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A highly sensitive, fast, and convenient colorimetric assay for acetylcholinesterase (AChE) activity was developed. To do this, phosalone

was used to aggregate citrate-coated gold nanoparticles which caused its color to be changed from wine-red to blue. This aggregation was

significantly hindered with AChE, due to its preferential reaction with phosalone, and the corresponding color change was probed

spectrophotometrically as a function of AChE activity. The ratio of the measured absorbances at the wavelengths of 520 and 650 nm
(A520/A650) was found to be linear with the activity of AChE from 0.050 to 1.0 U ml"' (R?=0.9912). A limit of 0.030 U ml"! for detection

of AChE was achieved based on a signal-to-noise ratio of 3. The procedure was successfully applied for the determination of AChE in real

samples as well as quantitation of phosalone in diverse fields such as food and agricultural industries as well as pharmaceutical, healthcare,

and environmental affairs.
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INTRODUCTION

Acetylcholinesterase (AChE) has been reported to have
a fundamental role in nerve-agent poisoning, inflammatory
processes, and symptomatic treatment of Alzheimer's disease
[1]. This enzyme can be found in body tissues such as red
blood cells and the post-synaptic membrane of cholinergic
synapses. It can terminate the cholinergic nerve transmission
and can inactivate acetylcholine (ACh) by hydrolyzing it to
acetate and choline and halt the nerve impulse. Therefore, a
reliable and sensitive assay, in order to determine and/or
monitor the activity of AChE, is of great concern in
multifarious fields. The AChE inhibitors are principal drugs
[2] that are able to penetrate the blood-brain barrier. For
instance, the hydrolysis of ACh (by AChE) can be prevented
by inhibitors such as organophosphate (OP). Due to this, the
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concentration of ACh in the synaptic cleft is increased which
has been frequently considered as a basis for diagnosing
organophosphate poisoning [3]. It is worth mentioning that
organophosphate (OP) neurotoxins, which are commonly
used as insecticides and pesticides as well as warfare agents,
are well known to be toxic. Because of this, their usage is of
great concern in agricultural and military activities [4-8] as
their residue may cause various health difficulties for all the
beings in the various ecosystems [9]. The toxicity of these
compounds is due to the inactivation and irreversible
phosphorylation [10] of AChE in both the peripheral and
central nervous system as reported [11-16].

In terms of simplicity and speed, the colorimetric sensors
are favorable for the detection of materials such as AChE
[17]. In this regard, utilization of plasmonic nanoparticles
such as gold [18-20] is promising as they have been widely
incorporated for analysis of different organic and inorganic
compounds [21-37] due to their high extinction coefficients
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(=3 x 1011 M cm™).

Biosensor-based detection of neurotoxins offers a
promising approach due to its ease of use, speed, cost-
effectiveness, portability, specificity, and high sensitivity
without requiring lengthy procedures. Electrochemical
biosensors for detecting organophosphates (OPs) have been
particularly successful due to their simple instrumentation,
high reliability, and compatibility with complex samples [38-
39]. Enzyme-based biosensors are an excellent alternative for
detecting insecticides and pesticides, including OPs, as these
toxins inhibit various insect and pest enzymes, including
acetylcholinesterase (AChE). Oxidase-mimicking materials
such as MnO; nanosheets and surface-modified cerium oxide
nanoparticles have been utilized to generate signals for OP
detection through colorimetry via tetramethylbenzidine
(TMB) oxidation [40-41]. Previous studies have employed
colorimetric detection systems based on TMB, nanozymes,
and hydrogen peroxide [42-43].

The term "nanozyme" was first coined to describe gold
nanoparticles (AuNPs) possessing transphosphorylation
capabilities. Nanozymes are nanomaterials capable of
mimicking enzyme functions [44]. These materials are easy
to synthesize and exhibit higher stability than proteins under
harsh conditions [45], making them highly desirable for
applications in environmental monitoring [46-47]. Enzyme-
mimicking materials can be categorized into two classes:
[48].
nanoenzyme-based biosensing of OPs is a simple approach

oxidoreductases and hydrolases Colorimetric
that allows for on-site monitoring of these compounds with
the naked eye, eliminating the need for readout instruments.

Based on different surface plasmon resonance behavior
of gold nanoparticles in aggregation and non-aggregation
(dispersion) states, a two-step optical detection system for
the determination of AChE was constructed without any
modification or  enzyme-immobilization  processes.
Phosalone was used as the aggregation-induced agent which
immediately changed the color of AuNPs from red to blue
when it was mixed with the nanoparticle solution. In the next
step, the color of this solution was retained when AChE was
added. The changes in the magnitude of the AuNPs
absorbance, as will be described later, were probed as a
function of AChE concentration which was the basis for its

quantification.
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EXPERIMENTAL

Materials

Acetylcholinesterase ~ (AChE)  from  Drosophila
Melanogaster (1500 IU/ml) was  provided by

TAHABIOTECH Corporation (Tehran, Iran) and stored at -
18 °C. Phosalone and acetylcholine iodide (ATC) were
purchased from Sigma-Aldrich Corporation. The DTNB
(5-5'-dithiobis-(2-nitrobenzoic acid) was supplied by
Wako Pure Chemical Industries (www.wako-chem.co.jp).
HAuCl4.3H,0, with a 99.5% purity was provided from
Merck. Other chemicals were of analytical grades. For the
preparation of aqueous solutions and in all the experiments,

Milli-Q grade water (18.2 MQ) was employed.

Instrumentation

A Lambda spectrophotometer (PerkinElmer, USA),
equipped with a glass cell (1.0 cm), was employed for
measuring the absorbance values. A Denver (Model 270) pH
meter with a Metrohm glass electrode was utilized for
measuring the values of the pH of the aqueous solutions. For
recording the TEM images, a PHILIPS MC 10 TH
microscope, working at an accelerating voltage of 100 kV,
was employed. A Malvern Zetasizer Viscotek 802, working
at ambient temperature, was utilized for specifying the
particle size and patterns of the synthesized nanoparticles.

Synthesis of Gold Nanoparticles

Citrate-coated AuNPs were prepared based on the
modified Turkevich procedure [49-50]. To do this, 50 ml of
1.0 mM HAuCl4 aqueous solution was heated, while stirring,
up to its boiling point. To this solution, a volume of 5.0 ml of
38.8 mM sodium citrate was added gradually to achieve a
change in color (yellow to wine red) representing that old
nanoparticles were produced. After refluxing and stirring for
30 min, followed by cooling to room temperature, the AuNPs
sample was kept in the dark at 4.0 °C.

AChE Activity Assay

The activity of AChE hydrolytic was determined with
ATC (acetylcholine iodide) as the substrate [51]. The
working solutions were made of 40 pl of the enzyme solution,
40 pl of 1.5 mM ATC, and 20 pl of 0.30 mM DTNB, mixed
in 140 pl of 0.10 M buffer (phosphate buffer with pH 7.0).
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After incubating at 37 °C for 30 min, the absorbance of the
enzyme was determined in 5-minute intervals at 405 nm
followed by calculating its activity [52].

RESULTS AND DISCUSSION

The pesticide phosalone (Scheme 1) has a great affinity,
due to its thiol functional group, for interacting with AuNPs
if appropriate functioning groups are available at their
surface.
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Scheme 1. Phosalone molecular structure

Therefore, it is expected to be able to aggregate citrate-

coated gold nanoparticles through developing some

interactions namely H-bonding and/or electrostatic
interactions. However, the SPR (surface plasmon resonance)
band of AuNPs decreases when phosalone is present and a
new SPR band arises due to the re-dispersion of AuNPs.
These aggregation/dispersion processes for AuNPs were
probed spectrophotometrically in the UV-Vis range of the
electromagnetic radiation (Fig. 1) as well as DLS (dynamic
light and TEM

microscopy). It should be mentioned that the dispersion of

scattering) (transmission  electron
AuNPs (a ruby red solution) stabilizes in an aqueous solution
as electrostatic repulsions develop among the negatively
charged capping agents positioned on their surfaces [53].
At the wavelength of 520 nm, an SPR band was observed for
AuNPs as shown in Fig. 1. However, a new band was
observed at about 650 nm when a certain concentration of
phosalone was added. Due to the specifically strong
interaction between the thiol groups in phosalone and the
gold atoms in AuNPs, phosalone can significantly induce
aggregation of gold nanoparticles and cause their color to
change from red to blue. By introducing AChE in the system,
however, the aggregation of the gold nanoparticles is
hindered as phosalone preferentially reacts with AChE. This
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causes the color of the system to be reverted from blue to red
as the nanoparticles disperse again. The hindering action of
ACHE in the aggregation of AuNPs has been demonstrated
through the TEM images and DLS analysis as, respectively,
presented in Figs. 2 and 3. To enhance the sensing results, the
optimum values of the significant experimental parameters
including AuNPs concentration, concentration of phosalone
as well as both incubation time and incubation temperature
were optimized as discussed below.

e AUNP

05 - — AUNP+Phosalone

e AUNP 4 Phosalone+AChE

Abs
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Wavelength (nm}

Fig. 1. The UV-Vis Spectrum of as-prepared AuNPs.

Fig. 2. The TEM images of as-prepared AuNPs.
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Fig. 3. Size distribution (DLS) of AuNPs a) in the absence of
phosalone, b) in the presence of 0.5 mg 1! of phosalone, and

¢) in the presence of phosalone and 1 unit of AChE activity
after 20 min.

AulNP Concentration

Controlling the concentration of AuNPs is another critical
parameter that should be taken into consideration to improve
the sensitivity of the method. The dispersion of AuNP, under
the influence of its concentration in the range of 1.0-4.0 nM,
was investigated in the presence of 0.5 mg 1! phosalone. As
shown in Fig. 4, the signal (Asx/A¢so) increased up to a
concentration of 3.0 nM AuNPs and eventually remained
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Fig. 4. Effect of Different AuNP concentrations (1.0-4.0 nM)
for the aggregation by phosalone. Conditions: 0.5 mg 1!
phosalone in 0.1 M phosphate buffer pH = 7.0, 20 min time
reaction.

constant. This indicated that aggregation of the AuNPs was
completed at 3.0 nM which was then considered as its
optimum concentration for continuing the subsequent
optimization processes.

Phosalone Concentration

Since the sensitivity of the developed method is under the
influence of phosalone, the dispersion of AuNPs in the
presence of AChE was studied by probing the signal value
(As20/Ass0) in different phosalone concentrations (Fig. 5). At
concentrations more than 0.50 mg 1!, phosalone did not show
any significant effect on aggregation of AuNPs. This
indicated that a concentration of 0.50 mg 1! phosalone was
the least concentration of phosalone required to be present in
the reaction system to disclose the blue AuNPs and to achieve
a good sensitivity as well as a broader linear dynamic range
for the method.

Incubation Temperature and Time

Figure 6 shows the effect of temperature on the activity
of AChE by probing the dispersion of AuNPs at different
incubating temperatures in the range of 15-40 °C.

For doing this optimization, phosalone and AChE mixed
solution, in the phosphate buffer (pH = 7.0), was incubated
for 20 min at different temperatures followed by adding
AuNPs in order to examine the aggregation of these
nanoparticles. Based on the observed results, the temperature
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of 25 °C was selected as the optimum value at which
minimum aggregation of AuNPs and maximum catalytic
activity of AChE was achieved, i.e., a high amount of
phosalone molecules reacted with AuNPs. To determine the
optimum incubation time, various incubation times were
tested. Dispersion of AuNPs by AChE was completely
achieved after 25 min of incubating AChE with phosalone as
indicated by the obtained results (Fig. 7).
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Fig. 5. Linear range of phosalone concentration for the
aggregation of AuNPs. Conditions: 3.0 nM of AuNPs in
0.1 M phosphate buffer pH = 7.0, 20 min time reaction.
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Fig. 6. Effect of incubation temperature on AChE activity for
the anti-aggregation of AuNPs with phosalone. Conditions:
3.0 nM of AuNP, 0.5 mg I"! phosalone, 1U of AChE activity
in phosphate buffer pH = 7.0, 20 min incubation time.
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Fig. 7. Effect of incubation time on AChE activity for AuNPs
for the anti-aggregation of AuNPs with phosalone.
Conditions: 3.0 nM of AuNP, 0.5 mg I'! phosalone, 1U of
AChE activity in phosphate buffer pH = 7.0, incubation
temperature at 25 °C.

Figures of Merit

After optimizing effective experimental conditions,
further experiments revealed that the analytical signal
(As20/As0) may directly be related to the quantity of AChE
activity as was expected. Figure 8A indicates that by
increasing AChE activity, the signal decreased at 650 nm due
to aggregation of AuNPs. At 520 nm, an increase in the
corresponding signal was observed which was due to the
re-dispersion of AuNPs. As shown, in Fig. 8B, the Asx0/Agso
ratio increased linearly over the AChE activity in the
0.050-1.0 U ml"'. Because the dynamic range of the probe
depended on the concentration of phosalone, the linear range
of the AChE activity assay was extended by increasing the
phosalone concentration. The detection limit for the probe
was determined as 0.030 U ml! AChE. For evaluating the
precision of the technique, the experiments were done three
times independently and relative standard deviations of 2.1%
for 0.5 mg 1! phosalone and 5.7% for different activities of
AChE were achieved.

CONCLUSION

A successful sensitive and simple colorimetric assay for
AChE, based on aggregation of AuNPs with phosalone
(producing a blue solution) followed by its re-dispersion in
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Fig. 8. (A) Surface plasmon resonance band for the anti-
aggregation of AuNPs with phosalone in the presence of
different AChE activity. (B) Calibration curve of different
AChE activity, 0.05-1.5 U ml! for the anti-aggregation of
AuNPs with phosalone. Conditions: 3.0 nM of AuNP,
0.5 mg 1! phosalone, 1U of AChE activity in phosphate
buffer pH = 7.0, incubation temperature at 25 °C, incubation
time 25 min.

the presence of AChE (producing a red solution), was
developed. This assay relies on the distance-dependent
surface plasmon resonance band of gold nanoparticles. When
thiol-containing phosalone replaces citrate on the surface of
the gold nanoparticles, a new peak appears at a longer
wavelength, which intensifies and shifts further to the red
from the original peak position due to the aggregation of gold
nanoparticles. This aggregation depends on the ionic
strength, gold nanoparticle concentration, and phosalone
concentration. During this process, the plasmon band at
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520 nm gradually decreases while a new red-shifted band
forms at 650 nm. The several advantages observed for the
procedure, made it promising for rapid sensing of AChE in
real samples. The response of the probe was linear over the
activity of AChE in the range of 0.050-1.0 U ml"!' and the
detection limit was 0.030 U ml'. The precision of the
technique, in terms of relative standard deviations, was found
to be 5.7% for different activities of AChE.
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