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Abstract 

X-ZnS quantum dots (QDs) are synthesized in aqueous solution by a simple aqueous chemical 

route where X represents 3-mercaptopropionic acid (MPA) or 3-mercapto-1-propanesulfonic 

acid (MPS) which are two well-known low cost and stable ligands. The synthesized X-ZnS 

QDs yielded aqueous suspensions of nanoparticles with excellent monodispersity, water solu-

bility and fluorescence stability with a relatively high fluorescence quantum yield of 11 % and 

10 % for MPA-ZnS QDs and MPS-ZnS QDs respectively. Under optimal conditions, the pre-

pared X-ZnS QDs are used to detect tetracycline (TC) based on their fluorescence quenching 

induced by the target analyte via electrostatic interaction. The Stern–Volmer-type equation has 

been fitted to the quenching curve of each QDs, from which MPA-ZnS QDs has shown a larger 

linear range and a lower limit of detection than MPS-ZnS QDs. The fluorescence response of 

MPA-ZnS QDs is linearly with respect to TC concentration over a wide range from 200 nM to 

6000 nM with a detection limit of 30 pM. The combination of non-toxicity, simplicity and low 

cost together with high analytical performance of the proposed MPA-ZnS QDs make it prom-

ising for the determination of trace TC in food products of animal origin. 

 

Keywords: ZnS quantum dots, 3-Mercaptopropionic acid, 3-Mercapto-1-propanesulfonic acid, 

Fluorescence quenching, Tetracycline detection. 
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I. Introduction 

Tetracycline (TC) is a type of broad-spectrum antibiotic that has various applications. Apart 

from the treatment of human diseases, TC is widely used in veterinary medicine as a veterinary 

drug and a food additive for the treatment of animal infections and animal growth promoter 

thanks to their broad-spectrum antimicrobial, good oral absorption, and low cost [1]. However, 

the abuse leads to TC residues in animal-derived foods such as meat, milk, honey, eggs and 

chicken. Consequently, the intake of food with antibiotics residues for a long-time actually is a 

normal continual use of low dose TCs, which increases the resistance of pathogens to antibiotics 

and results in severe threat to health [1,2,3] such as liver injury, tooth yellowing, bacterial re-

sistances, allergic reactions and intestinal flora disorder [4]. For these reasons, several control 

authorities set maximum residue limit (MRL) for TCs in foods; e.g., 0.3 ppm for the US Food 

and Drug Administration (FDA) and 0.1 ppm for the European Union and Codex Aliment Arius 

[5,6]. Therefore, the quantification of trace TC in animal products is extremely important. To 

determinate low levels of TC, numerous traditional analytical strategies have been applied in 

the determination of antibiotic residues, such as high-performance liquid chromatography cou-

pled with an ultraviolet detector (HPLC-UV), liquid chromatography-tandem mass spectrome-

try (LC–MS/MS) and enzyme-linked immunoassay (ELISA). However, these highly sensitive 

methods [7] are costly, time-consuming, and entail sophisticated equipment with well-trained 

staff [8]. Furthermore, these methods require complex sample pretreatments involving severe 

reaction conditions [4,9,10]. In addition, the large size of these instruments compromise carry 

out for in-situ measurements [11]. Fluorescence sensing approaches based on changes of spec-

tral fluorescence resulting from the interaction between sensing material and analyte provide 

an elegant strategy to overcome most of such difficulties [12]. This sensing system is practically 

simple, low-cost, rapid, suitable for on-site detection and exhibits adequate performance for 

biological samples [13,14]. In recent years, water-dispersible quantum dots (QDs) have been 

widely used as fluorescent nanomaterials probes for fluorescence sensors, thanks to their nu-

merous advantages that can provide the required sensors with the desired features [15-17]. Their 

size, tunable absorption and emission spectra, high stability, large fluorescence quantum yields, 

narrow spectral bands, negligible photo-bleaching and extensive surface modification make 

them excellent fluorescent indicators for chemical and biological assays [18-19]. Recently, a 

variety of fluorescent sensors of TC based on the use of QDs have been reported in literature. 

Indirect detection relying on the fact that Eu3+ or Al3+ can bind specifically with TC has been 
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reported [11,[20], however these sensors were found to be complex [21] and exhibited a nar-

rower linear range of TCs compared to direct sensors [1]. Aptamers-based fluorescent sensors 

have been designed for the detection of TC [22]. Nevertheless, despite their high affinity, these 

approaches involve tedious DNA labeling or modification techniques based on condensation 

reactions between the carboxyl group and the amino group, or streptavidin–biotin specific re-

action, which make these processes technically demanding, time consuming, expensive in terms 

of reagents that may also affect the affinity of the aptamer [23]. Other fluorescent sensors based 

on quantum dots combined with molecularly imprinted polymers (MIP) as recognition elements 

have been used for the detection of TC [24]. However, these sensors still have shortcomings, 

especially their slow response and limited chemical stability, which lead to low sensor rate and 

lifetime [25]. Based on all these limitations, a simple, direct, highly sensitive and label free 

fluorescent sensor for trace determination of TC is highly recommended. Recently, a fluores-

cent sensor that meets all these expectations based on capped CdS quantum dots has been used 

for the quantification of TC [26]. However, utilization of Cd/Se/Te-based QDs is restricted 

because of their strong cytotoxic activity [27,28]. Thus, Zn-based QDs may be regarded as a 

promising new choice of fluorescent probe for the detection of TC, as they are a type of nontoxic 

(or low-toxic) QDs compared with traditional Cd/Se/Te-based QDs. To the best of our 

knowledge, there are no reports on fluorescence detection for TC with Zn-based QDs. 

Herein, considering the high toxicity of Cd, we developed a simple, efficient and eco-friendly 

fluorescence sensor for TC based on ZnS QDs whose surface was modified with mercapto-

propionic acid (MPA) or 3-mercapto-1-propanesulfonic acid sodium (MPS) yielding the for-

mation of stable MPA-ZnS QDs and MPS-ZnS QDs respectively. The surface modification of 

ZnS QDs with non-toxic and low cost MPA and MPS allowed at the same time to passivate and 

solubilize quantum dots and to make their surface susceptible to ionic interactions with the 

target material. The concentration of NPs as well as the pH of the electrolyte leading to a good 

electrostatic interaction between the TC and the X-ZnS QDs have been studied. 

 

2. Experimental 

2.1. Reagents 

Zinc acetate di-hydrate (Zn(CH3COO)2.2H2O, 98 %), sulphide nonahydrate (Na2S.9H2O, 

98 %), 3-mercaptopropionic acid (MPA, C3H6O2S), 3-mercapto-1-propanesulfonic acid so-

dium salt (MPS, C3H7NaO3S2, 97 %), sodium hydroxide (NaOH, ≥ 97 %), and tetracycline 

(C22H24N2O8, ≥ 95 %) were purchased from Sigma-Aldrich. Distilled water was used as the 

https://www.sigmaaldrich.com/TN/en/product/sial/t3383?context=product
https://www.sigmaaldrich.com/TN/en/product/sial/t3383?context=product
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solvent for all steps of the ZnS QDs synthesis. All chemicals were used as they were purchased 

without any further purification. 

2.2. Synthesis of X ligands capped ZnS QDs 

The ZnS QDs in presence of the various capping agents such as MPA and MPS were prepared 

according to the reported procedures in literature [29,30]. First, 0.1 M of Zinc acetate dihydrate 

and 14.3 mmol of X-capping agent in 50 mL of water were dissolved together where the X 

ligands act as a capping agent to prevent the agglomeration of particles and stabilize the ZnS 

NPs. After that, the pH value of the mixed solution was adjusted to 11.20 by 2 M NaOH solution 

and stirred for 30 min on a magnetic stirrer to get a homogeneous solution. Then, 25 mL of 

sodium sulfide have been poured drop by drop into zinc acetate and X ligand solution under 

continuous stirring at 100 °C for about 2 h in the presence of nitrogen gas. When the sodium 

sulfide solution was added, a milky mixture was formed indicating the formation of zinc sulfide 

nanoparticles. After the reaction was completed, a white colored precipitate was obtained which 

was separated by centrifugation. For purification, the obtained ZnS NPs were precipitated with 

ethanol, separated by centrifuging at 4000 rpm then dried in a desiccator under vacuum. The 

precipitate has been dried in an oven at 80 oC for 4 h to get powder of X capped-ZnS samples. 

The synthesis of X capped-ZnS samples is summarized in Fig. 1. 

 

 

Fig. 1. The schematic illustration of the synthesis of X-ZnS QDs 
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2.3. Instrumentation 

The UV-visible absorption spectra were recorded with a Shimadzu UV-310PC spectrophotom-

eter in the range of 200−600 nm. 

Photoluminescence experiments were carried out on a Cary Eclipse fluorescence spectrometer 

and the spectra were collected in the range of 300−600 nm with an excitation at 300 nm. 

The FTIR spectra of QDs in solid state were recorded with Nicolet Is50 FTIR spectrometer in 

the range of 400−4000 cm−1. 

The surface charge changes upon pH variation of the samples were monitored through zeta 

potential determination by means of electrophoresis measurements using a Zetasizer NanoZS 

(Malvern, UK) instrument. 

X-ray diffraction (XRD) powder spectra were recorded by XPERT-PRO-MPD Panalytical X-

ray diffractometer using the Cu Kα emission (λ = 1.5405 Å) as the incident radiation. The scan-

ning range was between 20 ° and 70 ° by steps of 0.02 °. 

The morphology and particle size of ZnS samples were determined by means of a JEOL JEM 

1220 transmission electron microscope operating at 120 kV. The samples were dispersed in 

water, deposited onto a thin Formvar film supported on a Cu grid, and dried in open air before 

transmission electron microscopy (TEM) observation. 

2.4. General procedure for the detection of TC molecules 

To study the quenching effect of TC on the fluorescence (FL) intensity of X-ZnS QDs, 500 mL 

of X-ZnS QDs solution (1.5 mmol∙L−1), 200 mL of 0.1 mol∙L−1 PBS (pH 7.8) and different 

amounts of TC were successively added into a 2 mL calibrated test tube, diluted to the mark 

with deionized water, shaken thoroughly and equilibrated for 2 min until the solution was fully 

mixed. The fluorescence spectra were recorded from 200 nm to 600 nm, and the fluorescence 

(FL) intensity of the maximum emission peak was used for quantitative analysis. 

 

3. Results and discussion 

3.1. Morphology and crystallography of quantum dots 

The morphology and the particle size of the synthetized X-ZnS QDs were examined by trans-

mission electron microscopy and shown in Fig. 2. It can be seen that X-ZnS QDs exhibit ap-

proximately spherical shapes, good dispersity with uniform sizes of about 9.2 nm and 10.5 nm 

for MPA-ZnS QDs and MPA-ZnS QDs respectively. 
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The crystallinity and the dimensions of the X-ZnS QDs were exhibited by X-ray diffraction 

(XRD). Fig. 3 shows the XRD pattern of the synthesized X-ZnS QDs. Three major diffraction 

peaks are located at 2θ values of ∼28 °, ∼47 ° and ∼56 ° corresponding to the lattice planes 

(111), (220), and (311) of cubic zinc-blende structure, which is consistent with the standard 

card (JCPDS No. 019-0191) and literature reports [31]. In all the XRD patterns, broadening of 

the peaks indicates the nanocrystalline nature of the synthesized nanoparticles [32,33]. In addi-

tion, no reflections related to impurities were detected in the pattern, indicating the high purity 

of the final product. The mean crystallite sizes, D, were estimated by using the Debye-Scherrer 

equation (Eq. 1): 

𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠 𝜃
 Eq. 1 

where k = 0.9 is the shape factor, λ is the X-ray wavelength which is 1.54 Å, β is the full width 

at half maximum of the XRD diffraction peak in radian and θ is the Bragg diffraction angle. 

The estimated crystallite sizes of the nanoparticles are 9.1 nm and 10.2 nm for MPA-ZnS QDs 

and MPS-ZnS QDs respectively, which are in agreement with those estimated from TEM im-

ages. 

 

Fig 2. TEM images of (A) MPA-ZnS QDs and (B) MPS-ZnS QDs. 

 

(A) 

20 nm 50 nm 

(B) 
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Fig. 3. XRD patterns of (a) MPA-ZnS QDs and (b) MPS-ZnS QDs with corresponding 

assignments of the cubic phase. 

 

3.2. IR absorption 

FT-IR analysis of X-ZnS QDs was conducted to check the bonding of ligands onto the ZnS 

quantum dots surface. Fig. 4 shows the FT-IR spectra of MPA-ZnS QDs and MPS-ZnS QDs. 

The FT-IR spectra of MPA-ZnS QDs (Fig. 4a) show absorption bands at around 3287 cm−1 

(𝜈(O–H)), 2914 cm−1 (𝜈 (CH2)), 1552 cm−1 (asymmetric 𝜈as (COO−)), 1395 cm−1 (symmetric 

𝜈s (COO−)), and 665 cm−1 (𝛿 (C–S)), which are the characteristic peaks of MPA ligand [34-

35]. The FT-IR spectra of MPS-ZnS QDs (Fig. 4b) show absorption bands at around 2912 cm−1 

(𝜈(–CH–)), 1177 cm−1 and 1344 cm−1 (asymmetric 𝜈as (–S=O)), 1049 cm−1 (symmetric 𝜈s (–

S=O)) and 729 cm−1 (νs (–S–O)), which are consistent with the presence of the sulfonate groups 

on MPS functionalized ZnS nanoparticles [36-38]. As previously reported, the S–H stretching 

bond of thiol ligands was found between 2666 cm−1 and 2572 cm−1 in the spectra of the pure 

ligands [39]. As shown in Fig. 4, this band disappeared in the case of the MPA-ZnS QDs and 

MPS-ZnS QDs, demonstrating the attachment of the MPA and MPS ligands through covalent 

bonds between thiols and surface Zn atoms of ZnS QDs [40]. 
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Fig. 4. FTIR spectrum of (a) MPA-ZnS QDs and (b) MPS-ZnS QDs. 

 

3.3. UV-Vis Absorption and Photoluminescence Spectroscopy 

The absorbance and PL spectra of the X-capped ZnS QDs were studied to analyze the optical 

properties as shown in Fig. 5. As shown in Fig. 5A and 5B, the absorbance spectra of X-capped 

ZnS QDs have broad absorption bands in the UV region which extends to the visible region 

with absorption edges at 272 nm and 295 nm for MPA-ZnS QDs and MPS-ZnS QDs respec-

tively. The absorption edges are blue shifted in comparison with that of the bulk ZnS (334 nm) 

[41]. These shifts of the absorption wavelength are due to the size effect of the ZnS nanoparti-

cles, which is consistent with the previous results [41]. 

The band gap energy of the X-ZnS nanoparticles can be evaluated from the UV‐Vis spectra by 

using the relationship 

εhν = A(hν − Eg)
n Eq. 2 

where, α is the absorption coefficient, hυ is the incident photon energy, A is a constant and Eg 

is the band gap energy of the material. The exponent n depends on the type of the transition. 

Here, the transitions are direct so we take n = 1/2. As shown in Fig. 5A1 and 5B1, the band 

gap energy is calculated by extrapolating the tangent of the near edge band, yielding Eg = 

5.05 eV and Eg = 5.00 eV for MPA-ZnS QDs and MPS-ZnS QDs respectively. 
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Fig. 5. Absorption (blue curves) and Photoluminescence spectra (red curves) of (A) MPA-

ZnS QDs and (B) MPS-ZnS QDs. Tauc’s plot for the determination of the optical band gap of 

(A1) MPA-ZnS QDs and (B1) MPS-ZnS QDs. 

 

It is observed that the optical band gaps are larger than that of bulk ZnS (3.6 eV) due to quantum 

confinement effect [29,42,43]. The Eg of the X-capped ZnS QDs has been calculated in order 

to estimate their particle size by using the Brus equation [32] (Eq. 3) 

𝐸𝑔
𝑁𝐶 = 𝐸𝑔

𝑏𝑢𝑙𝑘 +
ℏ²𝜋²

2𝑟²
(

1

𝑚𝑒
+

1

𝑚ℎ
) −

1.8 𝑒2

4𝜋ε𝑟𝜀0𝑟
 Eq. 3 

where 𝐸g
bulk is the bulk band gap, 𝐸g

NC is the band gap of nanocrystalline, ℏ is the Planck con-

stant, r is the particle radius, me is the effective mass of an electron, mh is the effective mass of 

a hole, e is the charge of an electron, εr is the relative dielectric constant of the semiconductor, 

and ε0 is the dielectric constant of the vacuum. The obtained values of average diameter of the 

X-ZnS QDs (d = 2r) using the Brus equation are listed in Table 1 and are compared with that 
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observed from XRD and TEM measurements respectively. The estimated particle size values 

of X-capped ZnS QDs are in agreement with that obtained from TEM and XRD studies. 

 

Table 1. Comparison of crystallite size of synthesized X-ZnS QDs estimated from different 

studies along with the calculated values of direct band gap energy. 

 

The PL spectra of the MPA-ZnS QDs and MPS-ZnS QDs colloidal aqueous solutions upon 

excitation at 300 nm present symmetric peaks at ~438 nm and ~442 nm respectively with sim-

ilar and narrow FWHM ~ 107 nm (Full Width at Half Maximum) (Fig. 5A and 5B). Such fea-

tures are the consequences of homogeneous size distribution and uniform crystallinity, which 

was confirmed by TEM [44,45]. 

The fluorescence quantum yield ΦQD was obtained using the protocol proposed by Würth et al. 

[46] according to Eq. 4 using fluorescein in water as a standard of quantum yield ΦFr = 0.89. 

The UV absorption and fluorescence spectra of fluorescein and X-ZnS QDs in water were rec-

orded successively under exactly the same conditions. 

ΦQD = ΦFr 
𝐹𝑄𝐷𝑠

𝐹𝐹𝑟
 
𝐼𝐹𝑟

𝐴𝑏𝑠

𝐼𝑄𝐷𝑠
𝐴𝑏𝑠  

𝐹𝐹𝑟
𝑖 (𝜆𝑒𝑥,𝜆𝑒𝑚)

𝐹𝑄𝐷𝑠
𝑖 (𝜆𝑒𝑥,𝜆𝑒𝑚)

 Eq. 4 

FQDs and FFr are the spectrally integrated photon fluxes at the detector for both samples, i.e., the 

area under the emission spectrum. IAbs is the fraction of the excitation light absorbed by the 

chromophore or sample. Fi (λex, λem) is the instrument function comprising both the spectral 

profile of the excitation and the response of the optics and the detector of the fluorescence 

spectrometer, within the spectral range of the samples. Since we have used the same excitation 

wavelength and exactly the same settings and parameters for both samples, the instrument func-

tion is the same for both samples. 

The quantum yield of the MPA-ZnS QDs and MPS-ZnS QDs have been calculated to be ΦQD 

= 11 % and 10 % respectively, which makes the X-ZnS QDs suitable to be used for biological 

fluorescent labeling and carrier for guest materials 

 

 

X-capped ZnS QDs Particle size from 

TEM study (nm) 

Particle size from 

XRD study (nm) 

Particle size from 

optical study (nm) 

MPA-ZnS QDs 9.2 9.1 8.1 

MPS-ZnS QDs 10.5 10.2 9.3 
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3.4. Optimal conditions for the enhanced fluorescence detection of TC by using X-ZnS 

QDs 

Before the detection of TCs, some experimental parameters, including the pH effect and the 

concentration of X-ZnS QDs were carefully investigated. 

With the objective to corroborate the surface charge on the QDs and the electrostatic 

interactions between the X-capped ZnS QDs and the TC, zeta potential was determined by 

varying the pH of the MPS-ZnS QDs (Fig. 6A). Both the zeta potentials of MPS-ZnS and MPA-

ZnS QDs were negative within the pH range from 1 to 13, which is the result of carboxylate or 

sulfonate groups on their surfaces as recently reported [47]. The favorable formation of the 

complex X-ZnS QDs/TC requires that the TC is positively charged or neutral. negatively 

charged TC undergoes repulsive electrostatic interactions with ZnS-QDs. As shown in Fig. 6B, 

TC is positively charged at pH below 4 and it is neutral in the pH range from 4 to 7 [48]. 

However, strongly acidic media are not recommended as the X-ZnS QDs can be dissociated 

and the interaction between X ligands and ZnS QDs can be wrecked, leading to a decrease in 

the stability of QDs [12,28,49]. Therefore, pH = 5.6 has been chosen for the formation of the 

X-ZnS QDs/TC complex through hydrogen bond and the detection of TC by fluorescence 

quenching. 

 
 

Fig. 6. (A) Zeta potential of the MPS-ZnS QDs at different pH values, (B) pH-dependent 

speciation of tetracycline molecule. 

 

The concentration of the X-ZnS QDs in the aqueous solution also affects the fluorescence 

performance. Hence, the fluorescence response of different concentrations of MPS-ZnS QDs 

gradually increases with increasing its concentrations. The variation of fluorescence with 

respect to concentration is linear up to 0.2 mg∙mL−1; it levels off at higher concentrations 

https://www.mdpi.com/2079-4991/8/4/231/htm#fig_body_display_nanomaterials-08-00231-f006
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(Fig. 7). The highest fluorescence while keeping in the linear domain is 0.2 mg∙mL−1. This 

concentration was selected as the optimum X-ZnS QDs concentration because fluorescence 

quenching by TC decreases the fluorescence intensity, thereby keeping the fluorescence signal 

in the linear domain. 

 
Fig. 7. (A) The fluorescence intensity of MPS-ZnS QDS solutions under different 

concentrations, (B) The fluorescent intensity of MPS-ZnS QDs versus its different 

concentrations. 

 

3.5. Fluorescent response of the X-ZnS QDs toward TC 

Under optimal conditions, the performance of the X-ZnS QDs nanoprobe for TC detection was 

evaluated. Thus, fluorescence emission intensities of QDs after adding TC at different concen-

trations were measured with the excitation wavelength at 300 nm (Fig. 8A and 8B). The addi-

tion of TC gradually decreased the fluorescence intensity of the X-ZnS QDs, indicating the 

quenching of X-ZnS fluorescence intensity upon TC binding. The calibration curve of fluores-

cence intensity against quencher concentration can be best expressed by the Stern–Volmer 

equation [50] (Eq. 5). 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑇𝐶] Eq. 5 

F0 and F are the FL intensity of the QDs in the absence and the presence of TC, respectively, 

KSV is the Stern–Volmer constant, and [TC] refers to the corresponding concentrations of TC. 

The fluorescence quenching data of MPA-ZnS QDs and MPS-ZnS QDs by TC fits the follow-

ing regression equations respectively. 

𝐹0

𝐹
= 1 + 9.20 10−4[𝑇𝐶]  ; (R2 = 0.9994); [25 nM to 6000 nM] Eq. 6 

𝐹0

𝐹
= 1 + 3.27 10−4[𝑇𝐶]  ; (R2 = 0.9977); [200 nM to 6000 nM] Eq. 7 
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The calibration curve of MPA-ZnS QDs presents a good linearity within the total concentration 

range of TC with a regression coefficient R2 = 0.9994. this linearity is possibly due to static 

quenching mechanism [51]. In contrast, the calibration curve of MPS-ZnS QDs presents a 

downward curvature plot (Inset Fig. 8C) at low concentration with a good linearity only within 

the concentration range from 200 nM to 6000 nM (R2 = 0.9977). The downward curvature plot 

at low concentration is possibly due to the dynamic quenching with a static quenching mecha-

nism for the rest of the concentration range [52,53]. The calculated Stern–Volmer quenching 

constants KSV (which represents the quenching efficiency) from the linearized equations Eq. 6 

and 7 were found to be KSV = 9.20 × 105 L·mol−1 and KSV = 3.27 × 105 L·mol−1 for MPA-ZnS 

QDs and MPS-ZnS QDs respectively. The high values of Stern–Volmer quenching constant 

KSV for both MPA-ZnS QDs and MPS-ZnS QDs demonstrate excellent quenching efficiency 

as well as good affinity towards TC. On the basis of KSV values and the standard deviation of 

the blank measurement (δ), the corresponding detection limit (LOD) was determined based on 

IUPAC criteria, 3δ/KSV [54]. 

 
Fig. 8. Fluorescence spectra of (A) MPA-ZnS QDs (0.2 mg/mL) and (B) MPS-ZnS QDs 

(0.2 mg/mL) upon the addition of various concentrations of TC (from top to bottom, 0, 25, 50, 

100, 200, 400, 1000, 2000, 3000 and 6000 nM). (C) Linear fitted result using Stern–Volmer 

plot of TC concentration dependence on fluorescence intensity of MPA-ZnS QDs and MPS-

ZnS QDs. Spectra were recorded with excitation at 300 nm. 
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The merits and the detection limits of X-ZnS QDs probes for measuring TC are briefly summa-

rized in Table 2. It can be seen that MPA-ZnS QDs present lower LOD and larger linear range 

compared to that of MPS-ZnS QDs and therefore better sensitivity. This result shows that the 

type of ligand functionalized on ZnS QDs can affect the performance of the sensor. To better 

explain the obtained result, we have based ourselves on hypothesis linked with the length of the 

ligand carbon chain. Indeed, the MSA ligand has a longer carbon chain than the MPA ligand, 

which increases the probability of the MSA ligand's carbon chain deformation. Consequently, 

fewer hydrogen bond will be resulted (Fig. 9). Unlike MPA ligand can lead to an orderly and 

more stable distribution on the surface of ZnS QDs which can increase the hydrogen bond in-

teraction between MPA and TC (Fig. 9). 

 

Table 2. The comparison of the obtained analytical performances of MPA-ZnS QDs and MPS-

ZnS QDs. 

Probe Linear range (nM) Limit of detection (nM) 

MPA-ZnS QDs 25-6000 0.03 

MPS-ZnS QDs 200-6000 0.1 

 

 

Fig. 9. Schematic representation of the electrostatic interaction between the positive charges 

of TC and the negative charges of (A) MPA-ZnS QDs and (B) MPS-ZnS QDs, highlighting 

the effect of ligands length and their distribution on the interaction with the target analyte. 
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The analytical performance from point of view limit of detection and linear range of the MPA-

ZnS QDs for TC detection was compared to previous probes (Table 3). It can be seen that the 

MPA-ZnS QDs probe reached a very low limit of detection in the order of picomolar that was 

not achieved before. The lower LOD and large linear range obtained in this work demonstrate 

the higher sensitivity of our proposed MPA-ZnS QDs towards TC detection compared to other 

reported assays (Table 3). In addition, this result proves the higher sensitivity and efficiency of 

the fluorescence method that possessed a simple and fast detection procedure without requiring 

a special reaction medium or complicated preparation processes as required by the conventional 

methods [55]. It should be noticed that the relative standard deviation (RSD) for three replicate 

detections using MPA-ZnS QDs was 3.85 %, indicating that this nanoprobe has appreciable 

reproducibility. Based on the lowest detection limit and wide detection range, the above analy-

sis results prove that the MPA-ZnS QDs can be employed as an acute candidate for the detection 

of TC, yet proper selectivity tests should then be imposed to understand the specific accuracy 

in the measurement. 

 

Table 3. The comparison of MPA-ZnS QDs with other reported probes of TC fluorescence 

detection in recent years. 

Probes 
Linear range 

(μM) 
LOD 

(µM) 
references 

MIPs-AA/CQDs molecularly imprinted fluores-

cence sensor with carbon quantum dots and 

acrylic acid 
1.0–60 0.17 [56] 

(TAP)/ γ-cyclodextrin triple-helix aptamer 

probe/cyclodextrin 
0.005-0.1 0.0016 [57] 

Silver nanoparticle-encapsulated halloysite nano-

lumen 
0.05-10 0.0124 [8] 

Silicon quantum dots 0.0113–1.086 0.0009 [4] 

Aptamer-labelled fluorescent nanoprobe-

integrated shell isolated nanoparticle-enhanced 

fluorescence spectroscopy 
0.2–400 0.0162 [22] 

3-Mercaptopropionic acid-ZnS quantum dots 0.025–6 0.00003 This work 

 

Conclusion 

The present investigation provided a simple, low cost, efficient and eco-friendly fluorescence 

sensor for direct detection of trace TC with high affinity using health-friendly ZnS QDs as a 

fluorescent probe. The ZnS QDs was firstly capped with two different and well-known MPA 

and MPS ligands as stabilizers. The successful formation of X-ZnS QDs was confirmed by 

FTIR characterization. The obtained X-ZnS QDs nanoparticles with a size of 9–10 nm have 
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good colloidal stability, uniform sizes, good cubic zinc blended structures, strong quantum con-

finement effect and high fluorescence properties. Taking into account favorable conditions for 

the electrostatic interaction between target analyte and nanoparticles, X-ZnS QDs were applied 

for the direct detection of TC based on the quenching fluorescence of nanoparticles. The results 

have shown that MPA-ZnS QDs presents better analytical performance than MPS-ZnS QDs. 

MPA-ZnS QDs have demonstrated its ability to detect traces of TC with LOD of 30 pM, large 

linear range from 200 nM to 6000 nM and good reproducibility of the measurements. Under 

optimal conditions, MPA-ZnS QDs has shown better analytical performance towards the de-

tection of TC compared to that MPS-ZnS QDs. The simple and low cost MPA-ZnS QDs fluo-

rescence sensor has achieved a very low limit of detection at picomolar level which is rarely 

reached compared to recently reported fluorescent sensors. According to such high analytical 

performance, we believe that the application of MPA-ZnS QDs in analysis of food products has 

great potential. 
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