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A ratiometric fluorescence assay for
acetylcholinesterase activity and inhibitor
screening based on supramolecular assembly
induced monomer—excimer emission transition of
a perylene probef
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A ratiometric fluorescence assay for acetylcholinesterase activity is established, which is based on
controlled perylene probe assembly and monomer—excimer transition. In a buffer solution, a perylene
probe with two negatively charged groups (PDI-DHA) mainly exists in monomeric form. In the presence
of cationic lauroylcholine and lauric acid, PDI-DHA can form supramolecular assemblies and the

perylene excimer emission can be observed. AChE can catalyze the hydrolysis of lauroylcholine to
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Accepted 19th March 2018 anionic lauric acid and choline. The hydrolysis process can trigger the breakdown of the supramolecular
assemblies. The perylene excimer recovers to the monomeric form because of the de-aggregation of

DOI: 10.1035/c8ra01274a the probe. The excimer—-monomer transition can be detected, and a ratiometric fluorescence assay for
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Introduction

Acetylcholinesterase (AChE) is an important member of the
carboxylesterase family that plays an essential role in the
catalysis of hydrolysis of the neurotransmitter acetylcholine
(ACh) localized in the central and peripheral nervous systems of
animals." Thus it maintains the level of ACh. The process is
a pivotal step to control the neural response.>* The function of
brain neurons can be damaged as a result of dysfunction of
acetylcholine. Its deficiency or elevation can induce vital
diseases such as decreased heart rate, dilation of the blood
vessel, and Alzheimer's disease (AD).” The decrease in the level
of ACh from the standard levels in the cortex and hippo-
campus,® could help the assembly of amyloid B peptides into
amyloid fibrils, which results in Alzheimer's disease (AD).”** In
fact, AChE plays an essential role in the development of AD.
AChE inhibitors are usually used for the inhibition of ACh
hydrolysis and increase the ACh concentration. The AChE
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AChE activity and inhibitor screening is therefore established.

inhibitors are currently used as a principal drug for Alzheimer's
disease and neuromuscular disorders.”>** Therefore, develop-
ment of highly sensitive methods for the detection of AChE
activity and screening of its potential inhibitor has great prac-
tical significance.

In the past decades, various assays for AChE activity and
screening for potential inhibitors of AChE have been estab-
lished. For example, the electrochemical,’*"” colorimetric,*®
chemiluminescent,* and fluorometric assays, etc.>**" Various
fluorescent materials have been tested to improve the detection
of AChE activity and screening of its inhibitors. Such as CdS
quantum dots,* gold nanoparticles,”® and aromatic dyes.*
Among them, organic fluorophores are highly attractive because
of their high thermal and photochemical stability, longer life-
time and higher quantum yield.>*?>¢

Perylene diimide (PDI) derivatives are one of the
outstanding large planar w-conjugated molecules possessing
excellent optical and electronic properties.>**”** Furthermore,
PDI derivatives as promising fluorescent probes have been
applied to the biological analysis and sensing applications.>*~**
PDI derivatives have higher aggregation tendency due to
strong -7, or m-C-H interactions and hydrophobic interac-
tions. It results in the fluorescence quenching of monomers or
turn-on excimer emission.** Over last few years, our group has
reported studies on the PDI derivatives based fluorescent
sensors.****” In particular, PDI derivatives could be introduced
into aggregation by polycation or polyanion, which result in
emission.*®* small molecules like

excimer However,
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lauroylcholine have not been reported to induce the excimer
emission of PDI derivatives.

Herein, we report a novel strategy to induce PDI excimer by
a small molecule rather than a polymer for the first time. And
we have successfully developed a sensitive ratiometric fluores-
cence assay for AChE activity based on the controlled PDI
assembly and monomer-excimer transition. The illustrative
diagram of our detection strategy is depicted in Scheme 1 (1) In
a buffer solution, a water-soluble probe (PDI-DHA) mainly exists
in monomeric form due to the negative charge electrostatic
repulsive interactions. The monomer emission peak of PDI-
DHA appears at 548 nm. (2) Lauroylcholine is employed as the
substrate of AChE. The probe molecules aggregate to form
supramolecular assemblies, when mixed with lauroylcholine
and lauric acid. As a result, a redshifted emission appears at
a wavelength of 680 nm which belongs to the excimer of PDI-
DHA. (3) AChE can catalyze the hydrolysis of lauroylcholine to
lauric acid and choline. The hydrolysis process can trigger the
breakdown of the supramolecular assemblies because of the
electrostatic repulsion between lauric acid and PDI-DHA. The
PDI-DHA excimer transfers to the monomeric form because of
the de-aggregation of the probe. The excimer-monomer tran-
sition can be detected, and a ratiometric fluorescence method
for AChE activity is accomplished. When an AChE inhibitor is
present, AChE activity is significantly retarded, and a lesser level
of excimer-monomer transition is observed. Thus our method
can be used for screening the inhibitors of AChE.

Experimental section
Materials and measurements

PDI derivative (PDI-DHA) was prepared and purified according
to the previous procedures.*” Lauroylcholine was bought from
Aladdin (Shanghai, China). Lauric acid was purchased from
Dayang Chemicals Co., Ltd. Trypsin and acetylcholinesterase
was ordered from Sigma. S1 nuclease and Lysozyme was bought
from Fermentas Inc. (MBI, Canada). Alkaline phosphatase
(ALP), BSA, exonuclease I (Exo I) were obtained from Takara
Biotechnology Co., Ltd. 3-Hydroxycarbofuran, and donepezil
hydrochloride were bought from J & K Scientific Ltd. Deionized
water purified by a Milli-Q A10 system (Millipore, Billerica, MA,
USA) was used for sample preparation. Fluoromax-4 spectro-
fluorometer (Horiba Jobin Yvon Inc., USA) was employed to
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Scheme 1 Schematic illustration of the ratiometric fluorometric assay
for acetylcholinesterase activity detection.
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record fluorescence emission and excitation spectra with 5 nm
slit. The emission spectra of PDI-DHA were obtained at an
excitation wavelength of 488 nm in a quartz cuvette with 10 mm
path length and 2 mm window width. The particle size distri-
bution was investigated by dynamic light scattering method by
using zetasizer nano ZS-90, particle size and zeta potential
analyzer (Malvern Instruments, UK).

Assay procedures

2.6 pL of lauroylcholine (20 mM) was added to MOPS buffer
(pH 7.5, 10 mM), and AChE in a fixed concentration was added
(sample volume, 373.4 uL). The sample mixture was incubated
at 37 °C for 180 min. Then, 6.6 pL of lauric acid (20 mM) and 20
pL of PDI-DHA (200 uM) was added. The final sample volume
was 400 pL and the emission spectra were recorded at 20 °C.

Results and discussion

Design and optimization of the assay

PDI derivative (PDI-DHA) with two negative charges was
synthesized according to the previous procedure.* In the buffer
solution, PDI-DHA displays unique monomer emission with
peaks at 548 and 587 nm. The amphiphilic compound laur-
oylcholine was employed to be a good substrate for AChE and
introduce the PDI-DHA aggregation. So that it showed a broad
excimer emission band at around 680 nm. The critical micelle
concentration (CMC) of lauroylcholine was determined by using
pyrene as a probe and illustrated in Fig. S1 (ESIt). The I395/I37¢
ratio of the pyrene fluorescence emission spectra as a function
of lauroylcholine concentration gave the CMC value of
0.612 mM at 20 °C. According to the literature, surfactants can
form supramolecular assemblies in aqueous solutions, and the
critical aggregation concentration (CAC) of a surfactant could
be reduced in the presence of counterions.*»** In this paper,
PDI-DHA was used as a counterion to reduce the CAC of laur-
oylcholine due to its strong electrostatic interactions. In addi-
tion, 10 pM of PDI-DHA was preferentially prepared in the
MOPS buffer solution (10 mM, pH 7.5), which is significant for
excimer formation. As illustrated in Fig. 1, PDI-DHA showed
typical monomer emission with peaks at 548 and 587 nm in the
absence or lower concentration of lauroylcholine. A new and
broad emission band with a peak at 680 nm could be observed,
and the intensity gradually enhanced with the gradual increase
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Fig. 1 (a) Changes in emission spectra of PDI-DHA (10 uM) in the
presence of different concentrations (0—-800 uM) of lauroylcholine. (b)
Corresponding /g/Im value changes of PDI-DHA (10 uM) as a function
of lauroylcholine concentration.
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of lauroylcholine concentration (0-800 pM). PDI-DHA and
lauroylcholine could form supramolecular assemblies due to
electrostatic interactions, resulting in a CAC value of 310 uM for
lauroylcholine. However, in this case, the concentration of
enzyme substrate (lauroylcholine) remains high for the AChE
activity detection and the sensitivity may be limited.

Herein, we selected lauric acid as the alternate counterion to
reduce the concentration of lauroylcholine. As shown in Fig. 2,
130 uM of lauroylcholine which was lower than its CAC, 10 pM
of PDI-DHA and varying amounts of lauric acid (100-500 uM)
were added.

With the increase of the amount of lauric acid, the monomer
emission decreased and excimer emission increased gradually.
When 300 pM lauric acid was added, the value of intensity ratio
(Ig/Iy;, in which Iy and Iy refer to the emission intensities at
680 nm and 548 nm, respectively) reached its maximum. Fig. 2b
illustrates the stable assemblies of 10 uM PDI-DHA and 300 uM
lauric acid in the presence of 130 uM (much lower than 310 pM)
of lauroylcholine.

For optimal AChE activity detection, the concentration of
lauroylcholine should be as low as possible. The concentration of
PDI-DHA was fixed at 10 pM. The fluorescence spectra of supra-
molecular assemblies were interrogated with the fixed ratio of
[lauroylcholine]: [lauric acid] = 130 uM: 300 uM. As shown in
Fig. S2,1 the intensity ratio (the Ix/Iy value) increased gradually
with the increase of lauroylcholine concentration. When the
concentration of lauroylcholine was 130 pM, the Ig/I,; value
reached its maximum. A further increase of the concentration of
the mixture of lauroylcholine/lauric acid (130 uM/300 pM) caused
no increase of the Ig/Iy value, indicating that most of the PDI-
DHA molecules had been transformed to the aggregated form.

Meanwhile, both PDI-DHA and lauric acid contained carbox-
ylic acid groups. Thus the supramolecular aggregation in mixed
solutions can be controlled by varying the pH of the system. We
investigated the fluorescence intensity ratio (the Ig/Iy value) in
different pH buffer (see Fig. S3t1). When the pH value is greater
than 8.0, the PDI-DHA molecules may not aggregate. And when
the pH value is 7.5, the Iz/I,; value of PDI-DHA reached the
maximum in the assay system containing lauric acid (300 uM)
and lauroylcholine (130 pM). The optimal pH value was chosen to
be 7.5 throughout the whole experiment.

We also investigated the optimal concentration of PDI-DHA
with the assay system containing lauroylcholine (130 uM) and
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Fig. 2 Changes in emission spectra (a) and corresponding /g/Iy value
(b) of PDI-DHA (10 uM) and lauroylcholine (130 pM) in the presence of
the different concentrations (100-500 uM) of lauric acid.
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lauric acid (300 uM). As shown in Fig. S4,t different concen-
trations (5, 10, 20, 30 pM) of PDI-DHA were added, it was
difficult to get the excimer emission when the concentrations
were too low. When the concentration of PDI-DHA was 10 puM,
the Iy/Iy value reached its maximum. Therefore the optimal
concentration of PDI-DHA was chosen to be 10 pM.

Characterization of supramolecular assembly

The average size distribution of the supermolecular assembly
was characterized in MOPS buffer by Dynamic Light Scattering
at 25 °C. As shown in Fig. S5,7 the results confirmed that the
supramolecular assemblies could not be formed in the absence
of the PDI-DHA, lauric acid or lauroylcholine chloride. The
supramolecular assemblies with sizes around 414 nm could be
measured in the mixed solution when the three components
present simultaneously.

Supramolecular assemblies triggering the development of
ACHhE activity assay

AChE can hydrolyze lauroylcholine into lauric acid and choline,
the amount of lauroylcholine will decrease with the addition of
AChE. The hydrolysis process can trigger the breakdown of the
supramolecular complex as a result of the coulombic repulsive
interactions between negatively charged PDI-DHA and lauric
acid. The monomeric emission of PDI-DHA is a turn-on because
of the excimer-monomer transition due to de-aggregation.
Thus, the ratio of excimer and monomer could be used to
monitor the process of enzymatic hydrolysis. The time-
dependence of the resulting sample was tested by recording
the fluorescence spectra at regular time intervals (Fig. 3). In the
presence of 150 mU mL ™" AChE, with the prolongation of time,
the lauroylcholine was consumed, and the ratio of lauroylcho-
line and lauric acid continuously changed. Resulting in the
transition of the PDI-DHA monomer state and excimer state.
The excimer emission decreased gradually, meanwhile, the
monomer emission increased gradually with increasing enzy-
matic reaction time. It is worth noting that there is no clear
isoemissive point at around 640 nm because it is a more
complex system than the simple two-component excimer—
monomer equilibrium.*® Maximum /I value was observed
after 180 min of enzymatic reaction (Fig. 3b). Therefore,
180 min was selected as the optimal enzyme reaction time.
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Fig. 3 Emission spectra (a) and the corresponding /u/lg value (b)
changes as a function of the enzymatic reaction time. Conditions:
AChE = 120 mU mL™, lauric acid = 300 uM, lauroylcholine = 130 uM.
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Our assay could be used to qualify the concentration of
AChE. The changes in fluorescence emission of the supramo-
lecular assemblies were monitored by varying the concentration
of AChE. Fixed concentration of lauroylcholine (130 pM) and
different concentrations of AChE (0, 5, 10, 20, 40, 60, 80, 100,
150, 200, 250 mU mL~ ') were mixed. The mixture was placed in
37 °C water bath for 180 min, after hydrolysis reaction, lauric
acid (300 uM) and PDI-DHA (10 uM) were added. The fluores-
cence emission was detected at 20 °C. As shown in Fig. 4, with
an increase in the concentration of AChE, the monomer emis-
sion intensity of PDI-DHA increased gradually. The emission
intensity ratios (Iy/Ig) of PDI-DHA plotted against the concen-
trations of AChE, which displayed a linear relationship at AChE
concentration range of 5-150 mU mL". The linear correlation
equation is IF = 0.0914 + 0.0204 [AChE], R> = 0.999. Where “IF”’
refers to the emission intensity ratio of the Iy/I, and “[AChE]”
refers to the concentration of AChE. Our method had a better
sensitivity and 5 mU mL~" AChE could be easily detected.****

Selectivity of the assay

To examine the specificity of the AChE activity assay, the
fluorescence response of lauroylcholine towards various
enzymes and proteins, including ALP, S1 nuclease, lysozyme,
Exo I nuclease, trypsin, and BSA were recorded. The concen-
trations of ALP, S1 nuclease, lysozyme, Exo I nuclease and
trypsin were kept at 1 U mL ™', and the concentrations of BSA
was 1 mg mL ™. The samples were incubated for 180 min
under the same conditions as for AChE. From Fig. 5, compared
the value of I/Ix for AChE (150 mU mL™") with that of other
substances (1 U mL ™). Significant changes were only seen for
AChE. Other enzymes and proteins gave no noticeable mono-
mer intensity recovery. The results suggest that our assay is
highly selective for AChE, and could be applied to detect AChE
activity in the presence of other enzymes.

Inhibitor screening of the assay

It is a fact that the activity of AChE to hydrolyze lauroylcholine
could be restrained when an AChE inhibitor existed. The
inhibitors of AChE were widely applied as drugs for the treat-
ment of Alzheimer's disease (AD) via increasing the amounts of
acetylcholine. Therefore, screening for AChE potential inhibitor
is of great value. In order to confirm the potential application of
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Fig. 4 (a) Fluorescence spectra changes of the assembly in the
presence of different concentrations of AChE (5-250 mU mL™Y). (b)
Corresponding Im/lg value based calibration curve for AChE (5-250
mU mL™Y).
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Fig.5 Selectivity study. /u//g values of the PDI-DHA in the presence of
AChE and the other proteins. Columns 0—6: AChE, ALP, S1 nuclease,
lysozyme, Exo | nuclease, trypsin, and BSA. AChE: 150 mU mL™; other
enzymes: 1 U mL™%, BSA: 1 mg mL™. Background is deducted.

the assay for AChE inhibitor screening, 3-hydroxycarbofuran
and donepezil, two typical inhibitors of AChE were tested.*® The
fluorescence emission spectra of PDI-DHA with different
concentration of both inhibitors were investigated (Fig. S6a and
S7at). The Fig. S6b and S7bt showed that the Iy/Iz value
reduced with the enhancement of the amounts of 3-hydrox-
ycarbofuran and donepezil. The results indicate that the 3-
hydroxycarbofuran and donepezil were more effective at higher
concentrations. And the IC;, values of 3-hydroxycarbofuran and
donepezil were estimated to be 149.2 nM and 57.5 nM,
respectively. The results clearly suggest that our assay can be
applied for inhibitor screening.

To further investigate the applicability of the supramolec-
ular assemblies for screening AChE inhibitors. Lake water
samples were used. Different concentrations of the AChE
inhibitors 3-hydroxycarbofuran (50, 100, 200, 300, 400, 500
nM) and donepezil (25, 50, 100, 150, 200 nM) were added to the
lake water samples. Their inhibition effects were compared
with those in the buffer solution. As shown in Fig. 6, the
inhibition effect of the samples prepared in the lake water is
similar to those prepared in buffer solution. The results
suggest that our assay can be applied for the screening of
AChE inhibitors in real samples.
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Fig. 6 Plot of the inhibition efficiency as a function of 3-hydrox-
ycarbofuran (50, 100, 200, 300, 400, 500 nM) (a) and donepezil (25,
50, 100, 150, 200 nM) (b) concentration. Samples were prepared in
deionized water (black line) or lake water (red line).
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Conclusions

In summary, we report a ratiometric fluorescence method for
the detection of AChE activity and its inhibitor screening based
on the formation of a supramolecular assembly of a PDI deriv-
ative in the presence of small molecules (lauric acid and laur-
oylcholine) for the first time. It is based on the monomer-
excimer emission transition and the controlled release of PDI-
DHA from the supramolecular assemblies. AChE can catalyze
the hydrolysis of lauroylcholine to lauric acid and choline. The
hydrolysis process can trigger the breakdown of the supramo-
lecular assemblies. The perylene excimer changes to the
monomeric. The excimer-monomer transition can be detected,
and a ratiometric fluorescence method for AChE activity is
established. The assay is facile, efficient and inexpensive, which
also exhibits high sensitivity and selectivity. Our assay can also
be applied for the screening of AChE inhibitors in real samples.
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