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In this study, we have constructed a simple, sensitive and rapid biosensor for detection of acetylcholine esterase (AChE) based on
CdTe quantum dots (QDs). The detection limit of AChE by one-step enzyme reaction based on the thiolglycolic acid (TGA)
stabilized QDs (TGA-QDs) was 10 U/L and the linear range was 10-100 and 100-1200 U/L, respectively. The detection
limit of AChE by two-step enzyme reaction based on the 3-mercaptopropionic acid (MGA) stabilized QDs (MGA-QDs) was
found to be 20 U/L and the linear range was 100-2500 U/L. The experimental conditions of biosensors were optimized,
and the detection mechanism was studied. We also detected AChE in serum samples based on TGA-QDs or MGA-QDs. The
linear range was 10-140 and 50-1000 U/L, respectively. The excellent performance of this novel biosensor demonstrated that

this strategy has prodigious potential to be applied in practice detection of AChE.
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CdTe quantum dots (QDs) is a kind of fluorescent nanopar-
ticles of intense research and broad applications [1-7].
Comparing to fluorescent proteins and organic dyes, QDs
have unique structural and functional properties, such as
composition and size tunable fluorescence emission, excep-
tional brightness and photostability, and large absorption
cross sections. In recent years, a lot of researches focus on
QDs-enzyme biosensors [8] due to their novel, unique
properties and broad biomedical applications. However,
these researches mainly focus on some routine substance
such as glucose [9-12]. There have been no studies on the
detection of AChE based on QDs which also perform vital
roles in human body. The decrease of AChE makes indi-
viduals prone to various nerve disorders including Alz-
heimer’s disease, Parkinson’s disease, and multiple sclerosis
[13]. Therefore, the quantitative determination of AChE is
very important in clinical analysis (such as human serum,
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amniotic fluid, brain extracts, bile, and pharmaceutical
products) and other fields. Up to date, many different strat-
egies have been applied in the quantitative determination of
AChE. However, these detection methods are still facing
some problems. The electrochemical detection platforms
required complicated modifications of the electrodes and
the HPLC detection systems needed complex operation and
long time, etc. Therefore it urgently needs to develop a pre-
cise, simple, sensitive, and convenient detection strategy for
AChE.

In this paper, we have constructed a simple, sensitive and
rapid AChE measuring strategy based on the CdTe QDs.
The biosensor was composed of QDs [thiolglycolic acid
(TGA) stabilized QDs (TGA-QDs) or 3-mercaptopropionic
acid (MGA) stabilized QDs (MGA-QDs)] and enzyme,
without any further complex procedures of functionalization
and conjugation. This convenient detection of AChE was
based on the fluorescence enhancement or fluorescence
quenching of the QDs by H,0O, or acetic acid which was
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produced from the enzymatic reaction of AChE. The fabri-
cated optical biosensor platform showed fast analysis, wide
linear detection range, low detection limit and good selec-
tivity. This optical analysis strategy could provide a generic
way to analyze numerous H,0O,-dependent or acetic acid-
dependent enzymes because a lot of enzymatic reactions
could produce hydrogen peroxide or acetic acid.

More important is AChE detected by one-step enzyme
reaction for the first time in this paper. The decomposition
of ACh usually requires two-step enzyme reaction. In the
first step, there is not any chromophore or electroactive spe-
cies generated which makes it hard to apply to optical or
electrochemical detection. The previous study of AChE
detection was most based on the H,O, generated in the sec-
ond step enzyme reaction. In this paper, we found that
TGA-QDs had a significant response of acetic acids gener-
ated in the first step enzyme reaction. So we can detect
AChE only based on the one-step enzyme reaction. The one
enzyme detection was simpler than two-step enzyme reac-
tion, and can reduce costs and decrease the measuring error
introduced by multiple enzyme catalyzed reaction. This will
help the construction of analysis device and make the detec-
tion signal more stable.

1 Materials and methods
1.1 Materials

Choline oxidase (ChOx), acetylcholine chloride (ACh) and
acetylcholine esterase (AChE) were obtained from Sigma.
All reagents were analytical grade and used as received.

1.2 Synthesis of TGA-QDs and MGA-QDs

The TGA-QDs were fabricated via a strategy described in a
previous literature with minor modification [14]. Briefly, the
CdTe precursor solution was prepared by adding freshly
prepared NaHTe solution to a nitrogen-saturated Cd(NOs3),
solution at pH 10 in the presence of thiolglycolic acid (TGA)
as stabilizer. The concentrations of the precursor were [Cd]
= 10 mmol/L, [TGA] = 14 mmol/L, [Te] = 5 mmol/L, re-
spectively. The CdTe precursor solution was heated at 90°C
for 9 h. The synthesis operation of MGA-QDs was almost
the same as TGA-QDs. The only difference was the re-
placement of TGA by MGA.

1.3 Instrumentation

Cary Eclipse fluorescence spectrophotometer (Varian, Inc.)
was employed for fluorescence measurements. The emis-
sion spectra were recorded in the wavelength of 500-680
nm upon excitation at 480 nm. The exciting slit and the
emission slit were 5 and 5 nm, respectively. The samples for
the fluorescence measurements were placed in a 10 mm
optical path length quartz fluorescence cuvette.
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1.4 Fluorescence experiments

The AChE detection procedure based on TGA-QDs is be-
low: 20 pL of TGA-QDs was diluted into 400 pL, and then
reacted with 0.5 mmol/L or 1 mmol/L. ACh and different
concentrations of AChE solution (concentration of 10-140
or 100-1200 U/L) for 10 min.

The AChE detection procedure based on MGA-QDs is:
10 pL of MGA-QDs was diluted into 400 pL, and then re-
acted with 1250 U/L ChOx, 200 pmol/L. ACh and different
concentrations of AChE solution (concentration from 20 to
3000 U/L) for 10 min.

2 Results and discussion

2.1 Fluorescence detection of AChE based on one-step
enzyme reaction

ACHhE is a serine protease that hydrolyzes the neurotrans-
mitter ACh. AChE is mainly found at neuromuscular junc-
tions and cholinergic brain synapses, where its activity
serves to terminate synaptic transmission. It belongs to car-
boxylesterase family of enzymes. In the biochemical reac-
tion, the AChE catalyzes ACh with the generation of cho-
line (Reaction 1), and ChOx can catalyze the choline to
generate H,O, (Reaction 2). The biochemical reaction of the
ACh occurs as the following:

AChE
Acetylcholine ——» Choline + Aceticacid (Reaction 1)

¢Ch0x

Betaine + H,0, (Reaction 2)

In the first step, there is no any chromophore or electro-
active species generated which makes it hard to apply to
optical or electrochemical detection. The previous study of
AChE detection was most based on the HO, generated in
the second step enzyme reaction. In this paper, we found
that TGA-QDs had a significant response of acetic acids
generated in the first step enzyme reaction. So, we can de-
tect AChE based on the first step enzyme reaction. Here, the
fluorescence intensities of the TGA-QDs affected by acetic
acid were measured. Figure 1A shows the fluorescence
changes of the TGA-QDs mixing with different concentra-
tions of acetic acid. As shown in Figure 1A, the acetic acid
can effectively enhance the fluorescence intensity of
TGA-QDs. So based on the fluorescence enhancement of
TGA-QDs caused by acetic acid, we can realize the detec-
tion of AChE.

Figure 1B shows the fluorescence enhancement of TGA-
QDs upon interaction with 0.5 mmol/L ACh and different
concentrations of ACh. As the concentration of AChE in-
creased, the fluorescence of the TGA-QDs was enhanced.
Calibration curve in the inset was the plots of the optical
analysis of different concentrations of AChE by the fluo-
rescence maximum of the TGA-QDs. The results exhibited
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Figure 1 (A) Fluorescence changes upon the interaction of TGA-QDs with different concentrations of acetic acid. a—e: 0, 100, 200, 400, 600 pumol/L, re-
spectively. (B) Fluorescence spectra of TGA-QDs in the presence of 0.5 mmol/L. ACh and varying concentrations of AChE. a-h: 0, 10, 20, 40, 60, 100, 120,
140 U/L. The inset displays plots of the relative fluorescence intensity of TGA-QDs versus the concentration of AChE. (C) Time-dependent fluorescence
changes of TGA-QDs in the presence of 1 mmol/L ACh and 1000 U/L AChE: 0, 5, 10 min. (D) Fluorescence spectra of TGA-QDs in the presence of
1 mmol/L. ACh and varying concentrations of AChE. a—j: 0, 100, 200, 400, 600, 800, 1000, 1200, 1400 U/L. The inset displays plots of the relative fluores-

cence intensity of TGA-QDs versus the concentration of AChE.

a good linear relationship in the range of 10-100 U/L. The
limit of AChE detection was 10 U/L. Figure 1C shows the
time-dependent fluorescence enhancement of the TGA-QDs
upon treatment of the TGA-QDs with 1 mmol/L. ACh and
1000 U/L AChE. As the time was prolonged, the fluores-
cence intensity of TGA-QDs was enhanced. This result in-
dicated that the fluorescence intensity of TGA-QDs had
been improved by acetic acid generated during the AChE
catalytic reaction. The linear relationship was in high con-
centration (100-1200 U/L, shown in Figure 1D) when we
added 1 mmol/L ACh in the detection system. The results
proved that the developed TGA-QDs biosensor exhibited a
rather high sensitivity and proper detection range which can
realize the detection of AChE both in low and high concen-
trations. Surprisingly, the fluorescence intensity of MGA-
QDs did not show regular changes when different concen-
trations of AChE were added in the one-step enzyme reac-
tion system (Figure S1). It may be because those MGA-QDs
have a longer carbon chain than TGA-QDs, which makes
the MGA-QDs more stable. So, the TGA-QDs were more
suitable for the single-enzyme detection system.

The fluorescence of TGA-QDs changed slightly in the

presence of AChE and ACh respectively (Figure S2). So,
the fluorescence enhancement was caused by the enzyme
reaction product—acetic acid. The possible schematic illus-
tration of AChE biosensor based on acetic TGA-QDs was
shown in Scheme 1. During the detection of AChE based on
TGA-QDs, AChE diffused to the surface of TGA-QDs and
catalyzed ACh to produce acetic acid (Reaction (1)), and
then the acetic acid caused fluorescence enhancement of
TGA-QDs. By the analysis of the change regularity of fluo-
rescence intensity, we can realize the AChE detection.

2.2 Fluorescence detection of AChE based on two-step
enzyme reaction

In our previous study, MGA-QDs were successfully used to
detect choline and ACh based on the fluorescence quench-
ing of MGA-QDs by H,O, [15]. The enzyme reaction of
AChE and ChOx generates H,O, as a product shown in Re-
action (2). Thus, controlling the properties of MGA-QDs
quenched by H,O, can realize the detection of AChE.

We have experimented for the time effect on detection
system based on MGA-QDs. The fluorescence changes in
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Scheme 1 Schematic principle for assay of AChE by TGA-QDs.

the presence of 1250 U/L ChOx, 200 pmol/L. ACh and 1000
U/L AChE for a fixed time interval of 10 min are shown in
Figure 2A. From Figure 2A, we can see that the fluores-
cence maximum of MGA-QDs was observed to be
quenched.

Figure 2B shows the degree of fluorescence quenching
effect of MGA-QDs upon interaction with different concen-
trations of AChE for a fixed time interval of 10 min. As the
concentration of AChE increased, the quenching effect of
the MGA-QDs was enhanced. The calibration curve of the
different concentrations of AChE is shown in the inset of
Figure 2B. The plots exhibited a good linear relationship of
100-2500 U/L.

Control experiments of AChE detection system based on
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MGA-QDs show that the fluorescence intensity of MGA-
QDs changed slightly in the presence of ACh, ChOx and
AChE respectively (Figure S3). The results proved that the
formations of H,0O, are essential to quenching the fluores-
cence maximum of the MGA-QDs. The proposed mecha-
nism is shown in Scheme 2. During the AChE detection by
MGA-QDs, ACh was catalyzed by AChE and ChOx to
produce H,O,. Then H,O, diffused to the surface of MGA-
QDs and made electron transfer (ET) process with MGA-
QDs. The fluorescence of the MGA-QDs was quenched.
With the amount of AChE increasing, the quenching effect
of the MGA-QDs has been enhanced, because the produced
H,O, was increased. So the AChE can be detected based on
this principle.
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Figure 2 (A) Time-dependent fluorescence changes of MGA-QDs in the presence of 1250 U/L ChOx, 200 umol/L. ACh and 1000 U/L AChE. (B) Fluo-
rescence spectra of MGA-QDs in the presence of 1250 U/L ChOx, 200 umol/L. ACh and varying concentrations of ACh. a—j: 0, 20, 50, 100, 200, 500, 1000,
2000, 2500, 3000 U/L. The inset displays plots of the relative fluorescence intensity of MGA-QDs versus the concentration of AChE.
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2.3 The preliminary study on application

The AChE detection in serum was very important for the
application of detection method. However, the determina-
tion of AChE in serum still existed some problems, such as
easily interfered, required complicated manipulation and
expensive instrumentation. Hence, there urgently needs a
simple and accurate method to detect AChE in serum sam-
ple. The TGA-QDs and MGA-QDs biosensor in this paper
had been tested to detect AChE in serum and proved to be a
feasible method.

To the TGA-QDs biosensor, the solution samples were
mixed with TGA-QDs, serum, 0.5 mmol/L ACh and differ-
ent concentrations of AChE. As shown in Figure 3A, the
fluorescence intensity of the TGA-QDs was gradually en-
hanced with the increasing of AChE. The linear plot shows
that the linear calibration range was 10-140 U/L (see
inset in Figure 3A). To the MGA-QDs biosensor, the solu-
tion samples were mixed with MGA-QDs, serum, 1250 U/L
ChOx, 200 pmol/LL ACh and different concentrations of
AChE. As shown in Figure 3B, the fluorescence intensity of
the MGA-QDs was gradually quenched with the increasing
of AChE. The linear plot shows that the linear calibration
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range was 50-1000 U/L (see inset in Figure 3B). Moreover,
the recovery of the AChE in serum is shown in Tables 1 and
2. From the tables, we can see clearly that these data deter-
mined by our fabricated AChE biosensor have a good
agreement with the added concentration of AChE in the
serum sample. It proved that the AChE biosensor has a
great potential for the practical biomedical applications.

3 Conclusions

In this paper, the TGA-QDs and MGA-QDs have been suc-
cessfully employed to develop new fluorescent biosensors
for selective and sensitive detection of AChE, respectively.
This strategy provides a new simple and feasible way to
detect AChE combining the advantages of QDs and speci-
ficity in enzymic catalytic reaction. The biosensor showed
relatively high sensitivity, rapid response, low detection
limit, broad linear range and good reproducibility. This
strategy can be widely applied in pharmaceuticals, clinical
analysis and so on. In addition, the detection limit based on
one-step enzyme reaction was lower than that of two-step
enzyme reaction. And the one-step enzyme detection system

1000 - B 0.85

800 4

Q 400 800 1200
AChE concentration {LI/L)

600 - f
400

200 4

Fluorescence intensity (a.u.)

500 520 540 560 580 600 620 640 660 680 700
A (nm)

Figure 3 (A) Fluorescence spectra of TGA-QDs in serum with the presence of 0.5 mmol/L ACh and varying concentrations of AChE. a-h: 0, 10, 20, 40,
50, 60, 100, 140 U/L. The inset displays plots of the relative fluorescence intensity of TGA-QDs versus the concentration of ACh. (B) Fluorescence spectra
of MGA-QDs in serum with the presence of 1250 U/L ChOx, 200 umol/L ACh and varying concentrations of AChE. a—f: 0; 50, 100, 200, 500, 1000 U/L.
The inset displays plots of the relative fluorescence intensity of MGA-QDs versus the concentration of ACh.

Table 1 One-step enzyme detection of AChE in serum sample

Serum sample ACHhE added concentration (U/L)

AChE found concentration (U/L) Recovery (%)

Sample 1 30.0
Sample 2 90.0

29.2 97.2
91.0 101.1

Table 2 Two-step enzyme detection of AChE in serum sample

Serum sample AChE added concentration (U/L)

AChE found concentration (U/L) Recovery (%)

Sample 1 150.0
Sample 2 600.0

162.9 108.6
587.1 97.9
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makes the detection of AChE cheaper and simpler. Moreo-
ver, this work presents a feasible approach for further de-
tecting other kinds of substrate which can be catalyzed to
generate acetic acid or H,O,.

This work was supported by the National Natural Science Foundation of
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Supporting Information

Figure S1 Fluorescence spectra of MGA-QDs in the presence of 1 mmol/L ACh and varying concentrations of AChE. a—e: 0, 40, 100, 400, 1000 U/L.
The inset displays plots of the relative fluorescence intensity of MGA-QDs versus the concentration of AChE.

Figure S2 Fluorescence changes of TGA-QDs, the coexistence of TGA-QDs with 1 mmol ACh or 1200 U/L AChE, respectively.

Figure S3  Fluorescence changes of MGA-QDs, the coexistence of MGA-QDs with 200 umol ACh, 1250 U/L ChOx or 2500 U/L AChE, respectively.
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