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’ INTRODUCTION

Acetylcholinesterase (AChE) is an enzyme that degrades the
neurotransmitter acetylcholine, playing important roles in hu-
man and animal function and health.1 AChE is the target of many
Alzheimer’s dementia drugs, nerve gases, particularly the orga-
nophosphates and insecticides. All these agents are known as the
inhibitors of AChE, blocking the function of AChE and thus
causing excessive acetylcholine to accumulate in the synaptic
cleft. The excess acetylcholine causes neuromuscular paralysis
throughout the entire body, leading to death by asphyxiation.2

Therefore, it is important to be able to monitor easily the AChE
activity and screening the inhibitors of AChE.3 Although many
well-known techniques, including Ellman method,4 colorimetric
assay based on gold nanoparticles,5 fluorescent approaches based
on synthetic probes6�9 and semiconductor nanoparticles,10 and
various electrochemical methods,3 have been developed to
monitor AChE activity and screen the inhibitors of AChE, it is
still attractive to find convenient and simple analytical methods
for AChE assays.

Sensory technology based on conjugated polyelectrolytes
(CPEs) has attracted increasing interest during the past decade
because of its signal amplification effect and potential for
applications in sensing bioanalytes.11�15 Among various CPEs,
water-soluble poly(3-alkoxy-4-methylthiophene)s (P3RO-4MeTs)
have attracted critical attention in recent years because of
their sensitive chain conformation to external stimuli. This
unique structure characteristic has been applied to design optical
sensors based on both colorimetric and fluorometric modes,
providing advantages over the other CPEs since the colorimetric

protocol possesses inherent merits including visual detection and
real-time in situ responses.13 Up-to-date, several kinds of cationic
P3RO-4MeTs have been synthesized and applied to be colori-
metric and fluorescent probes for the detection of DNA and
proteins,13,16�18 monitoring the helicity and conformational
transition in polysaccharides,19,20 and sensing small bioanions
such as nucleotides,21,22 folic acid,23 glutathione,24 and taurine.25

For sensing small anions, analyte-induced aggregation of cationic
P3RO-4MeT through electrostatic, hydrophobic, and aromatic
stacking cooperative interactions has been proposed to account
for the remarkable solution color change.21�25More recently, we
have developed a colorimetric strategy for the selective detection
of surfactants based on the disassembly of P3RO-4MeT
aggregates.26 As part of our interest in the development of
colorimetric sensing systems based on P3RO-4MeT, herein,
we report a simple and convenient colorimetric method for
AChE activity assay and inhibitor screening based on an anionic
P3RO-4MeT derivative (PT�COO�, Figure 1). Although CPE-
based assays for enzyme activity and inhibitor screening have
been widely studied during the past decade, most of these
examples are based on the fluorometric mode,27�42 and few
based on colorimetric CPE-based assays have been reported.43

The design rationale for colorimetric AChE assay is illustrated in
Figure 1. Commercially available myristoylcholine was used as a
substrate for AChE. The cationic surfactant, myristoylcholine,
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can form a complex with the anionic CPE PT�COO� through
electrostatic interaction, and the synergistic effect that arises
from the hydrophobic interaction between hydrophobic alkyl
chains of surfactants promotes the disassembly of PT�COO�

aggregates.26 Upon addition of AChE, myristoylcholine can
easily be catalytically hydrolyzed into myristate and choline.
Accordingly, the complex of PT�COO� and cationic surfactant
formed in aqueous solution would be collapsed due to the
electrostatic repulsion between PT�COO� and myristate, a
hydrolyzed product of myristoylcholine. Therefore, PT�COO�

reaggregates, and the AChE-catalyzed hydrolysis can be mon-
itored easily by recording the absorption spectral changes of
PT�COO�. Furthermore, in the presence of inhibitors, the
AChE-catalyzed hydrolysis of myristoylcholine would be re-
tarded, and thus the assay can also be applied for screening the
inhibitors of AChE.

’EXPERIMENTAL SECTION

Materials and Measurements. Anionic water-soluble polythio-
phene derivative, PT�COO�, was synthesized and purified as reported
previously.26 Myristoylcholine, AChE (from Electrophorus electricus),
and neostigmine bromide were purchased from Sigma-Aldrich. All other
chemicals were purchased from Beijing Chem. Reagents Co. (Beijing,
China) and were used as received. Ultrapure water (18.2 MΩ cm at
25 �C)was obtained with aMillipore filtration system. Stock solutions of
PT�COO�, myristoylcholine, and AChE in 10 mM phosphate buffer
(76.9 mM NaCl, pH 8.0) were prepared immediately before use and

maintained below 4 �C. All absorption spectra for AChE assays were
collected at 37 �C by using a Hitachi 3010 UV�visible spectrometer.
Assay for AChE Activity. A mixture of PT�COO� (0.05 mM)

and myristoylcholine (0.05 mM) in 10 mM phosphate buffer (76.9 mM
NaCl, pH 8.0) was incubated for 10 min at 37 �C. AChE with the given
concentration (0.2, 0.5, 1.0, and 1.5 U/mL) was then added into the
mixture, and its time course of the absorbance at 500 nm was monitored
immediately at 37 �C by UV�visible spectrometer.
Assay for AChE Inhibition. A solution (0.8 mL) of PT�COO�

and myristoylcholine was preincubated in 10 mM phosphate buffer
(76.9 mM NaCl, pH 8.0) at 37 �C for 10 min. Neostigmine bromide
with different concentrations (10�100 nM) were incubated with AChE
in 10 mM phosphate buffer (0.2 mL, 76.9 mM NaCl, pH 8.0) at 37 �C
for 15 min, then mixed with the preincubated solution to give a solution
containing 1.5 U/mL of AChE, 0.05 mM of PT�COO� and 0.05 mM
of myristoylcholine. After mixing, the absorbance of the resulting
solutions at 500 nm was monitored immediately at 37 �C. Inhibi-
tion efficiency (IE) was determined by monitoring absorbance changes
of PT�COO� by using the following equation: IE = At(inhibitor) �
At(no inhibitor)/A0� At(no inhibitor), in which A0 refers to the absorbance of
PT�COO� at 500 nm in the absence of AChE and inhibitor, and
At(inhibitor) and At(no inhibitor) are the absorbance of PT�COO� during
the hydrolysis reaction with AChE in the presence and the absence of
inhibitor, respectively.
Selectivity of the AChE Assay. To evaluate the specificity of the

AChE assay, enzymes and proteins including hemoglobin (Hb), glucose
oxidase (GOx), and bovine serum albumin (BSA) were used in place of
AChE in control experiments. The procedure and parameters for control

Figure 1. (a) Chemical structures of PT�COO� and myristoylcholine, and reaction scheme for the hydrolysis of myristoylcholine catalyzed by AChE.
(b) The disassembly reassembly process of PT�COO� in the presence of myristoylcholine and AChE.
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experiments are the same as those for AChE activity assay except for
setting the concentrations of enzymes and proteins as 8 nM.

’RESULTS AND DISCUSSION

Myristoylcholine-Induced Disassembly of PT�COO� Ag-
gregates. Figure 2 compares absorption spectra of PT�COO�

and its mixtures with different amounts of myristoylcholine in
10 mM phosphate buffer (pH 8.0) at 25 �C. As reported
previously,26 PT�COO� shows satisfied solubility in buffer
solution and exhibits an absorptionmaximum at 500 nm together
with two broad shoulders around 535 and 588 nm. These results
indicate that PT�COO� adopted a planar conformation and
partially aggregated in aqueous solution.26 Upon the introduc-
tion of increasing amount of myristoylcholine into PT�COO�

solution, the magnitudes of the absorption bands at the longer
wavelengths associated with the aggregated state decreases
gradually. Simultaneously, the absorption maximum is blue-
shifted to 368 nm along with a solution color change from
pink-red to hermosa pink, signifying the dissociation of
PT�COO� aggregates.44

To elucidate the molecular mechanism behind this observa-
tion, some preliminary considerations are discussed as follows. It
is reported that pKa values of N-methyliminodiacetic acid are
pKa1 = 2.5 and pKa2 = 9.6, respectively,45 thus, the pKa2 value of
PT�COO� was estimated to be around 9�10 due to the
similarity between N-methyliminodiacetic acid and the side
chains of PT�COO�. In phosphate buffer (pH 8.0) some
terminal groups of PT�COO� side chains are existed as
�COOH, and the intermolecular hydrogen binding between
carboxylic acid moieties may be the primary driving force for the
formation of PT�COO� aggregates (see Figure S1 in the
Supporting Information). Upon addition of myristoylcholine
into PT�COO� solution, the electrostatic interaction between
the cationic charge in the ammonium group of surfactant and the
negative charge on the N-alkyliminodiacetic acid group in
PT�COO� along with the hydrophobic interaction between
hydrophobic alkyl chains of surfactants promotes the disassem-
bly of PT�COO� aggregates. These interactions shift the π�π*
transition to shorter wavelengths and lead to a color change from
pink-red to hermosa pink. Moreover, the concentration of
myristoylcholine in the present system is much lower than
its cmc of 2.5 mM.8 Therefore, one can inculde that the
absorption spectral change would be due to the formation of
PT�COO�/ myristoylcholine complex.

To further confirm that the spectral change is due to the
disassembly of PT�COO� aggregates, temperature-dependent
absorption spectra of PT�COO� were collected (Figure 3). It
can be seen that with increasing temperature, the magnitudes of
the absorption bands which originate from PT�COO� aggre-
gates, are decreased gradually, and a broad peak around 384 nm
attributed to nonaggregated PT�COO� chains is developed,
signifying that the aggregates formed at room temperature are
dissociated gradually. The spectral characteristic at higher tem-
perature is similar with that observed for PT�COO� in the
presence of myristoylcholine, supporting the viewpoint that the
addition of cationic surfactants promotes the disassembly of
PT�COO� aggregates.
Colorimetric Assay for AChE Activity. Figure 4 shows the

absorption spectra of PT�COO�/myristoylcholine complex
(0.05 mM) in 10 mM phosphate buffer (pH 8.0) in the presence
of AChE (1.5 U/mL) after different reaction periods at 37 �C. It
can be seen that the absorbance at the longer wavelengths
originated from the aggregated structures was gradually in-
creased with the incubating time from 0 to 18 min. The control
experiments demonstrate that AChE has little effect on the
absorption spectrum of PT�COO� (see Figure S2 in the
Supporting Information). These observations indicate that the
spectral changes were due to the collapse of PT�COO�/
myristoylcholine complex by the AChE-catalyzed hydrolysis of
myristoylcholine.46 Moreover, the absorbance ratio of 384 to
500 nm did not change any more after 18 min, indicating that the
hydrolysis of myristoylcholine was nearly completed. Figure 5

Figure 2. Variation in the absorption spectra of PT�COO�

(0.05 mM) in 10 mM phosphate buffer (76.9 mM NaCl, pH 8.0) with
increasing concentrations of myristoylcholine as indicated.

Figure 3. Temperature-dependent absorption spectra of PT�COO�

(0.05 mM) in phosphate buffer (10 mM, pH 8.0).

Figure 4. Absorption spectra of PT�COO�/myristoylcholine
(0.05 mM) in phosphate buffer (10 mM; NaCl, 76.9 mM; pH 8.0) in
the presence of AChE (1.5 U/mL) incubated at 37 �C for different
periods.
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compares the time-dependent absorbance changes of PT�
COO� at 500 nm on the concentration of AChE. It is clearly
that the absorbance change depends on the concentration of
AChE. An increase in the concentration of AChE leads to a fast
initial hydrolysis reaction rate and an enhanced spectral change.
The limit of detection of this assay is evaluated to be 0.2 U/mL,
which is comparable to those of the reported optical methods.7,8

Assay for AChE Inhibition. Inhibitor screening for AChE has
been attracted increasing attention in recent years since it can be
applied to the discovery of new drugs and detection of nerve
agents and pesticides. To check the possibility that the system
described herein is used to screen AChE inhibitors, neostigmine,
a well-known inhibitor for AChE, was selected as an example for

our study. Figure 6a shows the absorbance of PT�COO� at
500 nm versus the reaction time for the solutions containing
PT�COO� (0.05 mM), myristoylcholine (0.05 mM), AChE
(1.5 U/mL), and different amounts of neostigmine (0, 10, 20, 50,
100 nM). It is clearly seen that the introduction of neostigmine to
the solution leads to small absorbance (500 nm) enhancement,
and the absorbance change becomes smaller after addition of
more neostigmine. The inhibition ability of neostigmine is
evaluated by an IC50 value, which is the inhibitor concentration
required for 50% inhibition of AChE activity. The IC50 value of
neostigmine toward AChEwas calculated to be 15.5 nM from the
plot of inhibition efficiency versus inhibitor concentration
(Figure 6b), being comparable to that reported previously.47

This result indicates that the strategy presented here provides
a sensitive, rapid, and simple method for screening AChE
inhibitors.
To evaluate the specificity of the colorimetric assay toward

AChE, three proteins including Hb, GOx, and BSA were selected
for control experiments (see Figure S4 in the Supporting
Information). It was demonstrated that the absorbance of
PT�COO� at 500 nm was increased distinctly only for the
addition of AChE, whereas upon the introduction of Hb, GOx,
and BSA, the absorbance was changed slightly. These results
indicate that the colorimetric PT�COO�/myristoylcholine-
based assay exhibits satisfied selectivity toward AChE.

’CONCLUSIONS

In conclusion, we have developed an efficient assay for AChE
activity and inhibitor screening based on the disassembly reas-
sembly of an anionic CPE, PT�COO�. The preliminary elec-
trostatic interaction between myristoylcholine and anionic
polythiophene derivative produces the simple salt association
initially, and then the synergistic effect of hydrophobic interac-
tion of the long alkyl chains would be responsible for promoting
the dissociation of PT�COO� aggregate. The introduction of
AChE into the solution can catalyze the hydrolysis of myristoyl-
choline, and thus the reassembly of PT�COO� occurs, and the
absorption spectral changes can be applied to AChE assays. The
present work will not only extend the application scopes of the
colorimetric sensing systems based on P3RO-4MeT but also
provide a fast, simple, and convenient approach for monitoring
AChE activity and its inhibitor screening. We expect that the
present method can be applied to high-throughput screening of
AChE inhibitors and sensitive detection of pesticides.
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Figure 6. (a) Absorbance of PT�COO�/myristoylcholine (0.05 mM)
at 500 nm versus reaction time in the presence of AChE (1.5 U/mL)
with various concentration of neostigmine as indicated in 10 mM
phosphate buffer (NaCl 76.9 mM, pH 8.0). (b) Plot of the inhibi-
tion efficiency of neostigmine for AChE versus the concentration of
neostigmine.

Figure 5. Absorbance of PT�COO� (0.05 mM) at 500 nm vs
incubating time in the hydrolysis of myristoylcholine (0.05 mM) with
various concentrations of AChE in 10 mM phosphate buffer (pH 8.0).
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