuation of ONOO− levels in the
PD cell model.

Figure 2. (A) (a) PC12 cells were incubated with BOB-Cl-PN (5 μM) for 0.5 h and then imaged. (b) PC12 cells were pretreated with UA (200
μM) for 0.5 h, then incubated with BOB-Cl-PN (5 μM) for 0.5h for imaging. (c) PC12 cells were pretreated with UA (200 μM) for 0.5 h, then
incubated with BOB-Cl-PN (5 μM) and SIN-1 (800 μM) for 0.5 h for imaging. (d) PC12 cells were pretreated with UA (200 μM) for 0.5 h and
incubated with LPS (2 μg/mL) for 4 h, then incubated with BOB-Cl-PN (5 μM) for 0.5 h for imaging. (e, f, g) PC12 ells were pretreated with (e)
AG (200 μM), (f) TEMPO (200 μM), or (g) UA (200 μM) during stimulation with LPS (2 μg/mL) for 4 h, subsequently incubated with BOB-
Cl-PN (5 μM) for 0.5 h and then imaged. (B) Mean intensities in a−g. Scale bar = 50 μm. λex = 633 nm, λem = 650−749 nm. **p < 0.01, ***p <
0.001, ****p < 0.0001.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Article

https://doi.org/10.1021/cbmi.4c00076
Chem. Biomed. Imaging 2025, 3, 301−309

304

https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00076/suppl_file/im4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00076/suppl_file/im4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00076/suppl_file/im4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00076/suppl_file/im4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00076/suppl_file/im4c00076_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00076?fig=fig2&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In Vivo Imaging of ONOO− Fluxes in PD Brains
Prior to in vivo imaging of ONOO− flux in the brains of PD
mice, we measured the log P value of BOB-Cl-PN and
measured a log P value of 1.8, suggesting that BOB-Cl-PN has

the potential to cross the blood−brain barrier. To assess the
potential of BOB-Cl-PN as an effective tool for real-time
monitoring of ONOO− fluxes through fluorescence imaging in
living mice, we employed C57BL/6 mice to establish PD
models via intraperitoneal injection of MPTP for successive 6
days (Figure 4A). The MPTP-induced PD mice exhibited
typical symptoms including the appearance of involuntary
tremors in the body and a stiff erect tail, providing substantial
evidence for the establishment of PD. Furthermore,
Parkinson’s disease is a neurodegenerative condition stemming
from a reduction in dopamine levels within the substantia nigra
striatum. Consequently, tyrosine hydroxylase (TH) plays a
pivotal role in dopamine biosynthesis and is regarded as a
biomarker for PD development.56 Subsequently, immuno-
fluorescence staining was conducted on the substantia nigra
(SN) in the brain tissue of mice from the WT, PD, and
treatment groups to evaluate the TH expression levels.
As illustrated in Figure 4F, TH expression in the substantia

nigra of mice in the PD group was notably lower compared to
that of WT mice. Following treatment with levodopa and
amantadine, TH expression in the substantia nigra of PD mice

Figure 3. (A) NIRF imaging of ONOO− generated by the MPTP
induced PD cells. 5 μM BOB-Cl-PN loaded cells were co-incubated
with (a) 0 μM; (b) 200 μM; (c) 300 μM MPTP; (d) 300 μM MPTP
+ 200 μM UA. (B) Mean intensities in a−d. Scale bar = 50 μm. λex =
633 nm, λem = 650−749 nm. **p < 0.01, ***p < 0.001, ****p <
0.0001.

Figure 4. (A) Schematic diagram of the experimental timeline. (B) Fluorescence imaging of ONOO− in WT, PD, levodopa (L-dopa)-treated and
amantadine hydrochloride (AH)-treated PD mice brains during 11 h via intravenous injection of BOB-Cl-PN (100 μL,10 μM). (C) Quantification
of fluorescence signals in (A). (D) Ex vivo imaging of the brain from WT or PD mice postimaging. (E) Ex vivo fluorescence intensities of PD and
WT mouse brains. (F) Immunofluorescence staining of substantia nigra in WT and PD mice. Scale bars: 1000 μm. (G) Hematoxylin and eosin
staining of the substantia nigra and striatum. Scale bar = 50 μm. NIRF imaging: λex = 680 nm, λem = 780 nm. N = 3, **p < 0.01.
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returned to normal levels. These findings strongly indicate the
successful establishment of the PD mouse model.
For the in vivo imaging, following the tail vein injection of

BOB-Cl-PN (10 μM), WT, PD, and drug-treated PD mice
underwent real-time NIR fluorescence imaging for 11 h,
respectively (Figures 4B and S7). As depicted in Figure 4B,C,
time-dependent fluorescence imaging unveiled the differences
in ONOO− concentration within the brains of mice across
each group. The fluorescence intensity of PD mice notably
increased within the 0−11 h (Fmax/F0 = 3.7). In contrast, only
a slight fluorescence enhancement (Fmax/F0 = 1.45) was
observed in the WT group. These results underscored the
overexpression of ONOO− generation in PD brains.
Simultaneously, real-time fluorescence imaging of the brains
of PD mice administered with levodopa and amantadine
hydrochloride, two prominent anti-PD drugs, revealed a
significant reduction in the expression levels of ONOO−

within the 0−11 h window compared to the PD group,
approaching levels similar to those of WT mice (Figure 4B,C).
These findings imply that BOB-Cl-PN can offer valuable
insights for the treatment and drug development of PD by
assessing ONOO− levels in the PD brain. Furthermore, in vivo
NIR imaging was conducted on dissected brains from PD and
WT mice. The fluorescence intensity in the PD brain exceeded
that in the WT brain, illustrating the blood−brain barrier
penetration capability of BOB-Cl-PN (Figure 4D,E). Finally,
hematoxylin and eosin (H&E) staining was utilized to assess
the biocompatibility of BOB-Cl-PN. Brain tissue slices from

the substantia nigra (SN) and striatum of PD mice treated with
BOB-Cl-PN displayed a resemblance to those from the PBS
group, exhibiting no apparent damage (Figure 4G). And no
notable alterations were observed in the hematoxylin and eosin
(H&E) sections of heart, liver, spleen, lung, and kidney tissues
from mice treated with BOB-Cl-PN, further affirming its
exceptional biosafety (Figure S8). Thus, BOB-Cl-PN emerges
as a promising tool, showcasing both excellent blood−brain
barrier permeability and biocompatibility, for in vivo imaging of
ONOO− in PD mouse model.
Screening of Traditional Chinese Medicine-Based Anti-PD
Drugs in Cells and In Vivo

Having successfully tracked the dynamic changes of ONOO−

content within the brains of PD mice, our investigation
proceeded to evaluate the potential of BOB-Cl-PN as the
vehicle for anti-PD drug screening. Ten traditional Chinese
medicines, renowned for their redox regulatory and anti-
inflammatory properties,57,58 were individually combined with
BOB-Cl-PN to conduct preliminary screening of potential PD
treatment candidates. This screening involved observing the
fluctuation of ONOO− levels using fluorescence imaging. We
first constructed a high throughput screening (HTS) method
for drug screening in the cell level. Briefly, MTTP-induced PD
cells were cultured with 10 Chinese medicines and BOB-Cl-
PN in a 72-well cell culture plate. And we can readily estimate
the anti-PD therapeutic indexes of drugs through the ex vivo
fluorescence imaging (Figure 5A). The HTS system with
BOB-Cl-PN elicited that fisetin has the best therapeutic effects

Figure 5. (A) Fluorescence imaging of PC12 cells treated with ten kinds of traditional Chinese medicines. (B) Box-plot expression of fluorescence
intensity in A diagram (a−l: control, MPTP, naringenin, ginkgolide B, apigenin, rutin hydrate, gallic acid, kaempferol, fisetin, cryptotanshinone,
curcumin, quercetin). (C) Fluorescence imaging of PD mice treated with Chinese medicine and BOB-Cl-PN. (D) Corresponding fluorescence
intensities from (a−k). NIRF imaging: λex = 680 nm, λem = 780 nm.
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toward PD model cells (Figure 5B). For in vivo imaging-based
drug screening, the control and PD mice were respectively
injected with PBS and ten different traditional Chinese
medicines via the tail vein over two consecutive days. One
hour after the second-day injection of the therapeutic drug, all
mice were administered 10 μM BOB-Cl-PN via the tail vein.
Subsequently, the therapeutic effects of the different drugs
were evaluated using in vivo brain fluorescence imaging. As
illustrated in Figure 5C, 7 h postinjection of BOB-Cl-PN, the
fluorescence intensity notably increased in PD mice injected
with PBS alone. In comparison with the control group,
apigenin, gallic acid, kaempferol, and curcumin induced
minimal changes in fluorescence intensity, while naringin,
ginkgolide B, rutin hydrate, cryptotanshinone, and quercetin
resulted in a certain decrease in fluorescence intensity.
However, the fluorescence intensity in PD mice injected with
fisetin significantly decreased by approximately 1.9-fold
compared to the control group (Figure 5D). This implies
that fisetin may downregulate ONOO− expression in the
brains of PD mice, potentially alleviating the MPTP-induced
overproduction of ONOO− in the PD model. Subsequently,
the substantia nigra region in the brain tissue of mice in the
fisetin groups underwent immunofluorescence staining, and
the therapeutic effect was assessed by observing the expression
level of Tyrosine hydroxylase (TH). Surprisingly, after fisetin
treatment, there was a significant increase in TH expression in
the substantia nigra region of mice compared to control PD
mice, indicating potential restoration of PD brains with fisetin
administration (Figure S9). The probe-based in vivo imaging
results align with the TH immunofluorescence findings, thus
affirming the promising potential of the proposed anti-PD drug
screening method using BOB-Cl-PN. Overall, BOB-Cl-PN,
functioning as an imaging agent, not only sensitively monitors
the dynamic changes of ONOO− in PD brains but also offers
potential for in-cell or in vivo drug screening for PD treatment,
marking a significant advancement in PD research.

■ CONCLUSION
In summary, we have developed the NIR fluorescence probe
BOB-Cl-PN for tracking ONOO− fluctuations in PD brain
models and establishing an ONOO−-dependent anti-PD drug
screening platform. BOB-Cl-PN exhibits excellent selectivity
and sensitivity to ONOO−, remarkable resistance to
interference, and pH stability, along with a rapid response
(<60 s) to ONOO−, emitting a fluorescence signal at 708 nm.
Moreover, BOB-Cl-PN accurately detects ONOO− flux in
PC12 cells and MPTP-induced PD cell models through
intracellular fluorescence imaging. Furthermore, thanks to its
ability to cross the blood−brain barrier, BOB-Cl-PN has been
successfully employed for real-time, in vivo imaging of ONOO−

fluctuations in the brains of PD mice. Additionally, as a reliable
imaging reagent, BOB-Cl-PN was utilized to screen traditional
Chinese medicines for treating PD at both the cellular and
mouse levels. The screening results reveal that fisetin may hold
the most promise among the traditional Chinese medicines for
alleviating PD and potentially offering therapeutic effects in the
PD process. The exceptional ONOO−-response performance
and brain in vivo NIR fluorescence imaging capability of BOB-
Cl-PN underscore its remarkable potential to aid in the early
diagnosis and treatment of PD. Furthermore, it streamlines the
process for in vivo and in-cellular anti-PD drug screening,
offering a straightforward and effective approach.
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