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Abstract
The synthesis of ternary quantum dots (TQDs) have a significant effect on the use of nano scale crystals in biology, photonics and
photovoltaic. Rather than controlling the size of TQDs, making three-component TQDs is also an approach to changing the energy
of their barrier width, typically using three-component substances such as ZnxCd1-xSe. In addition, wrapping the TQDs core with the
shell of higher band gap (ZnS) can further trap the electrons (e) and holes (h) and enhance the emission intensity. Dispersed TQDs
have been used with the carboxyl group COOH- and bonded to the streptavidin (SA) molecule by electrostatic interaction, which is
one of the strongest interactions between biological molecules, then the human acetyl cholinesterase enzyme (AChE) is linked to SA
by avidin-biotin binding. The substance to be analyzed is the active molecules of trichlorfon pesticides (organic phosphate group). It
has a toxic mechanism that inhibits the activity of the enzyme AChE. With the bioluminescence resonance energy transfer (BRET),
TQDs act as acceptors and the surrounding proteins are the donors, as the AChE is tied around the TQDs. In particular, BRET depends
on the distance between donor and acceptor rather than the ratio of quantity. The normal distance for this resonance shift is between
2 and 9 nm.
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Introduction
Organophosphorus (OP) compound is widely used in plant protection for insect killing, easy synthesis, and low cost. The
mentioned pesticide residues are harmful to the environment, human health, and animals through nervous system poisoning by
inhibiting the activity of AChE, the most important enzyme involved in nerve transmission [1,2]. The principal role of AChE is
terminating nerve impulse transmission at cholinergic synapses by rapid hydrolysis of the neurotransmitter acetylcholine (ACh) –
each molecule of AChE degrades about 25000 molecules of ACh per second, leading to in vivo accumulation of ACh, resulting in
serious impairment on nerve functions [3].
Instead of controlling the size of TQDs, the formation of ternary alloy quantum dots with ZnxCd1−xSe/ZnS core/shell structure
takes an alternative approach to tune their energy band gaps, typically using ternary or quaternary compositions. In these multicompositional TQDs, the band gap energy is determined by the combination of their chemical stoichiometry and particle size. The
TQDs could be achieved by changing the constituent cation/anion precursor amounts. The widely tuneable emissions of CdxZn1−xSe
quantum dots is in the wavelength range from 534 to 620 nm [2].
Here we present the results of extensive research on CdZnSe/ZnS TQDs for detecting trichlorfon (TF) – one type of organophosphorus
pesticide (OP). AChE acts as the indicator and is determined indirectly by using acetylthiocholine (ATCh) which is a very strong
hydrolyte in the presence of ATCh and used as an indicator for the activity [4].
The system of TQDs-AChE was built based on the electrostatic and biological interactions (by mercaptopropionic acid - MPA and
streptavidin - SA), illustrated in Figure 1.
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Figure 1: Scheme of the TQDs–AChE system

Experimental
The TQDs cores were synthesized with a constant precursor ratio of Cd0.2Zn0.8Se. This method was adapted from an existing work
for CdSe quantum dots [5,6]. We used ultra-pure nitrogen flow for all synthetic routes. The molar ratio of the precursors for a
typical synthesis of 0.5 mM Cd0.2Zn0.8Se alloy nanocrystal QDs are Cd/Zn/Se=0.2/0.8/3.33; TOPO/HDA=55/45. First, we injected
TOP-Se precursor at 100 °C and heated it up to 190 °C. After injecting TOP-Zn, the temperature was raised to 270 °C and TOPCd precursor was injected. The nucleation of CdZnSe TQDs cores started shaping quickly at 260 °C. After 20 minutes at 280-290
°C, we obtained Cd0.2Zn0.8Se alloy QD core. Second, was the synthesis of a ZnS shell on the Cd0.2Zn0.8Se core. We evacuated the air
from the mixture of 0.25mmol CdZnSe TQDs, TOPO and HDA for an hour at 50 °C. The shell growth processed at 220 °C and
the amount of S was 0.115 ml [5,7,8].
The AChE enzymes (EC 3.1.1.7, activity unit: 500 U/0.7mg) and S-acetylthiocholine iodide (ATChI) were purchased from SigmaAldrich; ATCh was prepared from ATChI, and trichlorfon (TF) were obtained from Vietnam Plant Protection Department (PPD)
[2,6]. The TQDs were surface-modified by MPA in order to assure water solubility and SA molecules were attached to the TQDs
[7]. Base on coulomb interaction, the AChE was conjugated to form the system of TQDs - AChE. TQDs-SA and AChE were mixed
and incubated at 37 °C for 10 minutes. Different amounts of the pesticides were added to the same corresponding amount of ATCh
(2 µmol), and the mixture was added to the biosensor solution, incubated at 37 °C for 20 min. The pH values of the initial solutions
were around 7.1-7.3. The optical properties of the TQDs were determined by the transmission electron microscopy (TEM-JEOL
Jem 1010 microscope system). Photoluminescence (PL) measurements with laser excitation at 325 nm and 442nm have been done.

Results and Discussion
TEM images of Cd0.2Zn0.8Se TQDs illustrated in Figure 2 show their quasi-spherical shape. The average sizes are measured to be
about 3.4-5 nm and about 5.2-7.0 nm for the core TQDs grown for 20 min and the core/shell TQDs, respectively. These core/shell
TQDs create a large surface area for conjugating of biology agents [9].
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Figure 2: STEM images of Cd0,2Zn0,8Se/ZnS 2 monolayer (a) and Cd0,2Zn0,8Se/ZnS 4 monolayer (b)

The composition of the TQDs also measured by EDS (not shown here) indicates that subsequent incorporation of zinc into the
crystal lattice takes place after reaction time exceeds 18 min and that the formation of Cd0.2Zn0.8Se nanocrystals is observed.
Elemental analysis of the TQDs reveals the presence of Zn, Cd, and Se in the TQDs core and the presence of the Zn and S elements
in the shell.
Figure 3 shows the absorption and photoluminescence (PL) spectra of CdZnSe/ZnS. The PL spectrum under the excitation
wavelength of 442 nm exhibits an emission peak at 568 nm with FWHM of about 34.4 nm. The excitonic absorption peak at 556
nm and the strong PL peak at 568 nm of TQDs show the eligible optical properties to build biosensor.

Figure 3: Absorption (solid line) and PL (dotted line) spectra of CdZnSe/ZnS quantum dots

Moreover, the criteria were minimizing blinking effect. This directly affects the “in” and “out” signals of the TQDs in the system.
One third of the CdZnSe/ZnS 4-monolayer samples have the traces and the blinking is 35% in the on time state [10,11]. In this
system, ATCh acts as an indicator for the presence of the AChE enzymatic activity, while the TQDs act as the luminescence
indicators for the hydrolysis of ATCh. Eventually, the luminescence from TQDs can indicate the AChE enzymatic activity or
correspondingly the pesticide content because of pesticide being added into the mixed solution. The pesticide would bind and
inhibit the AChE enzymatic activity.
AChE catalyses the hydrolysis of ATCh to produce TCh, which bears an additional thiol group (–SH) to possibly decrease the pH
surrounding the TQDs (Figure 1). It was calculated with the amount of 100 µl TQDs, 122 µl AChE and 16.7 µl ATCh, we observed
the PL intensity of TQDs/AChE/ATCh solution decreased, and it took ~12 min to reach the stable value (shown in Figure 5a). The
solution of ATCh/TF with concentration of 2ppm was mixed separately from the TQDs/AChE. The integrated PL intensity was
measured to be increasing 1.75 times for 26 min, illustrated in Figure 5b.
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Figure 4: Scheme of general chemical structures for the most popular categories of AChE inhibitors, namely
organophosphates

Figure 5: Changes in PL intensity over time of TQDs/AChE/ATCh (a) and TQDs/AChE - ATCh/TF (b)
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Figure 6 presents the same trend of PL intensity increasing with concentration at 0.05; 2.0; 5.0; 8.0 and 10.0 ppm. (The European
standard is 0.05 ppm for most agricultural products) [12]. The pH values were measured at the temperature of 31.5-32.0 °C.
The minimum pH value of TQDs/AChE/ATCh was about 5.51 and raised with increasing concentrations of trichlorfon until
reaching the maximum pH value of the mixture TQDs/AChE initially about 7.11-7.22. The PL intensity (I) of the corresponding
concentrations is compared to that of TQDs/AChE/ATCh (Io); the maximum ratio is 1.52 for the case of trichlorfon at concentration
of 5.0 ppm. (Table 1).

Figure 6: Fluorescence spectra of TQDs-AChE with ‘x’ ppm of trichlorfon (x=0.1; 0.5; 1.0; 3.0; 5.0)

The MPA-capped core/shell TQDs are highly sensitive to pH, with greater fluorescence at higher pH, and a small red shift in the
peak emission with increasing pH [8]. This increase of fluorescence intensity with increasing pH has also been reported for CdSe/
ZnS binary quantum dots [13].
Figure 7 shows that the catalytic triad is composed of Glu334, His447 and Ser203. Soman is covalently bound to Ser203 with the
pinacolyl tail interacting with Trp86 (choline binding site) and with the phosphate oxygen forming electrostatic interactions with
Gly121 and Gly122 (oxyanionic hole) [15].

Figure 7: Human AChE structure showing the gorge entrance and important active site amino acid residues [14]

Direct intervention attempts to reactivate the TF-adducted AChE through the use of strong nucleophiles, such as oximes. These
compounds act to remove the TF from the enzyme active site, thereby restoring enzymatic function. The active site of AChE
consists of a catalytic triad (Ser203, His447, Glu334, human sequence) at the bottom of the 20 Å deep gorge [14-19].
In the absence of trichlorfon, the enzyme catalyzes the hydrolysis reaction so that the AChE concentration decreases, meaning that
the number of h+ cations increases as the acid is generated, and it recombines with the COOH- on the surface itself. The active
site (Ser203, Glu334, His447) of AChE not to close to the TQDs. The interactions between charges on TQDs surface will change
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dramatically. Therefore, recombination will happen less and the intensity of fluorescent emission in this case is not strong (I1).

Figure 8: Scheme of the bioluminescence resonance energy transfer (BRET) model

In reverse, when TF was added to the mixture, the AChE was inhibited, the amount of h+ ions is almost unchanged, because no
hydrolysis reaction occurred. Thus, a higher number of enzymes in the region of 2 to 9 nm surrounded on the surface TQDs.
In the presence of h+ cations, the carboxylic acids on the TQDs bound the metal ions and form complexes with the Ser203,
Glu334, His447 (active site) on the AChE [17]. BRET took place and produced light emission from the TQDs. The cleaved product
displayed a slightly higher (18%) luminescent emission than the TQDs themselves [4] (Figure 8).
Besides, the trichlorfon molecular might interact with the activity centre of AChE preventing acetic acid production. In contrast,
if the number of cation (h+) generated by acetic acid (pH decreased) were higher, the h+ could capture the electron (e-) on the
surface of the TQDs that caused the decrease in e-h recombination in TQDs and the PL quenching phenomena [5,8]. For quantum
dots passivity with an inorganic capping layer, the TQDs cores are often assumed to be isolated from the outside environment,
leading to the expectation that the TQDs photoluminescence should not be affected by external factors [20].
The result is increased fluorescence intensity (I2 > I1).

Conclusion
CdZnSe/ZnS TQDs that emit in the visible region while having a large enough surface area to conjugate with biological agents have
been successfully fabricated. Based on the bioluminescence of the TQDs-AChE system and its BRET, trichlorfon was detected with
the concentration of 0.1-5.0 ppm.
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