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Abstract The detection of acetylcholinesterase (AChE) activity is of great significance for studying

the physiological functions of AChE and clinical diagnosis of pesticide poisoning. Herein, a small-

molecule fluorescent probe BDFA was rationally designed and readily synthesized via a one-step

reaction, which enables qualitative and quantitative detection of AChE. BDFA emits a slight fluo-

rescence in an aqueous medium, while the fluorescence is significantly enhanced under the catalysis

of AChE. Mechanism studies reveal that BDFA eliminates the N, N-dimethyl carbamate protective

group in the presence of AChE and then spontaneously undergoes intramolecular cyclization con-

version to generate an intense fluorescent product. Based on the above mechanism, BDFA exhibits

a sensitive, selective, rapid and stable ‘‘turn-on” fluorescence response to AChE, without interfer-

ence from pH, ions, thiols, amino acids and other enzymes. The fluorescence intensity of BDFA

at 525 nm has a linear relationship with the AChE concentration in the range of 0.0045–1.0 U/

mL, and the detection limit is 4.5 mU/mL. Moreover, BDFA is suitable for rapidly diagnosing

AChE activity in blood samples, thus providing an efficient and convenient tool for diagnosing

organophosphorus and carbamate pesticide poisoning. Compared with the reported AChE fluores-

cent probes, BDFA exhibits apparent advantages including simple synthesis, low detection limit

and fast response speed.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cholinesterase (ChE) is a type of serine hydrolase produced by the liver,

which mainly includes acetylcholinesterase (AChE) and butyryl-

cholinesterase (BChE). AChE specifically degrades acetylcholine into

choline and acetic acid, and plays a vital role in maintaining the meta-

bolic balance of acetylcholine (Koelle, 1962). Current studies
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demonstrate that AChE has a variety of physiological functions, such as

regulating nerve signal transmission (Wiesner et al., 2007), promoting

nerve regeneration and participating in cell development and matura-

tion (Johnson and Moore, 2006; Paraoanu and Layer, 2008). However,

the function and metabolism of AChE are susceptible to severe distur-

bances from diseases such as hypertension, diabetes, asthma, Alzhei-

mer’s syndrome and liver damage (Ferreira-Vieira et al., 2016; Colovic

et al., 2013;Wang et al., 2021). Moreover, the activity of AChE is signif-

icantly inhibited in the case of ingestion of organophosphorus and car-

bamate pesticides (King and Aaron, 2015), barbiturates (Mumtaz et al.,

2013), and estrogen (Pereira et al., 2008). As a result, the determination

of AChE activity is of great significance for studying the physiological

functions of AChE and diagnosing AChE-related diseases.

The widely used methods for determining AChE activity mainly

include Ellman’s assay and ferric chloride spectrophotometry (Liu

et al., 2021; Holas et al., 2012; Worek et al., 2012). The former method

quantifies the AChE activity by measuring the concentration of thio-

choline, a hydrolysis product under the catalysis of AChE, so it is sus-

ceptible to severe interference from biological thiols such as

glutathione and cysteine (Yin et al., 2018; Yin et al., 2019; Yin et al.,

2021). The latter method determines the AChE activity by measuring

the residual concentration of the substrate acetylcholine, which has

poor selectivity and requires colorimetric determination to be com-

pleted in a short time (Ellman et al., 1961; Beveridge et al., 1974). More

seriously, the above two methods are essentially based on colorimetric

measurement, which will inevitably be interfered by the inherent color

of the sample matrix. The molecular-probe-based fluorimetric method

has received extensive attention in detecting AChE due to its outstand-

ing advantages in sensitivity, selectivity, rapid response, and portability

(Xia et al., 2014). Although a large number of fluorescent probes for

AChE have been reported, most of them require a secondary reaction

to generate fluorescent signals (Feng et al., 2007; Fang et al., 2017;

Meng et al., 2013; Wang et al., 2013; Arduini et al., 2013; Sun et al.,

2011; Liao et al., 2013; Peng et al., 2009; Chang et al., 2016; Cui

et al., 2011; Mertens et al., 2016), such as the nucleophilic reaction

between the AChE hydrolysate thiocholine and the probe molecule

(Peng et al., 2009; Chang et al., 2016; Cui et al., 2011; Mertens

et al., 2016). These indirect measurements involve many analytical

reagents and complex operation steps, and suffer from defects includ-

ing low accuracy, poor repeatability and severe interference from sul-

fides. In 2019, inspired by the molecular structure of neostigmine (a

well-known AChE inhibitor), Tang et al. designed a two-photon

AChE-specific fluorescent probe (termed MCYN) using the N, N-

dimethyl carbamate as the recognition group (Wang et al., 2019),

which exhibits stronger fluorescence enhancement in the presence of

AChE compared with BChE and other enzymes. After that, by using

N, N-dimethyl carbamate as the recognition group, Guo, Lin, Yue

and their research team synthesized near-infrared fluorescent probes

for imaging AChE in cells and in vivo (Ma et al., 2020a, 2020b; He

et al., 2021), and Yoon et al. developed a highly selective fluorescent

probe specific for AChE by introducing a quaternary amine cation

at the ortho position of the carbamate group (Wu et al., 2020). It is

undeniable that these studies have significantly advanced the detection

technology of AChE.

Despite extensive research, AChE fluorescence detection still needs

breakthroughs in probe design and practical applications. As far as we

know, only the five fluorescent probes mentioned above can directly

sense AChE activity through a one-step reaction. These fluorescent

probes usually require multi-step time-consuming synthesis and purifi-

cation, severely limiting their practical applications. Herein, we reason-

ably designed a small-molecular fluorescent probe (BDFA), which

enables the direct detection of AChE in water and serum (Fig. 1).

BDFA with the N, N-dimethyl carbamate as the AChE recognition

group was readily synthesized through a one-step reaction without

complicated purification. In the presence of AChE, BDFA removes

the carbamate group and then spontaneously undergoes an

intramolecular cyclization reaction to produce a strong fluorescent

product, thereby exhibiting a sensitive, selective, fast and stable fluo-
rescence reaction to AChE. Using BDFA as a fluorescent reagent,

we successfully observed that the AChE activity in the blood was

reduced after the introduction of organophosphorus and carbamate

pesticides. Compared with the reported AChE fluorescent probes,

BDFA shows obvious advantages including simple synthesis, low

detection limit and fast response speed (Table S1).

2. Experimental section

2.1. Reagents and instruments

Dimethylcarbamic acid 2-formyl-5-(diethylamino) phenyl ester
(BDFAM) was provided by Chemieliva Pharmaceutical Co.,
Ltd. 2-Benzothiazoleacetonitrile and other chemicals were
commercially available from Innochem and used without fur-

ther purification. Acetylcholinesterase (AChE, 200 U/g,
extracted from electric eel), trypsin (TPS, 2500 U/mg), lyso-
zyme (LZM, 2000 U/mg), bovine serum albumin (BSA,

biotechnology grade), b-glucosidase (CB, 20 U/mg) were pur-
chased from Macklin. Butyrylcholinesterase (BChE, 10 U/mg,
extracted from horse serum) was purchased from Sigma-

Aldrich. Ultrapure water (18.25 MX.cm, 25 �C) was used in
all experiments.

NMR spectra were recorded on a Bruker Avance III spec-

trometer at 500 MHz for 1H NMR and 125 MHz for 13C
NMR. High-resolution mass spectrometry (HRMS) was mea-
sured on an Agilent 6520 Accurate-Mass Q-TOF LC/MS spec-
trometer. Fluorescence spectroscopic studies were performed

on a Hitachi F-7000 spectrometer. Fluorescence decay dynam-
ics were observed using an Edinburgh-Fluorescence Spectrom-
eter FLS980 (Edinburgh, U.K). UV–visible spectra were

measured on a TU-1901 spectrometer.

2.2. Synthesis and characterization

Synthesis of BDFA: BDFAM (0.264 g, 1 mmol), 2-
benzothiazoleacetonitrile (0.174 g, 1 mmol) and pyridine (2
drops) were dissolved in CH3OH (30 mL) and stirred at room

temperature for 8 h. Then, the solvent was removed under
reduced pressure to produce a crude product, which was fur-
ther purified by silica gel column chromatography (CH3OH/
CH2Cl2 = 1:20, v/v) to obtain BDFA as a yellow powder

(21.0 mg, 0.5 mmoL): yield 50%. 1H NMR (500 MHz,
Chloroform-d) d 8.48 (d, J = 9.2 Hz, 1H), 8.25 (s, 1H), 8.00
(d, J = 8.2 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.47 (t,

J = 7.7 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 6.60 (d,
J = 9.2 Hz, 1H), 6.49 (s, 1H), 3.43 (q, J = 7.1 Hz, 4H),
3.28 (s, 3H), 3.08 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H) (Fig. S4).
13C NMR (125 MHz, Chloroform-d) d 165.07, 154.06,
153.91, 153.67, 151.92, 140.05, 134.47, 129.95, 126.50, 125.16,
123.06, 121.39, 118.01, 112.39, 109.25, 104.99, 98.17, 77.31,
77.06, 76.80, 44.88, 37.05, 36.75, 12.67 (Fig. S5). ESI-MS m/

z calculated for [C23H24N4O2S + Na]+ 443.1512, measured
443.1517 (Fig. S6) Scheme 1.

Synthesis of the BDFA-AChE reaction product (BDFAP):

BDFA (20 mg, 0.48 mmoL) was fully dissolved in PBS solu-
tion (10 mM, pH = 7, containing 5% DMSO) and a sufficient
amount of AChE was gradually added, and then the mixture

was incubated at 37 �C for 40 min. The above solution was
extracted with CH2Cl2 and the organic phase was concentrated
under reduced pressure to obtain a crude product, which was



Fig. 1 Schematic diagram of the fluorescence response of BDFA to AChE.

Scheme 1 Synthetic route of BDFA.
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further purified by silica gel column chromatography (CH3-
OH/CH2Cl2 = 1:20, v/v) to obtain BDFAP as a yellow pow-
der. 1H NMR (500 MHz, Methanol d4) d 8.16 (s, 1H), 8.00 (dd,

J = 15.4, 8.0 Hz, 2H), 7.53 (t, J = 7.7 Hz, 1H), 7.44 (dt,
J = 7.7, 3.2 Hz, 2H), 6.69 (dd, J = 9.1, 2.5 Hz, 1H), 6.53
(d, J = 2.4 Hz, 1H), 3.53 (q, J = 7.1 Hz, 4H), 1.26 (t,

J = 7.1 Hz, 6H) (Fig. S7). ESI-MS m/z calculated for [C20H19-
N3OS + H]+ 350.1322, measured 350.1320 (Fig. S8).

2.3. General procedures for fluorescence measurement

5 ml of BDFA stock solution (200 lM, DMSO) were added to
the PBS solution (pH = 7.0, 10 mM), and then the stock solu-
tions of various analytes were subsequently introduced. These

analytes include: acetylcholinesterase (AChE, 10 U/mL),
butyrylcholinesterase (BChE, 10 U/mL), glutamic acid (Glu,
10 mM), lysine (Lys, 10 mM), arginine (Arg, 10 mM), Tyrosine

(Tyr, 10 mM), cysteine (Cys, 10 mM), tryptophan (Trp,
10 mM), glutathione (GSH, 10 mM), glucose (Glc, 10 mM),
sucrose (Suc, 10 mM), dextran sulfate (DS, 10 mg/mL), trypsin

(TPS, 400 U/mL), lysozyme (LZM, 100 U/mL), b-glucosidase
(CB, 20 U/mL) and bovine serum albumin (BSA, 1 mg/mL).
Subsequently, the above mixture was incubated at 37 �C for

40 min, and then its total volume was adjusted to 500 lL with
a PBS solution (pH = 7.0, 10 mM). Finally, the solution was
subjected to fluorescence measurement under excitation at
470 nm, with 900 V photomultiplier voltage and 5 nm excita-

tion and emission bandwidth.

2.4. Molecular docking calculations

The molecular docking simulation was carried out on the soft-
ware AutoDock 1.5.6. The crystal structure of AChE was
found in the protein data bank (PDB ID: 4bc1). The BDFA
structure was optimized at the level of B3LYP/6-31G* on
the solvation model of water by using Gaussian 09. The

BDFA-AChE docking conformation was visualized using
Pymol software, and its schematic diagram was also drawn
using the same software.

2.5. Determination of AChE activity in blood

Blood samples collected from three healthy students in our

laboratory were diluted 20 times with PBS solution (pH
7.0, 10 mM) to prevent blood clotting. The samples were
divided into three parts. Two of which were added with
Dichlorvos (final concentration: 100 lg/mL) and Carbaway

(final concentration: 100 lg/mL) and then incubated at
room temperature for 30 min. Subsequently, the diluted
blood (95 lL), pesticide-pretreated blood (95 lL) and PBS

solution (95 lL) were added to BDFA (final concentration:
2 lM) in PBS solution (105 lL). The above mixture was
incubated at 37 �C for 40 min, and finally fluorescence mea-

surement was performed.

3. Results and discussion

3.1. Spectral response of BDFA to AChE

The optical properties of BDFA are closely related to its
molecular configuration, which was first studied at the level
of B3LYP/6-31G* on the solvation model of water using

Gaussian 09. The results in Fig. 2a show that in the energy
minimization configuration, the benzene ring and benzothia-
zole ring of BDFA are not distributed in a plane due to
intramolecular steric hindrance, resulting in a distorted



Fig. 2 (a) Energy-minimized conformation of BDFA. The white, gray, blue and yellow balls represent hydrogen, carbon, nitrogen and

sulfur atoms, respectively. (b) Absorption spectra of BDFA (5 lM) in the absence and presence of AChE (3.0 U/mL). (c) Fluorescence

spectra of BDFA (2 lM) and (d) its emission intensity at 525 nm varies with the AChE concentration in the range of 0–3.0 U/mL. All

spectra were measured in PBS solution (pH 7.0, 10 mM) with excitation at 470 nm.
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p-conjugated skeleton. Such non-planar structure is detrimen-

tal to fluorescence emission, and will reduce the background
fluorescence from BDFA. In PBS solution, BDFA presents a
main absorption band at 370–550 nm with a peak at

460 nm, which undergoes a noticeable enhancement and a
small blue shift upon the addition of AChE (Fig. 2b). Under
parallel conditions, BDFA emits weak fluorescence, which is

consistent with the molecular configuration we simulated
above. As an increasing concentration of AChE was intro-
duced into the BDFA solution, a gradually enhanced emission

centered at 525 nm appears, as shown in Fig. 2c. The fluores-
cence intensity at 525 nm rises sharply, and reaches a stable
level after adding 2.0 U/mL AChE (Fig. 2d). The relationship
between the fluorescence intensity at 525 nm and the AChE

concentration in the range of 0.0045–1.0 U/mL conforms to
the linear equation F = 416.7 * [AChE] + 39.1
(R2 = 0.9952), and the detection limit (DL) was calculated

as 4.5 mU/mL (DL = 3r/k, where r is the standard deviation
(0.63) of the BDFA fluorescence intensity F525 in the absence
of AChE under 11 parallel measurements, and k is the slope

(416.7) of the linear equation plotting fluorescence intensity
F525 vs AChE concentration). In general, BDFA exhibits a
highly sensitive fluorescence response to AChE, which is
expected to be applied to quantify AChE activity.
3.2. The selectivity of BDFA to AChE

To evaluate the selectivity in response to AChE, the fluores-

cence spectra of BDFA in the presence of various com-
pounds were subsequently examined, and the results are
shown in Fig. 3. It can be seen that the fluorescence shows
an evident increase upon the addition of AChE or BChE,

while other compounds, including common cations, anions,
thiols, carbohydrates and enzymes only cause limited fluo-
rescence changes. We also noticed that after adding the

same concentration of AChE and BChE, the fluorescence
intensity at 525 nm increases by 16.9 times and 5.2 times,
respectively, which proves that the specificity of BDFA for

AChE was much higher than that of BChE. Such results
are consistent with the results of previous studies (Wang
et al., 2019; Ma et al., 2020a, 2020b; He et al., 2021), which

is speculated to be due to the better spatial match between
the N, N-dimethyl carbamate group and the active cavity of
AChE, thus causing the carbamate group to be easily
hydrolyzed by AChE. Even in the coexistence of various

compounds, BDFA still maintains a significant and rela-
tively stable fluorescence response to AChE. The presence
of BChE only increases the fluorescence response signal by

21%, so its interference is limited.



Fig. 3 (a) Fluorescence spectra of BDFA (2 lM) and (b) its emission intensity at 525 nm in the coexistence of various compounds,

including Na+ (1 mM), K+ (1 mM), Ca2+ (1 mM), Mg2+ (1 mM), Zn2+ (1 mM), Fe3+ (1 mM), Cu2+ (1 mM), NO3
� (1 mM), CO3

2�

(1 mM), PO4
3� (1 mM), Cl� (1 mM), EDTA (1 mM), Glu (1 mM), Lys (1 mM), Arg (1 mM), Tyr (1 mM), Cys (1 mM), GSH (1 mM), Trp

(1 mM), GLC (1 mM), Suc (10 mM), DS (1 mg/mL), TPS (10 U/mL), LZM (10 U/mL), CB (10 U/mL), BSA (0.1 mg/mL), BChE (2.0 U/

mL) and AChE (2.0 U/mL).
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3.3. Response rate of BDFA to AChE

The BDFA-AChE reaction rate was studied by monitoring the
dynamics of the fluorescence intensity over the reaction time.

As displayed in Fig. 4a, BDFA emits extremely weak fluores-
cence, while the fluorescence gradually rises to a stable level
within 20 min after adding AChE. Therefore, BDFA shows

a fast response to AChE, which is suitable for rapidly detecting
AChE activity.

3.4. pH effect

The effect of pH on the response of BDFA to AChE was sub-
sequently evaluated. As shown in Fig. 4b and Fig. S1, the flu-

orescence of BDFA maintains a relatively stable level in the
range of pH 5–10, and shows a significant and consistent
response to AChE under neutral and weakly alkaline condi-
tions (pH 7–9). These results indicate that BDFA is suitable

for detecting AChE in near-neutral biological matrices such
as blood and cytoplasm.
Fig. 4 (a) Time-dependent fluorescence intensity of BDFA (5 lM) a

AChE. (b) Fluorescence intensity of BDFA (2 lM) in the absence an

Changes in the fluorescence intensity of BDFA and BDFA-AChE re

measured at 525 nm, with excitation at 470 nm.
3.5. Impact of test time window on results

As shown in Fig. 4c, within 3 h, BDFA emits weak and stable
fluorescence, while the BDFA-AChE reaction product only

presents a small decrease in emission intensity. These results
reveal that these two compounds have good time-dependent
stability, providing a long-time window for reading the test

results.

3.6. Response mechanism of BDFA to AChE

To explore the internal reaction mechanism, the BDFA-AChE
molecular docking was simulated on Autodock software. The
results in Fig. 5a reveal that there are multiple hydrophobic

interactions and hydrogen bonds in the BDFA-AChE docking
model, and the binding energy was calculated to be �8.53
Kcal/mol, suggesting that BDFA and AChE are sponta-
neously combined. As shown in Fig. 5b, the fluorescence decay

kinetics of BDFA slows down slightly after reacting with
AChE, and its average fluorescence lifetime increases from
fter adding different concentrations (0, 0.4, 1.0, 1.6, 2.0 U/mL) of

d presence of AChE (2 U/mL) in PBS solutions of pH 3–11. (c)

action product with storage time. The fluorescence intensity was



Fig. 5 (a) Molecular docking mode of BDFA and AChE. (b) Fluorescence decay kinetics of BDFA (5 lM) in the absence and presence

of AChE (2.0 U/mL).
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2.71 ns to 2.90 ns, indicating that a strong fluorescent com-
pound may be produced.

To further clarify the reaction mechanism, we prepared and
purified the BDFA-AChE reaction product (see section 2.2),

and characterized its chemical structure by 1H NMR
(Fig. S6) and HRMS (Fig. S7). Moreover, we also performed
a detailed analysis of the 1H NMR spectra of BDFA and its

reaction product with AChE (referred to as BDFAF) in
Fig. 6a. It can be seen that the hydrogen atom signal
(3.08 ppm, 3H; 3.28 ppm, 3H) attributed to the N, N-

dimethyl carbamate group disappears in the NMR spectrum
of BDFAP, confirming that the carbamate group is separated
from the BDFA molecular under the catalysis of AChE.

Fig. 6a also reveals an apparent redistribution of aromatic
hydrogen atoms at 7.83–8.49 ppm, indicating that BDFAF
has a different p-conjugated skeleton from BDFA. Concerning
our previous and other studies (Cui et al., 2019; Zhang et al.,

2021), we proposed the BDFA-AChE reaction mechanism,
as described in Fig. 6b. First, the intramolecular ester bond
of BDFA is hydrolyzed by AChE, which leads to the removal

of the carbamate protecting group and produces an intermedi-
ate product (termed BDFAI). Subsequently, the phenolic
hydroxyl group of BDFAI undergoes a nucleophilic reaction

with its cyano group, causing an intramolecular cyclization
reaction to generate the final product BDFAP with strong flu-
orescence emission. Our proposed mechanism for the BDFA-
AChE reaction was also confirmed by the HPLC method

(Fig. S3).
(a)

Fig. 6 (a) Comparison of the 1H NMR spectra of BDFA and BD
3.7. Determination of AChE activity in blood

Medical studies indicate that the AChE activity in serum can

be used as a biomarker for detecting pesticide poisoning,
assessing the severity of acute pancreatitis and predicting death
(Xu et al., 2019; Badiou et al., 2008). Hence, we checked the

feasibility of BDFA in detecting AChE activity in the serum
matrix. As shown in Fig. 7, the fluorescence displays a signif-
icant increase after introducing the blood samples collected
from three healthy individuals, demonstrating that the AChE

in these samples maintains normal activity. As we all know,
organophosphorus and carbamate pesticides severely inhibit
the AChE activity due to the strong binding of pesticide mole-

cules to the active sites of AChE (Bajgar, 2004). Therefore, we
further monitored the changes in AChE activity of the blood
samples in the presence of Dichlorvos and Carbaway (Guo

et al., 2021). After adding the blood samples pre-incubated
with the above two pesticides, the increase in fluorescence
intensity is significantly reduced, indicating that the AChE

activity in the blood samples is partially inhibited. These
results confirm that BDFA is suitable for detecting AChE
activity in blood matrix. In addition, we measured AChE
activity in the blood samples using BDFA-based fluorometry

and Ellman assay, a widely-used standard method for deter-
mining ChE activity. The detection results of the two methods
are in good agreement (Table S2). The detected activities of

AChE in the blood are also consistent with that in the litera-
ture (Xu et al., 2019).
FAP. (b) Proposed reaction pathways for BDFA and AChE.



Fig. 7 (a) Fluorescence spectra and (b) emission intensity of BDFA (2 lM) upon the addition of PBS solution (pH 7.0, 10 mM), blood

samples collected from three healthy individuals and these blood samples pre-treated with Dichlorvos (100 lg/mL) and Carbaway (100 lg/
mL).
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4. Conclusion

In summary, we designed a small-molecule fluorescent probe BDFA,

studied its performance for AChE analysis and explored the reaction

mechanism. DBFA was readily synthesized through a one-step reac-

tion without complicated purification. In the presence of AChE,

BDFA exhibits a sensitive, selective, rapid and stable fluorescence

enhancement, because the BDFA molecule eliminates the carbamate

protecting group under the catalysis of AChE, and subsequently

undergoes intramolecular cyclization conversion to generate a strong

fluorescent product. An excellent linear relationship exists between

the fluorescence intensity of BDFA and the concentration of AChE,

and BDFA is suitable for the rapid detection of AChE activity in

blood samples. Compared to the reported AChE fluorescent probes,

BDFA shows apparent advantages in synthesis procedures, detection

limit and response time. Our work provides an efficient and convenient

tool for studying the physiological functions of AChE and diagnosing

AChE-related diseases.
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