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ABSTRACT: Neurotransmitter imbalance is an important patho-
logical basis for epilepsy seizures. Acetylcholinesterase (AChE) as a
key hydrolase in the cholinergic system directly affects the
metabolism of neurotransmitter. Unfortunately, owing to the lack
of reliable in situ imaging tools in the brain, the association
between AChE and epilepsy has not been fully elucidated yet.
Here, we rationally designed a near-infrared (NIR) fluorescent
probe (QXMC) by employing N,N-dimethyl carbamyl as an AChE
sensing group in the quinolinium-xanthene NIR skeleton. QXMC
exhibited high sensitivity, excellent selectivity, and ultrafast
response time (within 0.5 s) toward AChE. Moreover, QXMC
can sensitively monitor the fluctuations of AChE activity in the
neuronal cells and zebrafish during the apoptosis or oxidative stress
process. Significantly, using QXMC with superb blood−brain barrier (BBB) permeability, for the first time, we discovered a down-
regulated AChE level in the acute epileptic mice brain through noninvasive NIR in vivo imaging. Moreover, the visualization of
therapeutic evaluation of epilepsy has also been achieved by monitoring AChE with QXMC. This work demonstrated the great
potential of QXMC as an effective imaging tool for epilepsy diagnosis, therapeutic evaluation, and pathogenesis study.
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■ INTRODUCTION
Epilepsy is one of the most common chronic central nervous
system diseases that affects over 50 million people worldwide.1

Epilepsy is a syndrome characterized by episodic, transient,
repetitive, and typically stereotyped central nervous system
dysfunction caused by highly synchronized and excessive
discharge of brain neurons due to different etiologies.2

Although the seizures of most epilepsy patients can be
controlled through antiepileptic drug treatment, about 30%
of patients are resistant to drugs and become refractory
epilepsy,3 making the diagnosis and therapy of epilepsy still a
major challenge in neuroscience and clinical medicine.

Previous studies indicated that epileptic seizures involved an
imbalance between excitability and inhibition in the central
nervous system.2 Neurotransmitter is the main excitatory and
inhibitory structure of the central nervous system, in which the
excess of excitatory neurotransmitter or the deficiency of
inhibitory neurotransmitter can lead to neuronal activity
disorder, suggesting that the neurotransmitter imbalance (or
dysfunction) is closely related to epileptic seizures. Acetylcho-
line (ACh) is an important neurotransmitter in the central
cholinergic system, which can be released into the synaptic
cleft to transmit neural signal when nerve endings are
stimulated by excitation.4 Acetylcholinesterase (AChE) as a

key hydrolase in the cholinergic system can cleave ACh and
render it inactive, thereby maintaining the balance of ACh.5

Obviously, abnormal fluctuations in AChE activity directly
affect the metabolism of ACh and disrupt neural signal
transmission in the brain. This will inevitably affect emotions
and behavior, ultimately resulting in neurological disorders
such as Alzheimer’s disease,6 depression,7 and epilepsy,8 etc.
However, due to the complexity of the brain and the lack of
suitable tools, the changes in AChE activity and the associated
molecular mechanisms involved in epileptic seizures remain
uncertain. For example, previous research showed that ACh
accumulated abnormally in the brain during the early stages of
acute epileptic seizures, possibly owing to the decreased AChE
activity.8−10 But some studies have also found that AChE was
upregulated in temporal lobe structures of status epilepticus-
experienced epileptic rats.11,12 Therefore, there is an urgent
need to develop accurate and reliable methods for real-time in
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situ monitoring of AChE in the brain, which would help to
better understand the pathological mechanisms of epilepsy as
well as screen and evaluate the efficacy of antiepileptic drugs.

Fluorescent imaging based on fluorescent probes has
recently captivated great attention for the dynamic monitoring
of bioactive molecules at the level of cells, tissues, and even
living animals, by virtue of its high sensitivity, excellent
spatiotemporal resolution, noninvasive and visualized observa-
tion, real-time in situ response, simple operation, and fast
feedback.13−17 Although many fluorescent probes have been
developed for AChE imaging in cells or tissues,18−33 in vivo
imaging tools for AChE detection in living brains are still
lacking. It is known that the central nervous system has a
natural blood−brain barrier (BBB), which can ensure brain
energy supply and microenvironmental stability, but also
restricts the passage of about 98% of small molecules and
nearly all large molecules.34 It is obvious that excellent BBB
penetration ability is the prerequisite for fluorescent probes for
achieving in vivo brain imaging. In 2019, Li and Tang et al.
designed a merocyanine-based two-photo (TP) fluorescent
probe (MCYN), displaying “turn-on” emission at 560 nm in
the presence of AChE.19 This is the only reported probe that
can cross the BBB and has been applied for visualizing AChE
in stress-induced depression phenotypes through TP fluo-
rescence imaging. In general, near-infrared (NIR, around 650−
1700 nm) fluorescence imaging is more suitable for the
visualization of intact live animals, owing to its deep tissue
penetration, lower spontaneous fluorescence and light
scattering, and minimal tissue absorption.35−37 Recently, a
few NIR probes for imaging AChE activity in biosystems have
been reported.21−30 Nevertheless, to our knowledge, AChE-
sensitive NIR probes with BBB penetrability have not been
reported yet, especially the lack of research on real-time in situ
visualization of AChE flux in epileptic mice brain.38

To address this issue, we engineered a novel fluorescent
probe (((E)-2-(2-(6-((dimethylcarbamoyl)oxy)-2,3-dihydro-
1H-xanthen-4-yl)vinyl)-1-ethylquinolin-1-ium, QXMC) for
visualization of AChE activity in an epilepsy mice model by
NIR fluorescence imaging (Scheme 1). QXMC contains a
quinolinium-xanthene conjugated skeleton as the NIR
fluorophore, and a N,N-dimethyl carbamyl as the AChE-
sensitive group, which displays a remarkably enhanced NIR
fluorescence response toward AChE with high sensitivity,
excellent selectivity, as well as ultrafast response time.
Significantly, QXMC has a superior BBB crossing ability,

making it enormously suitable for the in vivo monitoring of
AChE fluctuations in the brains. Facilitated by QXMC,
noninvasive in vivo imaging of AChE flux in the brains of
epilepsy model mice has been successfully achieved for the first
time, making it a potential imaging tool for the diagnosis and
treatment of AChE-related brain diseases.

■ EXPERIMENTAL SECTION

Materials and Instruments

The materials and apparatus used in this work are listed in the
Supporting Information.

Synthesis

Details regarding the synthesis routine (Scheme S1), compounds 1−
3, QXOH ((E)-1-ethyl-2-(2-(6-hydroxy-2,3-dihydro-1H-xanthen-4-
yl)vinyl)quinolin-1-ium), and characterizations of all compounds
(Figures S1−S10) can be found in the Supporting Information.

Synthesis of QXMC

Compound QXOH (50 mg, 0.1 mmol) was dissolved in DMF (1
mL), and then K2CO3 (21 mg, 0.15 mmol) was added, with stirring
for 30 min at room temperature. Dimethylcarbamoyl chloride (40 μL,
0.3 mmol) then was added, with stirring for 1 h at 50 °C. After
completion of the reaction, distilled water (10 mL) was added, the
organic phase was extracted with CH2Cl2/MeOH (10:1, v/v, 3 × 50
mL), then dried with anhydrous MgSO4, evaporated, and purified by
column chromatography to obtain QXMC as a purple solid (35 mg,
60% yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.76 (d, J =
9.0 Hz, 1H), 8.64−8.58 (m, 2H), 8.42 (d, J = 9.0 Hz, 1H), 8.29 (d, J
= 7.6 Hz, 1H), 8.09 (t, J = 7.8 Hz, 1H), 7.84 (t, J = 7.4 Hz, 1H), 7.40
(d, J = 8.4 Hz, 1H), 7.35 (d, J = 1.7 Hz, 1H), 7.08 (s, 1H), 6.98 (dd, J
= 8.3, 2.0 Hz, 1H), 6.84 (d, J = 15.0 Hz, 1H), 4.98 (d, J = 7.0 Hz,
2H), 3.07 (s, 3H), 2.95 (s, 3H), 2.68 (s, 5H), 1.83 (s, 3H), 1.54 (t, J =
6.9 Hz, 4H). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 155.20,
155.04, 153.97, 152.95, 152.87, 142.40, 141.93, 134.93, 130.61,
129.61, 128.48, 127.76, 127.27, 121.03, 119.20, 118.78, 118.39,
113.09, 112.70, 110.10. HR−MS m/z: [M]+ calculated for
C29H29N2O3

+, 453.2173; measured, 453.2168.

Visualization of AChE in Living Neuronal Cells, Zebrafish,
and Epilepsy Model Mice

The cells and zebrafish imaging experiments and construction and
imaging of epilepsy model mice were shown in the Supporting
Information.

Scheme 1. Recognition Mechanism of QXMC toward AChE and Schematic Illustration of QXMC for In Vivo Imaging of AChE
Flux in Epileptic Mice Brain
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■ RESULTS AND DISCUSSION

Design and Synthesis of AChE-Responsive QXMC

The fluorescent probe QXMC was designed by linking N,N-
dimethyl carbamyl on the hydroxyl group of quinolinium-
xanthene dye (QXOH). QXOH has long absorption and NIR
emission that are beneficial for improving the quality of in vivo
images. Moreover, inspired by carbamate in the structure of
neostigmine (an effective AChE inhibitor), N,N-dimethyl
carbamyl is selected as the AChE response group, which is
expected to specifically bind to the “esteratic” subsite of AchE
and cause it deactivation. Meanwhile, N,N-dimethyl carbamyl
also served as a quenched moiety of the molecule that can
inhibit the intramolecular charge transfer (ICT) process,
making QXMC itself have very weak fluorescence. When N,N-
dimethyl carbamyl is selectively recognized by the hydrolytic
center of AChE, the ester bond is cleaved, and then QXOH is

released, leading to a strong NIR fluorescent signal. More
importantly, the quinoline quaternary ammonium (N+) unit
tends to interact with an “anionic” subsite of the hydrolytic
center of AChE, which can enhance the affinity between
QXMC and AChE, thereby improving hydrolysis efficiency.19

Thus, the coupling of N,N-dimethylaminoformyl and quater-
nary ammonium groups is the important basis for designing
AChE-specific probes through the “acetylcholine-mimic”
approach.

We further conducted molecular docking simulations (using
AutodockVina 4.2.6) to predict the binding interactions
between QXMC and AChE molecules. As shown in Table
S1, QXMC can spontaneously bind with the protein AChE
with a binding energy of −8.903 kcal/mol, suggesting a high
docking affinity between QXMC and AChE. Figure 1 depicted
the rational docking mode and detailed binding interactions
between QXMC and AChE, and it can be seen that QXMC

Figure 1. Binding mode of QXMC with AChE predicted by AutodockVina. (A,B) 3D structure of the QXMC−AChE complex. AChE is rendered
in a green tube; QXMC is rendered in yellow. Detailed 3D (C) and 2D (D) binding modes between QXMC and AChE. Hydrogen bonding is
rendered as a green dashed line; π−π stacking interaction is rendered as a purple dashed line; and hydrophobic interaction is rendered as a red gear
shape.

Figure 2. Optical response of QXMC toward AChE. (A) FL spectra of QXOH (5 μM) and QXMC (5 μM) with or without AChE (2.0 U/mL) in
CH3CN/PBS (1/49, v/v, pH 7.4, 10 mM). (B) FL spectra of QXMC (5 μM) in response to AChE (0−2.0 U/mL). (C) Linear relationship
between I678 nm and AChE activity (0−2.0 U/mL). (D) Time-course of QXMC (5 μM) in response to AChE (2.0 U/mL). (E) FL intensity of
QXMC (5 μM) in the presence of various active species. (F) FL intensity of QXMC (5 μM) with or without AChE (2.0 U/mL) in the pH range of
3.0−10.0. λex = 633 nm, λem = 678 nm.
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stably inserted into the cavity of AChE (Figure 1A,B), which
was composed of 18 active amino acid residues (Figure 1C,D).
Specifically, the acetyl moiety of QXMC oriented toward the
“esteratic” region (SER-203 and HIS-447), and the positively
charged quinoline quaternary ammonium unit sited near the
negative “anionic” center (Tyr-72, Tyr-337, and Asp-74),
which were close to the active amino acid residues that interact
with ACh. In addition, the carbonyl and xanthene groups of
QXMC formed hydrogen-bond interactions with GLY-121,
GLY-122, and TYR-124, with an average hydrogen-bond
distance of 3.0 Å (Table S1), indicating a strong bonding effect
between the probe and AChE, which was helpful for anchoring
QXMC in the active pocket. Meanwhile, QXMC formed π−π
stacking interactions with TRP-286 and TYR-341 around the
pocket, and hydrophobic interactions with 15 amino acids
(including TYR-72, ASP-74, TRP-86, ASN-87, GLY-120,
GLY-121, GLY-122, TYR-124, SER-125, SER-203, TRP-236,
TRP-286, PHE-295, PHE-297, TYR-337, PHE-338, TYR-341,
and HIS-447), further enhancing the stability of the QXMC−
AChE complex. These above results demonstrated that QXMC
and AChE had an excellent binding effect and high matching
degree, and QXMC could be used as a potential small
molecule for sensing AChE activity.

Finally, based on the above design strategy, we have
successfully synthesized QXMC (Scheme S1), and the
characterization by nuclear magnetic resonance (NMR) and
high-resolution mass spectrometry (HRMS) was presented in
the Supporting Information (Figures S1−S10).
Optical Response of QXMC toward AChE

The spectral response of QXMC toward AChE was
investigated in CH3CN/PBS (1/49, v/v, pH 7.4). As shown
in Figure S11, QXMC exhibited an absorption at 520 nm (ε1 =
2.57 × 104 L mol−1 cm−1), while a red-shifted absorption of
570 nm (ε1 = 2.57 × 104 L mol−1 cm−1) was observed in
QXOH. In the presence of AChE, the fluorescence signal of
QXMC considerably enhanced, which matches well with that
of QXOH (Figure 2A). Considering the absolute signal
strength, low background level, and compatibility with
fluorescence imaging laser, the long wavelength of 633 nm is
chosen as the optimal excitation wavelength for AChE activity

detection (Figure S12). As shown in Figure 2B, QXMC
exhibited a faint fluorescence at 678 nm. Upon addition of
AChE activity from 0 to 2.0 U/mL, a progressive increase in
fluorescence intensity was observed, with a 5.4-fold enhance-
ment response when the AChE activity reached 2.0 U/mL.
This could be attributed to the hydrolysis by AChE and
thereby the release of fluorescent QXOH, as proposed in
Scheme 1. The FL intensity at I678 nm displayed excellent linear
relationship with the AChE activity over the range of 0−2.0 U/
mL (I678 nm = 63169.72[AChE] (U/mL) + 35038.21, R2 =
0.9820) (Figure 2C), and the detection limit was determined
as low as 8.56 mU/mL (3σ/k), suggesting an exceptional
sensitivity toward AChE (Table S2). Interestingly, QXMC also
exhibited excellent reaction with AChE in the biological
solutions such as human serum (Figure S13), further
demonstrating its high sensitivity in response toward AChE.

Rapid response capability of fluorescent probes is an
important guarantee for real-time detection/imaging analysis.
The time-dependent kinetics of QXMC in the presence of 2.0
U/mL AChE was further evaluated. Surprisingly, the
fluorescence intensities at 678 nm reached a maximum within
only 0.5 s (Figure 2D), which is the fastest response time
among the reported AChE-sensitive probes (Table S2). In
addition, QXMC alone or in the presence of AChE displayed
good photostability after excitation at 633 nm (Figure S14).
The diversity of active species in biological systems may impact
the response of QXMC to AChE; thus the selectivity of probe
is the cornerstone for in vivo analysis. As such, the fluorescence
response of QXMC in the presence of somehydrolases (2 U/
mL butyrylcholinesterase, 10 U/mL esterase, and 10 U/mL
pepsin), ascorbic acid, glucose, amino acids (500 μM Cys,
GSH, Hcy, His, Glu, Arg, Tyr, Leu, Asp), cation (500 μM K+,
Na+, Ba2+, Fe3+, Fe2+, Cu2+, NH4

+), anion (500 μM CO3
2−,

HCO3
−, HPO4

2−, S2O3
2−), and reactive oxygen species (ROS,

including 100 μM H2O2, 1O2, •OH, ONOO−, O2
−) was

investigated and shown in Figures 2E and S15. Encouragingly,
only AChE can cause remarkable fluorescence enhancement,
indicating a superb selectivity of QXMC toward AChE.
Furthermore, QXMC was steady in a broad pH (3.0−10.0)
range and displayed distinct fluorescence enhancement after
reaction with AChE at pH 7.4 (Figure 2F), indicating that

Figure 3. FL images of AChE during cell apoptosis. (A) HT22 cells were incubated with QXMC (5 μM, 30 min) as control; pretreated with
neostigmine (100 μM, 60 min), followed by incubation with QXMC (5 μM, 30 min); pretreatment with H2O2 (100 μM, 2 h), followed by
incubation with QXMC (5 μM, 30 min); pretreatment with neostigmine (100 μM, 60 min), followed by treatment with H2O2 (100 μM, 2 h), and
then incubation with QXMC (5 μM, 30 min). (B) Mean FL intensity of images in A (±SD, n = 3, ***p < 0.001, **p < 0.01). λex = 633 nm, λem =
640−754 nm. Scale bar: 20 μm.
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QXMC is very suitable for detecting AChE under physiological
conditions. Collectively, the above results suggested that
QXMC possesses high sensitivity, excellent selectivity, and
ultrafast response time to AChE, making it potential for real-
time imaging AChE in complex biological environments.

In order to confirm the response mechanism of QXMC
toward AChE, the high-resolution mass spectrometry (HRMS)
analysis was tested (Figures S8−S10). The free QXMC
exhibited a mass peak at m/z = 453.2168 ([QXMC]+, calcd:
453.2173), while in the presence of AChE, a new characteristic
peak corresponding to QXOH ([QXOH]+, calcd: 382.1802)
was observed at m/z = 382.1800, which can be attributed to
QXOH with m/z of 382.1797. The results clearly indicated
that QXMC was transformed into QXOH after hydrolysis by
AChE, fully supporting the mechanism proposed in Scheme 1.
Visualization of AChE Activity Changes in Living Cells

Delighted with the outstanding in vitro sensing ability toward
AChE, QXMC was subsequently used for living-cell imaging.

The mouse hippocampal neuron cell line (HT22) was selected
as a brain-related neuronal cell model to explore the
intracellular imaging potential of QXMC. Prior to fluorescence
imaging, the toxicity of QXMC to HT22 cells was first
evaluated using the MTT assay, as illustrated in Figure S16. An
up to 88% survival rate of HT22 cells was observed when the
concentration of QXMC was less than 10 μM, demonstrating a
negligible cytotoxicity of QXMC on living cells under the
imaging conditions (5 μM).

Emboldened by the fascinating biocompatibility, we further
investigated the ability of the QXMC response to endogenous
AChE activity changes in HT22 cells. As depicted in Figure
3A, the control cells that were only stained with QXMC
emitted a detectable fluorescence signal within the cytoplasm,
which might originate from the intrinsic AChE in HT22 cells.
Interestingly, this fluorescence was obviously quenched in the
cells pretreated with neostigmine (an effective AChE inhibitor
currently used in clinical practice), indicating the sensitivity of
QXMC for endogenous AChE changes. Previous studies have

Figure 4. FL images of AChE during cell oxidative stress. (A) HT22 cells were incubated with QXMC (5 μM, 30 min) as control; pretreated with
Glu (20 mM, 12 h), followed by incubation with QXMC (5 μM, 30 min); pretreatment with Glu (20 mM, 12 h), followed by treatment with
neostigmine (100 μM, 60 min), and then incubation with QXMC (5 μM, 30 min). (B) Mean FL intensity of images in A (±SD, n = 3, ***p <
0.001). λex = 633 nm, λem = 640−754 nm. Scale bar: 20 μm.

Figure 5. FL images of AChE in zebrafish. Zebrafish were treated with PBS as blank; incubated with QXMC (5 μM, 30 min); pretreated with
neostigmine (100 μM, 60 min), followed by incubation with QXMC (5 μM, 30 min); pretreatment with H2O2 (100 μM, 60 min), followed by
incubation with QXMC (5 μM, 30 min); pretreatment with neostigmine (100 μM, 60 min), followed by treatment with H2O2 (100 μM, 60 min),
and then incubation with QXMC (5 μM, 30 min); incubation with QXOH (5 μM, 30 min). λex = 633 nm, λem = 640−754 nm. Scale bar: 500 μm.
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found that excessive reactive oxygen species (ROS) such as
hydrogen peroxide (H2O2) can cause redox imbalance inside
cells, inevitably triggering cell apoptosis,39 which involves
changes in AChE levels.40 Herein, H2O2 was selected as a cell
stimulant to construct an apoptotic cell model. As expected,
the cells pretreated with H2O2 exhibited an enhanced
fluorescence, revealing an upregulated AChE expression upon
apoptosis. Similarly, neostigmine can efficiently reduce the red
fluorescence, further confirming that the increased fluores-
cence is attributed to the overactivity of AChE during cell
apoptosis. These data indicated that QXMC might be used as a
promising candidate for studying the relationship between
apoptosis and AChE.

It has been reported that high concentrations of glutamate
(Glu) can induce oxidative stress in neural cells,41 which is
accompanied by AChE activity fluctuations.19 Considering that
the HT22 cell line is a favorable model for in vitro study of Glu
toxicity, we attempted to observe whether AChE activity varied
when HT22 cells were treated with 20 mM Glu. Consistent
with the previous results, a stronger red fluorescence was
captured in Glu-stimulated cells compared with the control
group (Figure 4), denoting an increasing AChE level.
However, the intracellular fluorescence intensity of cells
pretreated with neostigmine and Glu dropped steeply, further
supporting the evidence that the increase in fluorescence
intensity came from high AChE activity. These observations
suggested that QXMC has the ability to visualize endogenous
AChE changes with high sensitivity at the cellular level.
Visualization of Endogenous AChE Expression in Zebrafish

Zebrafish has been widely used as a powerful vertebrate model
organism to study human neurological disorders, because of its
significant genetic identity with humans.42 Particularly, AChE

closely related to neurodevelopment is highly expressed in
zebrafish embryos.43 Encouraged by the satisfactory imaging
results in neuronal cells, we next employed QXMC to visualize
the endogenous AChE fluctuation in living zebrafish. As
illustrated in Figure 5, zebrafish embryos of 3 days old only
treated with PBS showed no fluorescence signal. After
incubation with QXMC for 30 min, a clear red emission was
detected, indicative of the activation of QXMC with endogenic
AChE present in zebrafish. However, the zebrafish treated with
neostigmine and QXMC together displayed negligible
fluorescence, which further confirmed that the fluorescence
was generated in the response of QXMC toward AChE in
zebrafish. Next, the AChE level induced by H2O2 (as the
apoptotic stimuli) in zebrafish was monitored. As anticipated,
zebrafish pretreated with H2O2 exhibited a convincing
fluorescence enhancement in the preoptic neuromasts,
posterior neuromasts, and around the yolk sac of the zebrafish,
indicating the levels of AChE in these regions are elevated
during apoptosis. Similar to the cell imaging results, neo-
stigmine could effectively eliminate this fluorescence signal by
inhibiting AChE activity. It should be pointed that upon
addition of QXOH, relatively uniform fluorescence was
observed in the zebrafish, indicating the uniform distribution
of QXOH. Interestingly, zebrafish stained with QXMC showed
uneven fluorescence dispersion, which may be attributed to the
special uneven distribution of AChE in zebrafish. Thus, the
above results indicated that QXMC can effectively detect
endogenous AChE fluctuations in zebrafish, making it a
potential imaging tool for studying the function of AChE in
developmental biology.

Figure 6. FL imaging of AChE in mice brain. (A) Real-time in vivo FL images of healthy mice with injection of QXMC (200 μM, 200 μL) through
the tail vein. (B) In vivo and (C) ex vivo FL images of healthy mice and acute epileptic mice brains at 1 min postinjection of QXMC (200 μM, 200
μL) through the tail vein, respectively. (D,E) Mean FL intensity of images in B and C, respectively (±SD, n = 3, **p < 0.01, *p < 0.05). λex = 620
nm, λem = 670 nm.
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Visualization of AChE in Acute Epileptic Mice Brain
Motivated by the successful application of QXMC in
specifically imaging endogenous AChE in cells and zebrafish,
we attempted to further explore the effect of QXMC on AChE
levels in the living animal brain. It is known that the BBB is the
main challenge for probes to achieve brain imaging.
Fortunately, if small molecules have some appropriate
physicochemical properties, then they can cross the BBB
through passive diffusion. Herein, the C log P value of QXMC
was estimated as 1.478 using ChemBioDraw 14.0,44 indicating
its suitable lipophilicity with the potential to penetrate the
BBB.45−47 The healthy mice then were injected with QXMC
through the tail vein, and real-time in vivo fluorescence images
of the mice were captured using an IVIS imaging system to
observe the BBB penetration of QXMC. As expected, we found
that QXMC emitted clear fluorescence in the brains (Figure
6A), which indicated that QXMC can effectively penetrate the
BBB and react with a certain activity of AChE in the healthy
brains. Notably, the NIR fluorescence signal has already
reached the maximum at 1 min postinjected, and the
fluorescence emission gradually weakened within 40 min.
Meanwhile, there were almost no fluorescence emissions in the
other parts of the mice, confirming the great potential of
QXMC for brain imaging in vivo. In addition, to confirm the
BBB penetration of the probe, the brains of healthy mice (with
injection of QXMC through the tail vein for 1 min) and blank
mice (without QXMC treatment) were dissected, and the
olfactory bulb, hippocampus, cerebral cortex, brainstem, and
cerebellar cortex were separated for ex vivo fluorescence
imaging. As shown in Figure S17A, compared with the blank
group, each brain tissue region of QXMC-treated mice shows
obviously enhanced fluorescence, especially for the cerebral
cortex, brainstem, and cerebellar cortex, further providing
support for the excellent BBB penetration of QXMC.

Epilepsy as the most common neurological disorder has
been regarded to be closely related to neurotransmitter
imbalance during seizures. AChE can hydrolyze the cholinergic
neurotransmitter ACh to maintain its level balance; monitoring
AChE changes during epilepsy aids in understanding
pathological mechanisms of epilepsy. Upon that, the widely
used acute epilepsy mouse model was constructed by
subcutaneous injection of pentylenetetrazole (PTZ, a clinical
acute epileptic drug),46 while the blank mice were injected
with the same amount of physiological saline. Besides,
curcumin (a neuroprotective agent with antioxidant and anti-
inflammatory effects that can effectively alleviate seizures and
neuronal damage) was utilized to treat the epileptic mice.48

The in vivo fluorescence images of the mice were captured at 1
min postinjected of QXMC. Specifically, compared with the
negligible fluorescence in blank mice without QXMC treat-
ment, a strong fluorescence was observed in the healthy mice,
attributed to the endogenous AChE expression in the brains
(Figure 6B), whereas the fluorescence signal significantly
decreased in the epileptic brain, revealing a decrease in AChE
activity during PTZ-induced acute epilepsy seizures. This also
indicated the potential of QXMC to rapidly and sensitively
distinguish epilepsy from healthy mice by monitoring AChE
changes through NIR fluorescence imaging. In addition, the
fluorescence intensity of the brain in curcumin-treated mice
was significantly enhanced compared to that of the epileptic
group (Figure 6D), suggesting that relief of seizures is
accompanied by an increase in AChE activity. Obviously,
QXMC can effectively monitor this phenomenon by recording

AChE changes, providing support for in vivo observation of
drug intervention on epilepsy improvement. The mice then
were sacrificed at 1 min postinjection of QXMC, and the
brains were isolated for ex vivo fluorescence imaging.
Consistent with the in vivo imaging results, the ex vivo brains
from the epileptic group displayed a decreased fluorescence
signal, and curcumin could alleviate the seizures of mice
(Figure 6C and E). Taken together, the above results
demonstrated that QXMC not only has great potential in the
diagnosis of epilepsy but also in therapeutic evaluation or drug
screening for epilepsy.

■ CONCLUSIONS
In summary, by incorporating a N,N-dimethyl carbamyl group
into the quinolinium-xanthene skeleton, we presented a NIR
fluorescent probe QXMC, for real-time and in situ imaging of
AChE flux in living neuronal cells, zebrafish, and noninvasively
in vivo, especially in epileptic mice brains. QXMC displayed
excellent selectivity toward AChE and superb sensitivity (LOD
= 8.56 mU/mL), which is equivalent to the lowest level among
the previous probes. Surprisingly, QXMC showed the fastest
response time (within 0.5 s) compared with currently reported
probes. Combining QXMC and confocal fluorescence imaging,
we demonstrated an overproduced AChE in living cells and
zebrafish during apoptosis or the oxidative stress process. Most
importantly, facilitated by the distinguished BBB penetration
ability of QXMC, for the first time, a decrease in AChE activity
in the acute epileptic mice brains and a recovery of AChE level
in curcumim administrating epilepsy were disclosed, making
QXMC an effective imaging tool for promoting the patho-
genesis research and treatment of epilepsy. We also envision
that QXMC can be extended to the early diagnosis, therapeutic
evaluation, and drug screening of other AChE-related neuro-
logical diseases, which may further accelerate the development
of new activatable probes that can be used in real-world
biomedical applications.
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