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Butyrylcholinesterase (BChE), a member of the human serine hydrolase family, is an essential enzyme for
cholinergic neurotransmission as it catalyzes the hydrolysis of acetylcholine. It also plays central roles in
apoptosis, lipid metabolism, and xenobiotic detoxification. On the other side, abnormal levels of BChE
are directly associated with the formation of pathogenic states such as neurodegenerative diseases,
psychiatric and cardiovascular disorders, liver damage, diabetes, and cancer. Thus, selective and sensitive
detection of BChE level in living organisms is highly crucial and is of great importance to further
understand the roles of BChE in both physiological and pathological processes. However, it is a very
complicated task due to the potential interference of acetylcholinesterase (AChE), the other human
cholinesterase, as these two enzymes share a very similar substrate scope. To this end, optical imaging
probes have attracted immense attention in recent years as they have modular structures, which can be
tuned precisely to satisfy high selectivity toward BChE, and at the same time they offer real time and
nondestructive imaging opportunities with a high spatial and temporal resolution. Here, we summarize

Received 19th October 2023, BChE selective imaging probes by discussing the critical milestones achieved during the development
Accepted 2nd January 2024 process of these molecular sensors over the years. We put a special emphasis on design principles and
DOI: 10.1039/d3tb02468g biological applications of highly promising new generation activity-based probes. We also give a

comprehensive outlook for the future of BChE-responsive probes and highlight the ongoing challenges.
rsc.li/materials-b This collection marks the first review article on BChE-responsive imaging agents.

Introduction

Butyrylcholinesterase (BChE; EC 3.1.1.8.) is an ~85 kDa a-

glycoprotein that is a member of the serine hydrolase family.'™

Investigation of BChE, together with acetylcholinesterase
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Fig. 1 (A) Molecular structures of nerve agents, selected OPs and (B) oxime derivatives.

of non-choline conjugates such as heroin, cocaine, and
aspirin.*”"'® BChE has been referred to as acylcholine acyl-
hydrolase, plasma cholinesterase, pseudocholinesterase, non-
specific cholinesterase or serum cholinesterase in the previous
reports.’ 7' However, the name “butyrylcholinesterase” was
given to the enzyme by the Committee for Human Gene
Nomenclature in 1989."°

Fluctuations of BChE is a good indicator for exposure of
nerve agents, extremely poisonous organophosphates (OPs), as
they are known to inhibit BChE activity.>*>* Notably, OPs are
not only used as pesticides in agriculture but also used as a
biological weapon.>"*>**° To this end, it became a threat to
both national security and public health. BChE is inhibited as a
result of the reaction taking place between the nerve agent and
serine, which consequently deactivates the OPs.>' One charac-
teristic feature of this reaction is that OP adducts on BChE can
be detected by mass spectrometry.’*>> Additionally, BChE
enzyme inhibited by OPs can be reactivated with numerous
oximes.??*33% Frequently encountered nerve agents including
V-type (VX, VM, VE, VG), G-type (soman, sarin, tabun, cyclosarin),
and neurotoxic pesticides including aldicarb, carbofuran, and
dichlorvos were depicted in Fig. 1A.>>?%°*3%739 Additionally,
most common reactivators reported in the literature were sum-
marized in Fig. 1B.
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Understanding the role of BChE and its differentiation from
ACHhE is vital, particularly in ACh hydrolysis. Customarily, BChE
does not play a key role in ACh hydrolysis since its complete
inhibition bears no impact on muscle contraction.**° Indirect
evidence collected from knockout mice studies suggest that
inhibition of AChE with huperzine A or donepezil in BChE
deficient animals results in fatality as opposed to AChE knock-
out mice with normal levels of BChE. Accordingly, no toxicity is
observed in mice with normal levels of AChE and BChE,
concluding hydrolysis of ACh by BChE since the cause of death
is reported as tonic convulsions, a symptom indicating ACh
abundance.*" Additionally, introducing a nerve agent VX into
an AChE knockout mouse develops symptoms of cholinergic
toxicity, which is attributed to the excess ACh as a result of
BChE inhibition.** Those results lead us to a point where BChE
acts as a back-up enzyme in the absence of AChE. One may
conclude that elevated levels of BChE in human plasma is
beneficial in case of fluctuations of AChE or exposure of OPs.
Despite its potential, the absence of BChE in humans exhibits no
adverse effects under normal conditions.*® However, its plausible
effect on OP exposure has been validated in animal models with
the utilization of BChE purified from human serum or equine,
and the safety of introducing BChE in human subjects has been
demonstrated.** ™ One limitation to its clinical application is the
expensive and difficult purification steps as resources for the
production are limited.’®>" Another setback is keeping the
enzyme for a long time in the circulation.”® Moreover, it is a
stoichiometric reaction where only one molecule of BChE inhibits
one molecule of OP, leading to the inactivation of BChE.>" Just
recently, a new method was developed for the purification of
BChE from frozen Cohn fraction IV-4 with higher yields (46%)
compared to other conventional methods (21%).”*> Also, a new
nano capsule system offering a higher circulation half-time was
developed by Jiang et al., in 2016.°" Overall, it is apparent that
BChE has the potential to inhibit OPs, and recent findings
support its utilization. Although BChE has been employed in
numerous incidents, it requires further optimization and investi-
gation before it paves the way for clinical translation.>*>"

Intensive research has been carried out on purification of
BChE over the years and procedures have been well-estab-
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lished. BChE can be purified from outdated human plasma or
Cohn Fraction IV-4. In general, two subsequent purification
steps are followed for purification of BChE: (1) anion exchange
is performed at pH 4 or pH 4.5, and (2) affinity chromatography
is employed by using columns packed with Procainamide-
Sepharose affinity medium.*® In 2012, huprine affinity gel was
proposed to be superior due to its higher binding capacity and
specificity for BChE compared to procainamide.****** Accord-
ingly, the purification of BChE on huprine-Sephraose results in
a purity level of 54-90%, while it is only 3-8% for procain-
amide-Sephrose.>**® The mentioned strategies are well defined
and employed in numerous studies; however, a cost-effective
protocol was developed by Mehrani, in 2003.>” In this work,
BChE was purified from human plasma using polyethylene
glycol precipitation and ion exchange chromatography with
~30% purity. BChE can also be purified from human plasma
using monoclonal antibodies.”®"®> Currently, high purity (99%)
BChE can be produced with a yield of 22% using common
methods, but an optimized procedure has been reported to
have a 46% yield with the same purity level (99%) as the ion
exchange step was eliminated.>”

Stability of the enzyme is as important as the purification
and isolation processes. Stability of BChE in human plasma or
after purification were assessed at different temperatures in
various studies. Less than 10% of BChE activity was lost when
human plasma was stored for 50 days at 4 °C or —20 °C.%
Superior to that, BChE purified from human plasma retained
its activity for 2 years in lyophilized form at 4, 25, 37, 45 and
—20 °C.*" Similarly, BChE was also stable for 2 years when it
was stored at 4 or 25 °C in its liquid form.®®> However, BChE has
remained stable for at least 20 years at 4 °C, when stored under
sterile conditions.>* In general, it is very likely to lose activity in
dilute solution for enzymes when the concentration is less than
1 mg mL~".°® One route to prevent degradation and activity loss
is addition of albumin (1-5 mg mL™").%*®” At low temperatures,
formation of ice crystals damages the protein structure.®®**¢°
In that case, cryoprotectants such as glycerol or ethylene glycol
can be selected as stabilizers.®® However, the binding effect
varies, and it is specific to the protein of interest. Additionally,
it requires further investigation for each enzyme individually
due to its unique effect on their hydrophobic or hydrophilic
interactions at different concentrations or pH values.”®”?
Therefore, a stabilizer must be chosen accordingly. For
instance, while glycerol is suitable for BChE, it may not suitable
for other enzymes.”® Accordingly, BChE solution less than
1 mg mL™~* might lose its activity completely when frozen and
thawed. Therefore, dilute solutions of BChE suggested to be
kept in 20% glycerol. Despite this, dilute solutions of BChE
retains its activity in Tris-buffer, as opposed to AChE, which
requires albumin (1 mg mL™") for stabilization. However, in the
concentration range of 1 to 10 mg mL ™", no loss in activity was
observed when the solutions were frozen and thawed, even in
the absence of glycerol or albumin.**

BChE is widely distributed in the body but it is mostly found
in the plasma and liver.">** However, it is also expressed
in skin, leg muscle, small intestine, lungs, cerebral cortex,
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stomach, spleen, kidney, cerebellum, heart, medulla oblongata,
and thyroid.** As BChE is found to be most abundant in
plasma, its average concentration was investigated in different
studies, revealing varying concentrations of BChE in human
plasma between 3.5 and 9.3 mg L™ '.>*737¢ Additionally, the
structure of BChE has been investigated extensively and the
catalytic triad of BChE was identified as Ser 198, His 438, and
Glu 325.777% 1t is highly critical to identify the structural
differences between AChE and BChE to understand their dis-
criminatory behavior toward ligands with different sizes.
To that end, the main, side, back and acyl loop doors of AChE
and BChE were investigated using molecular dynamic simula-
tions on their monomer and tetramer structures, and the
structural differences between AChE and BChE were marked
in detail. The maximum radii of the main door, side door, back
door and acyl loop door for AChE monomer was reported as
2.30 A, 2.10 A, 1.80 A and 1.50 A, while it was found to be 4.00 A,
2.30 A, 2.30 A and 1.70 A for BChE monomer, respectively.
Similarly, 4 subunits at the catalytic domain were also analyzed.
The maximum radii of the main door for AChE tetramer were
2.40 A, 1.30 A, 2.30 A and <1.20 A, while they were 3.70 A, 2.60 A,
3.40 A, and 2.80 A for the BChE tetramer.” It is evident that BChE
holds a larger door radius than AChE, which provides compelling
evidence of why larger ligands can be hydrolyzed by BChE, as
opposed to AChE, which is specific to small substrates such
as ACh.

Additionally, the structural differences between AChE and
BChE were also evaluated by comparing the aromatic residues
laying around the main entrance. The three aromatic residues
(Tyr 341, Trp 286, and Tyr 72) were associated with the entrance
of active site, and the other five (Phe 338, Tyr 337, Phe 297, Phe
295, and Tyr 124) were located at the equal depth within the
gorge. In the BChE structure, the residues, Tyr 72, Tyr 124, Trp
286, Phe 295, Phe 297 and Tyr 337 were replaced with Asn 68,
Gln 119, Ala 277, Leu 286, Val 288, and Ala 328, respectively
(Fig. 3). This allows the hydrolysis of larger substrates as the
replaced residues are smaller than those located in AChE.”®

Initially, the physiological role of BChE was misinterpreted as a
52 year old female patient with silent BChE was observed to have no
detectable impairment in health.®® Yet, it has been confirmed that
hydrolysis of succinylcholine was hampered due to silent BChE.
Moreover, it is evident that BChE is involved in numerous physio-
logical processes and diseases including fat metabolism, detoxifica-
tion, insulin resistance, Alzheimer’s and Parkinson’s diseases, liver
damage, cardiovascular disorders, inflammation, anorexia nervosa,
HELLP syndrome, depression and cancer (Fig. 2).5""* Accordingly,
the monitoring of BChE becomes a highly important task due to
potential involvement of BChE in physiological and pathological
processes, as well as its association with various conditions.

The latest findings indicated that the level of BChE was
significantly elevated in Alzheimer’s Disease (AD).”* Although a
couple of reports indicate the BChE levels in AD as the same,
BChE still holds the potential to be a biomarker for AD.’®
In contrast to BChE, the levels of AChE have been shown to
decrease in AD.?*> Ghrelin is a 28-amino acid peptide and an
orexigenic hormone, which is known to stimulate appetite, as

J. Mater. Chem. B, 2024,12, 1149-1167 | 1151
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Fig. 3 The residues in the gorge of (A) AChE, (B) BChE, and (C) superimposing of the gating residues in AChE and BChE. Adapted with permission from

ref. 79. Copyright 2011 American Chemical Society.

its concentration increases during fasting but decreases after
consuming food. The hydrolysis of ghrelin to desacyl ghrelin by
BChE gives its inactive form, affecting weight gain and glucose
homeostasis.***°° For instance, BChE knockout studies on
mouse models showed that a high fat diet on mice resulted in
obesity.'®° While this weight gain was attributed to the involve-
ment of BChE in fat utilization, the hydrolysis of ghrelin by
BChE is extraordinary since ghrelin is a large substrate with a
molecular weight of 3369 Da, making ghrelin the largest sub-
strate for BChE.'*>'" This unusual hydrolysis has raised a
question of whether BChE is the responsible enzyme for the
ghrelin hydrolysis. Consequently, five batches of human BChE
with over 98% purity were prepared, and all of them hydrolyzed
ghrelin to desacyl ghrelin, which was also supported through
inhibition studies."®* Additionally, molecular docking studies
revealed the distance between the serine oxygen and carbonyl

152 | J Mater. Chem. B, 2024, 12, 1149-1167

carbon of octanoyl as 4.2 A, which was shorter than the distance
recorded during cocaine-BChE simulations.'>

The most common method for the determination of BChE
activity is the well-known Ellman’s method which is based on
the hydrolysis of butyrylthiocholine to give thiocholine. Con-
secutively, the resultant thiol cleaves the disulfide bond of 5,5’-
dithiobis-2-nitrobenzoic acid (DTNB), also known as Ellman’s
reagent, to give TNB, a yellow substrate, and its absorbance at
412 nm is an indicator of the BChE activity (Fig. 4)."* Ellman’s
method can also be applied for the determination of AChE
activity using acetylthiocholine (Fig. 4). Therefore, it became
a standard method for the determination of cholinesterase
activity; however, it suffers from low sensitivity, and selectivity
due to the fact that different matrixes including sulfhydryl
groups, inhibitors and oximes might cause a direct or indirect inter-
ference, affecting the reliability of the Ellman’s method.**'%*%

This journal is © The Royal Society of Chemistry 2024
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BChE can also be detected through enzyme-linked immunosorbent
assay (ELISA) and electrochemical methods."**'%”

Fluorescence imaging has attracted great attention in recent
years due to its capability for real-time monitoring of targeted
analytes with a high selectivity and sensitivity.'® Fluorescent
probes are designed in a way to give a signal upon binding or
after reacting with a targeted analyte as their photophysical
properties are altered. In general, the radiative pathways of
the fluorescent probes are activated or quenched through
intermolecular charge transfer (ICT), photoinduced electron
transfer (PET), Forster resonance energy transfer (FRET) and
aggregation induced emission (AIE) mechanisms.'® Most
encountered analytes for binding type fluorescent probes are
ions and charged species while activity-based sensing utilizes
enzymes, reactive oxygen species, biothiols and reactive nitrogen
species.

It is much more challenging to establish a masking unit for
enzymes compared to other analytes as identification of a
recognition moiety with high selectivity and sensitivity is diffi-
cult. One way to design a specific substrate is by mimicking
inhibitors of the targeted enzymes. To that end, repeating
functional groups of inhibitors are typically constructed on a
self-immolative linker to determine fluorescence signal upon
cleavage. One benefit of this approach is the ease of assessing
the sensitivity towards the targeted enzyme. Another advantage
is the modularity of the masking units, which allows to find the
best structure fitting the enzyme pocket by simple synthetic
modifications. For instance, the dimethyl carbamate moiety
can be hydrolyzed by AChE, BChE and CE. However, the
modification at the ortho position of dimethyl carbamate unit
with different functional groups results in variations in the
response of the masking unit.**° In addition to that, pK, of the
resulting phenol after the cage removal can be lowered to give
stronger signal at physiological pH by substituting ortho or para
position with electron withdrawing groups. In accordance with
esterases, identification of a masking unit with a fast response
time and high selectivity is also applicable for other enzymes,
such as monoamine oxidase A/B and alpha-i-fucosidase (AFU),
when this approach was employed.'*"'*?

BChE has been studied extensively over the past decades,
and mostly, its activity has been measured indirectly through
Ellman’s method. However, introduction of BChE-responsive

This journal is © The Royal Society of Chemistry 2024
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moiety opened a new gateway for real-time monitoring of BChE
activity, and numerous molecular sensors were employed for
direct investigation of its relation between different disease
states and conditions. Several studies have already reported the
recent progress on detecting CE activity,""*'® and just
recently, AChE-responsive fluorescent probes were summarized
in a review paper.'"” This review reports the recent progress on
BChE-responsive imaging probes and their bio-applications
with a special emphasis on design principles. To our knowl-
edge, this is the first review article covering BChE selective
molecular sensors. We also provide our insight and outlook on
the field while discussing the future directions.

BChE responsive molecular sensors

Two fluorescent probes (1a and 1b) with similar structures were
developed by Chao et al., in 2016 (Fig. 5)."*® The probes were
synthesized by a coupling reaction between commercially avail-
able Cyanine 5.0 dye and Huprine, a potent AChE and BChE
inhibitor. However, 1a and 1b were determined to be 1250- and
403-fold more sensitive to AChE than BChE, respectively.
Also, the probes were always in a fluorescence-on mode which
is not favored in fluorescence imaging as fluctuations cannot
be monitored.

In 2016, Han’s group constructed a BChE-responsive fluo-
rescent probe (2) based on a 4,5-dimethoxyphthalimide scaffold
that was extended with a choline conjugate (Fig. 6)."*° The
probe was initially in its on-state; however, hydrolysis of
the choline-based ester by BChE resulted in quenching of the

038 SO;H
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1b (n=3)

NH,

Fig. 5 Molecular structures of compound 1a and 1b.
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Fig. 6 Molecular structure of compound 2 and 3.
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fluorescence at 520 nm upon excitation at 355 nm due to the
PET modulation at neutral pH. The probe exhibited a linear
turn-off response to BChE in the concentration regime of
1-10 U mL™* but the fluorescence signal of the probe remained
almost identical even in the presence of high concentration
(150 U mL™") of AChE, confirming its selectivity. The probe was
also employed successfully for assessing inhibition efficiency of
two BChE inhibitors, tacrine and galantamine. However, turn-
off fluorescent sensors are not ideal for complex applications as
their fluorescence can be quenched through BChE-independent
mechanisms in the cellular environment.

Dansyl-t-sarcosine (DS), a fluorophore specifically known
with its enhanced fluorescence emission after binding to human
serum albumin, was caged with an ACh to obtain BChE-
responsive fluorescent probe (3) by the same group (Fig. 6)."*°
The probe 3 bears a dual locked system as it requires con-
secutive activation by BChE and HSA before enhancing its
emission. The probe 3 exhibited no significant response to
BChE or HSA alone; however, its fluorescence at 485 nm, upon
irradiation at 340 nm, was notably enhanced in the co-presence
of BChE and HSA. Moreover, in the presence of HSA (20 uM),
the probe 3 displayed a linear response (R*> = 0.99746) to BChE
concentration within the 0-2 U mL™" range, and its LOD was
calculated as 0.0012 U mL™". Favorably, probe 3 displayed no
response to AChE, even at high concentrations (20 U mL™%).
The probe was utilized to determine the BChE content in
human serum without HSA, as the serum itself contains
sufficient HSA to increase the emission upon hydrolysis of
ACh by BChE. BChE activity was measured as 5.723 =+
0.0014 U mL ™. In support of this result, Ellman’s method
measured a similar BChE activity, which was reported as 5.720
+ 0.0085 UmL ™.

In 2017, pioneering work by Yang’s group introduced the
first example of a highly selective BChE responsive masking
unit."?" Initially, several fluorescent cores, including cyanine,
hemicyanine, coumarin, naphthalimide, and fluorescein skele-
tons (Fig. 7), were masked with a butyryl chain (4-8) to
determine the most suitable fluorophore for detection of BChE.
As a reference, an acetylthiocholine unit was selected. Among
them, the masked methoxyfluorescein scaffold (8) displayed a

View Article Online
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250-fold increase in the fluorescence channel, indicating its
eligibility for BChE detection. After that, the methoxyfluores-
cein scaffold (9) was diversified with different alkyl chains and
cycloalkyl substituents (9a-9j) to determine the ideal recogni-
tion moiety for BChE (Fig. 7). The cyclopropyl group (9d),
surpassed the other substituents and exhibited a 14.5-fold
selectivity for BChE over AChE. In the presence of BChE, the
probe exhibited a 275-fold enhancement in the fluorescence
signal at 515 nm upon excitation at 455 nm. Its selectivity
toward BChE over AChE was supported by docking studies as a
closer proximity of Ser-198 to the carbonyl moiety in the BChE
active site (4.3 A) was found in comparison to the AChE active
site (7.4 A). Probe 9d was further used for monitoring the
tacrine inhibition in the concentration region of 0.1-20 uM.
The probe successfully monitored the endogenous BChE activity
in living PANC-1 cells via confocal microscopy, both in the
presence and absence of tacrine. One interesting aspect of this
study is that it reported a very sensitive unit for BChE, which
opens a gateway for the imaging of BChE activity. However, the
study also investigated many other masking groups that are not
as sensitive, thereby orienting future studies.

In 2018, the same group further developed a set of NIR-
emitting BChE-responsive fluorescent probes by incorporating
the BChE-sensitive cyclopropyl group into a series of well-
known fluorescent scaffolds (Fig. 8) such as resorufin (10),
DDAO (11), and hemicyanine (12)."** Among them, probe 12,
the one with hemicyanine scaffold, exhibited lowest response
to AChE while emitting the longest wavelength at 705 nm.
12 displayed superior selectivity (30.6-fold) for BChE over AChE
compared to 9d. After its photophysical characterization, com-
pound 12 was employed for the detection of endogenous BChE
activity in SH-SY5Y neuroblastoma cells. The red fluorescence
of 12 (10 uM) was restored after hydrolysis by endogenous
BChE. The emission signal was significantly reduced when SH-
SY5Y cells were pretreated with tacrine and iso-OMPA, a BChE
specific inhibitor. However, the emission signal recorded from
SH-SY5Y cells were almost identical with the probe only group
when the cells were pretreated with donepezil, an AChE specific
inhibitor, concluding selective activation by endogenous BChE.
This selectivity was also confirmed by utilizing compound 12 in
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Fig. 7 Molecular structures of compound 4-9 and 9a-j.
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(a) Confocal images of wild type, TG (6—-8 weeks), and TG (6—-8 months) mice after treatment with probe 12. (b) Quantitative analysis of

corresponding signals shown in (a). Aex = 650 NM, Aem = 690-800 nm. (c) Confocal images of SH-SY5Y cells pre-incubated with 0.5% DMSO or forskolin
for 48 or 72 h and then treated with probe 12. (d) Relative emission intensities of the cells shown in (c). Adapted with permission under a Creative
Commons CC BY License from ref. 122. Copyright 2018 American Chemical Society.

recombinant human BChE-expressing HEK293 cells and BChE
knockdown SH-SY5Y cells. The probe successfully detected the
reduced levels of BChE in SH-SY5Y cells treated with forskolin
(Fig. 9), and additionally monitored selective BChE activation
in zebrafish models using tacrine and donepezil inhibitors. 12
was also utilized to image transgenic mouse models bearing
Alzheimer’s disease (AD). The highest signal was acquired from
older transgenic (TG) mice (6-9 months) relative to the young
TG mice (6-8 weeks) and wild type (WT) mice groups, with
the lowest signal recorded from the WT mice group (Fig. 9).
Additionally, the probe successfully detected the elevated levels
of BChE content in SHSY-5Y cells treated with AP, 4, fibrils.
Finally, impact of insulin resistance on BChE levels were
evaluated as it was reported to be associated with AD. For that
purpose, SH-SY5Y cells were treated with hydrocortisone to
induce insulin resistance. Compound 12 displayed higher
fluorescence signals than the non-treated groups, concluding
raised levels of BChE. The authors highlighted two probable
explanations: insulin resistance contributes to the BChE levels,
or the enzyme is associated as a bridge between AD and type II
diabetes. Overall, Yang’s group initially developed a BChE
sensing moiety, and further incorporated their masking group
into a NIR-emitting fluorophore to investigate the BChE activity
in complicated systems.

The literature indicates that the active site of AChE was
located at the bottom of a deep 20-A gorge and bearing a
smaller cavity than BChE.”® Followingly, Ma et al. acknowledged

This journal is © The Royal Society of Chemistry 2024

the work of Yang’s group and further improved the selectivity of
their NIR-emitting hemicyanine based probe (12) by chlorinating
the phenolic hydroxyl of the fluorophore (Fig. 8) at the ortho-
position in order to minimize the interference from AChE."** The
chlorinated probe (13) responded to AChE with a fluorescence
signal that was approximately four times weaker than as of 12,
demonstrating its increased selectivity. Addition of BChE into
solution of 13 resulted in a red shift in the absorbance channel
from 581 nm to 687 nm while activating its fluorescence at
708 nm. The LOD of the probe was calculated as 3.75 U L™*
Molecular docking studies based on chemscore also supported
its “anti-AChE” interference property due to the introduction of a
bulky atom. The selective activation of 13 by endogenous BChE
was demonstrated in HepG2 (Fig. 10) and LO2 cells. Inhibition of
BChE by neostigmine bromide or tacrine significantly reduced
the fluorescence in both cells; however, no inhibition was
observed when the cells were pretreated with donepezil, an AChE
specific inhibitor.

A novel redox-controlled nano-switch system (14) utilizing
thiol-functionalized carbon quantum dots (CQD) for the detec-
tion of BChE was developed by Qian’s group in 2018.'**
Disulfide-linkage between quantum dots can be cleaved by thiols
to give fluorescence ON thiol-CQD. The fluorescence can be
switched back to its OFF state by H,O, (Fig. 11). By leveraging
this property, butyrylthiocholine can be used as a thiol source, as
its hydrolysis by BChE releases thiocholine, which is necessary
to turn the fluorescence of the CQDs to its ON state. For more
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(a) Confocal images of HepG2 cells in the absence of inhibitors and probe 13. Confocal images of HepG2 cells (b) pre-incubated with donepezil

(c), tacrine (d) or neostigmine (e) and then incubated with probe 13. Adapted with permission from ref. 123. Copyright 2020 Elsevier.
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Fig. 11 Molecular structures and activation of compound 14 and 15 with BChE.

accurate detection of BChE activity, the impact of GSH and AChE
were evaluated. In accordance with the theory, the emission of the
thiol-CQDs around 523 nm switched to its ON and OFF state after
consecutive addition of Na,S,0, (100 uM) and H,0, (300 pM),
respectively. The thiol-CQD (0.17 mg mL ') measured the BChE
activity with high sensitivity (R* = 0.99) and LOD (2.7 U L™ ") in the
concentration range of 60.0-220.0 U L™'. Notably, the probe
determined the BChE level in serum samples collected from three
healthy male volunteers, and almost similar results were obtained
when BChE levels were measured by Ellman’s method, indicating
its accuracy. Both results were in the range of the reported BChE
levels for healthy individuals. This redox-controlled system can

156 | J Mater. Chem. B, 2024, 12, 1149-1167

also evaluate the AChE activity as thiol source can be replaced,
bearing a similar resemblance to Ellman’s method.

In 2018, the same group introduced a butyrylthiocholine
based, and thiol-ene click reaction driven fluorescent probe
(15) for BChE detection (Fig. 11)."*® Initially, compound 15
displayed a weak fluorescence; however, its emission around
460 nm was considerably enhanced, due to altered radiative
rate constant, with two consecutive reactions: hydrolysis of
S-butyrylthiocholine iodide into butyrylthiocholine followed
by a rapid thiol-ene reaction between 15 and previously
released butyrylthiocholine. The fluorescence emission of 15
showed high linearity with concentration of BChE from 0.2 to

This journal is © The Royal Society of Chemistry 2024
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9.0 U L™" and the limit of detection (LOD) of the method was
calculated as 0.06 U L™, The possible interference from AChE
and GSH were evaluated. The assay remained unaffected by
AChE, however the presence of GSH caused varying impacts on
the emission signal. This interference can be avoided with a
slight change in the experimental procedure by addition of GSH
prior to the introduction of butyrylthiocholine.

A carbon dot based ratiometric fluorescence probe (16),
discriminating BChE and AChE from each other, was devised
by Xu et al., in 2019."*® Monodispersed carbon dots with an
emission wavelength of 460 nm were prepared from glycerol
and (3-aminopropyl)triethoxysilane (APTES) using hydrothermal
method. Fluorescence of the CDs at 460 nm was quenched by
2,3-diaminophenazine (0xOPD), which was generated through
in situ oxidation of o-phenylenediamine (OPD) by Cu*", yielding
a new emission peak at 570 nm. As specified earlier, acetylthio-
choline or butyrylthiocholine can be hydrolyzed by AChE or BChE
into thiocholine, respectively. Following the hydrolysis, the oxida-
tion of OPD was prohibited as Cu®* ions were captured by
sulfhydryl groups. Consequently, the emission peak at 570 nm
decreased, while a new emission peak at 460 nm emerged,
reporting the enzyme activity. The method evaluated the AChE

NC__CN NC _-CN

17 18
Fig. 12 Molecular structures of compound 17 and 18.

View Article Online

Review

and BChE activity with high linearity (R* > 0.99) in the concen-
tration range of 0.2-4.0 UL " and 0.1-1.2 U L™, and the LOD for
AChE and BChE was calculated as 0.1 U L™! and 0.04 U L™},
respectively. The method successfully measured the AChE and
BChE content in human whole blood.

A NIR-emitting fluorescent probe (17) for the detection of
AChE and BChE (Fig. 12) was developed by Ma et al., in 2020."*”
The probe was initially displaying a weak fluorescence as ICT
was blocked; however, its fluorescence at 654 nm was recovered
upon addition of AChE or BChE due to the hydrolysis of
dimethyl carbamate moiety. The probe exhibited a high linear
response (R = 0.99) to AChE and BChE in the concentration
region of 0-80 U mL™" and 25-31 U mL™", respectively. The
LOD for AChE and BChE was calculated as 0.127 U mL ™" and
0.0117 U mL~". Compound 17 successfully applied to monitor
the cholinesterase activity in zebrafish, normal brain, and
glioma.

Most of the dyes featuring small Stokes shifts often result
in a low signal-to-noise ratio. The cyclopropyl moiety was
incorporated into a chloro-substituted dicyanoisophorone ske-
leton (Fig. 12) to obtain an ICT-driven BChE sensitive probe
(18)."%® The probe featured a large Stokes shift (110 nm) upon
hydrolysis by BChE. Similar to other cyclopropyl bearing
probes, compound 18 showed a linear (R*> = 0.9995) turn-on
response to BChE in the concentration range of 0-1.875 U mL ™"
with a LOD of 0.08 U mL™". The probe turned to its ON state in
HepG2 cells due to endogenous expression of BChE. Introduc-
tion of tacrine inhibited the BChE activity in HepG2 cells, and
accordingly, its fluorescence was weakened. The probe further
monitored the BChE activity in HepG2 tumor-bearing mice
without leaking from the tumor site (Fig. 13).

Radiant Efficiency

(g[se(((m)[g

HW/em?

Color Scale
Min = 3.53¢7
Max = 1,878

Fig. 13 Fluorescence images of HepG2-tumor bearing mice after intratumoral injection of probe 18. Images were captured at different times point
(a—h: 2, 5, 10, 15, 20, 25, 30, and 40 min). Aex = 500 NM, Zem = 650-750 nm. Adapted with permission from ref. 128. Copyright 2022 Elsevier.
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incubated with probe 19. (b) Normalized intensities of the cells shown in (a). (c) Expression of BChE activity monitored by western blot analysis in HEK293,
HEK293 cells pretreated with tacrine, HelLa and Hep G2 cells. ¢« = 458 nm. Adapted with permission from ref. 129. Copyright 2021 American Chemical

Society.

A cyclopropyl moiety bearing BChE-responsive probe (19)
was reported by Ding’s group, in 2021 (Fig. 14)."*° No substan-
tial alterations were detected in the absorption spectrum of 19
after BChE treatment; however, a significant but a linear
(R* = 0.9939) turn-on response was monitored in the presence
of BChE (0-7.0 pg mL™") with a LOD of 0.075 ug mL™". The
probe displayed no response to AChE and CE in addition to
elastase, tyrosinase and GSH, and monitored the endogenous
BChE activity in HEK293, HeLa and HepGz2 cells with respect to
their BChE content, which was determined by western blot
analysis (Fig. 15). Interestingly, the probe 19 marked different
BChE levels in serum samples collected from healthy humans
and patients diagnosed with cancer or osteoarthritis (Table 1).
The results indicated that the lowest signal recorded was from
the breast cancer group, followed by rectal cancer, and the
higher signals were detected in the osteoarthritis group, which

Table 1 Activity of BChE in different conditions

Probe
Condition 19 20
Healthy Highest Highest
Osteoarthritis High High
Rectal cancer Moderate Low
Breast cancer Low Moderate

158 | J Mater. Chem. B, 2024, 12, 1149-1167

were followed by the healthy human group (Table 1). 19
monitored the BChE activity in the brain region of female
ICR mice. Finally, the probe was employed for the detection
of pesticides induced BChE inhibition in HEK293 cells using
methomyl, carbofuran and DDVP. The fluorescence signal was
considerably reduced in HEK293 cells treated with carbofuran
and DDVP. As inhibition efficiency of methomyl on BChE was
insignificant, no notable changes in the emission channel were
observed in the methomyl treated group. It is not clear why
methomyl cannot inhibit BChE activity, thus further investiga-
tions are needed.

In 2022, Ding’s group followed a four-step synthetic route to
prepare an activity-based ratiometric probe (20) for BChE
detection (Fig. 14)."*° In its caged form, the probe showed an
absorption shoulder centered at 416 nm, and a fluores-
cence maximum at 556 nm. The LOD of 20 was measured as
0.077 pg mL ™', After incubation with BChE (50 ug mL™") for
40 minutes, a red shift from 416 nm to 616 nm in the
absorbance spectrum was observed, which was followed by a
hypochromic shift to 486 nm in the emission spectrum. Similar
to their probe 19, the probe 20 was employed for the detection
of BChE fluctuations in human serum samples collected from
healthy subjects and patients with osteoarthritis, breast cancer
and rectal cancer (Table 1). Repeatedly, the highest signals
were obtained from the healthy group. Breast cancer and

This journal is © The Royal Society of Chemistry 2024
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osteoarthritis samples displayed moderately lower signals than
healthy serum samples. As opposed to the previously reported
study, the lowest signal was recorded from the rectal cancer group
rather than breast cancer (Table 1). The probe also successfully
monitored the BChE activity in HEK293 cells and fresh mice brain
slices, both in the presence and absence of iso-OMPA.
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A flavylium derived and mitochondria targeted BChE
responsive probe (21) was obtained through a two-step syn-
thetic route by Cao et al., in 2021 (Fig. 14)."*! Introduction of
the BChE sensing group blocked the ICT process and thus its
fluorescence at 628 nm was quenched. Upon treatment with
BChE, the fluorescence intensity of the compound 21 was
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Fig. 16 (a) Time-resolved fluorescence images. (b) Images captured after 30 min. Blank: mice treated with saline; control: mice treated with probe 21;
iso-IMPA: mice treated with iso-OMPA inhibitor and then probe 21. (c) The emission intensities shown in (b). (d) The fluorescence images of major
organs. (e) The emission intensities shown in (d). Zex = 580 NM, Aem = 600-700 nm. Adapted with permission from ref. 131. Copyright 2021 Elsevier.
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gradually increased due to liberation of the emissive NDB core
and reached a plateau around 30 minutes. Treatment with
tacrine and iso-OMPA inhibited the endogenous BChE, and
consequently no signals were detected in HEK293 and HeLa
cells. However, no inhibition was observed with the donepezil
group due to its specificity toward AChE. The probe was
selectively activated by BChE in zebrafish and mice (Fig. 16).
The authors demonstrated the BChE distribution in major
organs, in which robust signals were detected in the liver, lung,
and kidney (Fig. 16).

In 2022, Liu group prepared a set of hemicyanine derived
probes (22-23) bearing different indole rings to monitor BChE
activity (Fig. 17)."** Compound 22 exhibited a higher fluorescence
enhancement (~ 130 fold) in the presence of BChE, as opposed to
23, whose response was negligible due to a lower band gap
reduction. The fluorescence signal of 22 at 715 nm increased
linearly with the addition of increased concentrations of BChE
(0-20 ng mL™"), and the LOD was calculated as 0.12 ng mL ™"
Compound 22 monitored the endogenous BChE in SH-SY5Y,
HepG2 and HEK293 cells. In vitro studies indicated that the
highest signal was recorded from SH-SY5Y cells, followed by

22 23
Fig. 17 Molecular structures of compound 22-23.
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HepG2, and a very low turn ON response was observed from
HEK293 cells. Fluorescence recovered from all cells were signifi-
cantly reduced when the cells were pre-incubated with iso-OMPA.

Impact of forskolin and hydrocortisone on BChE was inves-
tigated (Fig. 18) under a confocal microscopy using 22. In
accordance with the recent findings, the fluorescence captured
from the red channel was gradually increased upon increasing
the concentration of hydrocortisone (0-10 uM), while the signal
was dramatically quenched in the forskolin-treated HepG2 cells
(Fig. 18). The probe was finally employed for the detection of
endogenous BChE in mouse models. Intraperitoneal adminis-
tration of 22 to healthy mice demonstrated increased fluores-
cence around the abdominal region, along with an accu-
mulation in the liver according to ex vivo studies. A robust
fluorescence signal was observed in tumor-bearing mice
around the liver tumor region with a 48-fold increase compared
to the healthy liver, clearly indicating elevation of BChE levels
at the tumor site. Finally, 2- and 6-months old transgenic AD
mice (APP/PS1) were treated with 22, and healthy mice were
selected as a control group for comparison. The highest signal
was recorded from 6 months old AD-bearing mice, followed by
the 2 months old group, and the lowest signal recorded from
the control group. This enhanced fluorescence response was
also demonstrated through confocal microscopy using brain

Fig. 19 Molecular structure of compound 24.

Hydrocortisone
I 1
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"
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10 uM

Fig. 18 Fluorescence images of HepG2 cells. Cells treated with only probe 22 (al-cl and a2-c2). Cells pre-incubated with different concentrations of
foskolin (d1-f1 and g1-il) or hydrocortisone (d2-f2 and g2-i2) and then treated with probe 22. Adapted with permission from ref. 132. Copyright 2022
American Chemical Society.
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Fig. 20 The ratiometric imaging of normal and NAFLD-bearing mouse

models with probe 24 through channel | (600-650 nm), channel Il

(700-780 nm) and ratio channel (channel I/channel II). Adapted with permission from ref. 133. Copyright 2022 Royal Society of Chemistry.

tissues of the mouse models. Predictably, a similar pattern was
observed.

The first example of a BChE-responsive ratiometric AIE
probe (24) was reported by Xiang et al., in 2022 (Fig. 19)."%
The probe obtained via two-step synthesis and manifested a
negligible response to AChE. In contrast, introduction of BChE
resulted in a slight red shift from 565 nm to 600 nm in the
absorbance spectrum while activating the Isy6/l769 ratiometric
channel for the detection of BChE. Molecular docking studies
of the probe with AChE and BChE revealed that 24 is more
suitable for BChE due to its hydrogen bonding and hydropho-
bic interactions. At the active site, the proximity of Ser198 to the
carbonyl group of the sensing unit was 3.18 A, showing its
eligibility for Ser-initiated nucleophilic attack. A 17-fold stronger
fluorescence signal at 626 nm was detected 30 minutes after the
addition of BChE, while the fold change was 26 in the Is6/I760
ratiometric channel. The LOD was reported as 39.24 ng mL .
Compound 24 successfully monitored the BChE activity in HeLa
cells and selectively responded to exogenous BChE. The selective
activation was further proved under confocal microscopy by
treating LO2 cells with different cholinesterase inhibitors. Similar
to other probes, no inhibition was observed in donepezil treated
cells while a significant drop was observed in tacrine or iso-OMPA
treated groups.

Lastly, the probe was injected to normal and nonalcoholic
fatty liver disease (NAFLD) bearing mice, and its fluores-

This journal is © The Royal Society of Chemistry 2024

cence was recorded every 10 minutes for 40 minutes. The
fluorescence signal was gradually increased in both groups,
but a 3-fold higher signal was detected from the NAFLD group
(Fig. 20), which were in good agreement with their serum
samples.

Two activity-based probes (25-26) with high cell membrane
permeability were developed by Liu’s group in 2022 (Fig. 21)."**
The LOD of 25 and 26 toward BChE was calculated as
0.12 ug mL~ " and 0.13 pg mL ', respectively. The BChE activity
in HepG2 and HEK293 cells were successfully monitored by
employing 25 and 26. Additionally, compound 25 monitored
the BChE activity in 5-6 weeks old BALB/c nude mouse models.

An aggregation-induced enhanced emission (AIEE) and
excited state intramolecular proton transfer (ESIPT)-based

(o] (o]
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Fig. 21 Molecular structures of compound 25 and 26.
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Fig. 22 Molecular structure and activation of compound 27 with BChE.

BChE activatable fluorescent probe (27) was obtained through a
3-step synthesis by Pei et al., in 2023."* Due to slight changes
in the responsive unit, a two-step process was followed during
the activation (Fig. 22). The ester bond was cut off by BChE to
give an unstable intermediate of an ether derivative, followed
by a rapid formaldehyde release, restoring its ESIPT while
enhancing fluorescence through keto-enol tautomerization
(Fig. 22). Absorption of 27 shifted from 349 nm to 457 nm after
treatment with BChE and rendered a large Stokes shift (157 nm)
with an LOD of 0.000754 U mL™ . Intracellular BChE in HeLa
cells were successfully monitored by 27. Notably, the findings
of Xiang et al. were also supported by 27, as the probe 27
detected a brighter fluorescence emission from the liver of NAFLD
zebrafish compared to its normal liver, bearing a similar pattern
with 24.

Taking advantage of the elevated BChE and ROS levels in AD, a
series of BChE and ROS targeting methylene blue based probes
(28-30) were introduced (Fig. 23) by Ding’s group, in 2021."*°
Authors aimed for a sequential activation which was initiated by
BChE and followed by ROS. Accordingly, the cyclopropyl moiety
and phenolic hydroxyl groups were combined, and prolonged
with chains of different lengths. Among them, only 29 displayed
a dual sensing strategy and did not give any response in the
presence or absence of BChE and ROS alone. However, treating 29
with increased concentration of BChE (0-1000 pg mL "), in the
presence of fixed concentration of +-BuOO~ (1 mM), steadily
recovered its fluorescence at 690 nm upon irradiation at

oy
Y 1

28: n=0
\T”N/ 29: n=1

I 30: n=2
Fig. 23 Molecular structures of compound 28-30.

Fig. 24 Molecular structures of compound 31-33.
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600 nm. A very high linearity was observed in the range of
0-80 pg mL ', and the LOD was reported as 1.08 pg mL™". After
satisfactory photophysical characterization, imaging potential
of 29 was demonstrated in HEK293 cells. However, only a weak
emission was observed in HEK293 cells treated with 29. As this
low emission was attributed to the insufficient expression of
endogenous ROS, the cells were treated with PMA. As a result, a
very bright image was captured. Furthermore, the selective
activation in the cellular environment by BChE and ROSs was
also demonstrated by treating the cells with tacrine and
N-acetylcysteine. Lastly, the accuracy of 29 in detecting AD
was assessed by conducting in vivo studies. Accordingly, a series
of experiments were carried out on 6 months old AD-bearing
APP/PS1(B6) and normal C57BL/6j mice. Notably, over 80-fold
fluorescence intensity was detected in AD-bearing mice in
comparison to the control group. While it is indicative of its
potential for early diagnosis of AD, it also supports the current
findings on increased levels of BChE and ROS in AD. Additionally,
the source of the activation was further investigated by treating
APP/PS1(B6) mice with BChE and ROS inhibitors, similar to the
in vitro studies. In both cases, a significant drop in fluorescence
was observed due to the selective inhibition of BChE or ROS in
APP/PS1(B6) mice.

In 2023, an ICT-driven BChE selective fluorescent probe (31)
was developed (Fig. 24) through a three-step synthetic route.'®’
The probe not only displayed good photo- and thermostability
but also responded to BChE in a linear manner within the
concentration range of 0.5-200 U L™ ", and its LOD was deter-
mined to be 0.056 U L', This turn-on response was attributed
to a new peak arising on the fluorescence spectrum at 642 nm
upon irradiation at 580 nm after introduction of BChE. After
evaluating the cytotoxicity, endogenous BChE activity was
assessed in cell studies and a weaker signal was detected in
HepG2 cells compared to LO2 cells. The fluctuation of BChE
was also measured in liver injury models, and lower BChE
signals were detected in APAP-induced liver injury groups
in both cell and animal studies. As opposed to that, a higher
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turn-on response was detected in diabetic mouse models,
which was attributed to the elevated BChE levels.

A cyanine derived BChE responsive fluorescent probe (32)
with large Stokes shift (113 nm) was obtained (Fig. 24) through
a two-step synthetic pathway by Guo et al."*® A red shift from
320 nm to 343 nm was observed on the absorbance spectrum,
while its fluorescence was enhanced around 430 nm upon
introduction of BChE. The LOD was calculated as 0.07969 U mL ™"
Firstly, the probe was utilized to monitor the endogenous BChE in
LO2 cells. Then, the probe measured the BChE activity in cells
treated with H,O, which were meant to induce apoptosis, and a
higher emission signal was recorded from cells treated with H,0O,.

A photostable and non-toxic fluorescent probe (33) was
developed (Fig. 24) by Sun et al. to monitor BChE activity in
thyroid cancer.”*® The probe become emissive at 689 nm upon
excitation at 550 nm following the BChE incubation. The probe
exhibited a linear turn-on response within the concentration
range of 0-900 U L™, and its LOD was calculated as 3.93 UL ™"
This prove evaluated a lower BChE activity in Tpc-1 cells than
Nthy-oris-1 normal thyroid cells, following the activity trend
between normal and cancer cells.

The emission of light upon a chemical reaction, also known
as chemiluminescence, has attracted intense interest in the
field of imaging after the development of new generation of
phenoxy 1,2-dioxetane based chemiluminescent probes by
Shabat group.'*° These probes offer a high signal-to-noise ratio
as need for an outer light source is eliminated. Moreover, new
generation of chemiluminescent probes have the capability
to function under physiological conditions. By leveraging
this property, Kolemen group developed a BChE-responsive

Fig. 25 Molecular structure and activation of compound 34 with BChE.

Qggﬂﬂ
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chemiluminescent probe (34) to track BChE activity in live cells
and animal models (Fig. 25)."*

The BChE-induced hydrolysis of the cyclopropyl based
masking unit followed by the chemically initiated electron
exchange luminescence (CIEEL) mechanism upon formation
of phenolate ions, which chemically excited benzoate pro-
ducts were liberated in a consecutive manner to generate
chemiluminescence signal (Fig. 25). The LOD of the 34 was
calculated as 0.015 U mL™". The probe successfully evaluated
the endogenous BChE activity in HEK293 normal cells in
addition to HepG2 liver cancer and SH-SY5Y neuroblastoma
cells. Chemiluminescence signal recorded from all cells dras-
tically reduced after tacrine inhibition. The probe selectively
monitored the BChE activity in healthy mice in addition to
tumor region in SH-SY5Y tumor-bearing mice (Fig. 26).

The molecular sensors responsive to BChE were summar-
ized in Table 2 to provide a clear overview.

Conclusion and future directions

In this review article, we have demonstrated the importance of
BChE activity in regard to various human disease states includ-
ing AD and cancer. Moreover, we have chronologically
described the evolution of BChE probes from the advent of
first-generation ‘always-on’ imaging agents to modern activity-
based sensing probes capable of reporting on BChE activity in
real-time. It is evident that each molecular sensor summarized
in this review were prepared elaborately to uncover the unique
roles of BChE. However, a few but essential parameters should

Chemi-excitation

<

Q

Tumor + BCC

Fig. 26 (A) Time-dependent in vivo images of PBS (top) or probe 34 (bottom) treated healthy mice and. (B) Time-dependent in vivo images of SH-SY5Y
tumor bearing mice. Top row: Subcutaneous injection of PBS. Bottom row: Intratumoral injection of probe 34. Adapted with permission from ref. 141.
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Table 2 Summary of BChE responsive molecular sensors
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Probe Type Mechanism Abs/Ems (nm) Limit of detection Ref.
la Fluorophore Always-on 649/668 n/a 118
1b Fluorophore Always-on 650/665 n/a 118
2 Fluorophore Turn-off 355/520 n/a 119
3 Fluorophore Turn-on 340/485 0.0012 U mL™* 120
9d Fluorophore Turn-on 455/515 n/a 121
12 Fluorophore Turn-on 665/705 n/a 122
13 Fluorophore Turn-on 687/708 3.75U0L " 123
14 Carbon quantum dots 450/523 27UL™! 124
15 Fluorophore Turn-on 350-400/460 0.06 UL™" 125
16 Fluorophore Ratiometric 380/460, 570 0.04UL™" 126
17 Fluorophore Turn-on 545/654 0.0117 U mL ™" 127
18 Fluorophore Turn-on 555/665 0.08 U mL ™" 128
19 Fluorophore Turn-on 480/528 0.075 pg mL ™" 129
20 Fluorophore Ratiometric 416/486, 556 0.077 ug mL ™" 130
21 Fluorophore Turn-on 580/628 29 ng mL ™" 131
22 Fluorophore Turn-on 670/715 0.12 ng mL ™" 132
24 Fluorophore AIE 600/626 39.24 ng mL ™! 133
25 Fluorophore Turn-on 464/562 0.12 pg mL™" 134
26 Fluorophore Turn-on 464/562 0.13 pg mL~* 134
27 Fluorophore ESIPT/AIEE 365/614 0.000754 U mL™" 135
29 Fluorophore Turn-on 656/690 1.08 pg mL ™" 136
31 Fluorophore Turn-on 580/642 0.056 UL™! 137
32 Fluorophore Turn-on 343/400-650 0.07969 U mL " 138
33 Fluorophore Turn-on 550/689 393 UL 139
34 Chemiluminescence (1,2-dioxetane) Turn-on 525¢ 0.0015 U mL™" 141

“ Chemiluminescence signal at given wavelength.

be noted to obtain more advanced probes for BChE. One major
issue is the photostability of the agent, which ensures reliability
and accuracy, particularly in continuous monitoring. Another
factor is the operating range, which requires fine-tuning
depending on the nature of the study. In the case of fluorescent
probes, having a large Stokes shift is beneficial to avoid self-
absorption, which additionally eliminates the need for filters
during animal studies. It is clear that introduction of a bulky
substituent minimizes the interference of AChE; however, this
calibration should be supported by docking studies. Further-
more, selectivity assays should include carboxylesterases in
addition to AChE, as it has been overlooked in numerous
studies. Undeniably, important criteria that must be met when
developing such probes include achieving selectivity over AChE
such that one can confidently attribute probe activation to
BChE activity. This has required extensive tuning but excellent
results have been demonstrated. Additionally, it is notable that
probes exhibiting a large dynamic range, and/or self-calibrating
ratiometric readouts have been shown to be indispensable for
reliable interpretation of results. As highlighted above, a low
LOD is characteristic of many fluorescent probes for BChE.
While many of the probes discussed in this review article are
suitable for cellular studies, the transition toward longer wave-
length emission has enabled the detection of BChE selectivity
in various murine models. To compliment these NIR emitting
BChE probes, we anticipate several advances will take place to
enable deeper tissue imaging. For instance, there has been
tremendous interest in further shifting the emission into the
NIR-II (also known as SWIR) imaging window as it is believed
that the corresponding imaging agents will experience less
interference from endogenous pigments such as hemoglobin

164 | J Mater. Chem. B, 2024, 12, 1149-1167

or oxyhemoglobin. However, one caveat is that a large mole-
cular weight and high hydrophobicity will likely result. On the
other hand, photoacoustic imaging, operating in both the NIR
and NIR-II range, represents a powerful alternative. Because the
corresponding photoacoustic probes are caple of harvesting
incident light to yield unperturbed ultrasound signals, it pos-
sible to obtain high resolution 3D imaging in deep tissue up to
12 cm. Another option to satisfy deep tissue BChE imaging is to
utilize NIR emitting chemiluminescent dioxetanes as these
probes offer high signal to noise ratio along with a high
sensitivity thanks to lack of external light irradiation. Coupling
the aforementioned BChE-responsive triggers to known NIR-II,
photoacoustic-active dyes or NIR emitting chemiluminescent
probes can open the door for new biological findings.
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