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Abstract: By combining surface molecular imprinting technology with cysteine-modified ZnS quan-
tum dots, an elegant, molecularly imprinted cysteine-modified Mn2+: ZnS QDs (MIP@ZnS QDs)
based fluorescence sensor was successfully developed. The constructed fluorescence sensor is based
on a molecularly imprinted polymer (MIP) coated on the surface cysteine-modified ZnS quantum
dots and used for rapid fluorescence detection of dopamine hydrochloride. The MIP@ZnS quantum
dots possess the advantages of rapid response, high sensitivity, and selectivity for the detection of
dopamine hydrochloride molecules. Experimental results show that the adsorption equilibrium time
of MIP@ZnS QDs for dopamine hydrochloride molecules is 12 min, and it can selectively capture
and bind dopamine in the sample with an imprinting factor of 29.5. The fluorescence quenching of
MIP@ZnS QDs has a good linear (R2 = 0.9936) with the concentration of dopamine hydrochloride
ranged from 0.01 to 1.0 µM, and the limit of detection is 3.6 nM. In addition, The MIP@ZnS QDs
demonstrate good recyclability and stability and are successfully employed for detection of dopamine
hydrochloride in urine samples with recoveries was 95.2% to 103.8%. The proposed MIP@ZnS QDs
based fluorescent sensor provides a promising approach for food safety detection and drug analysis.

Keywords: molecular imprinting; quantum dots; dopamine hydrochloride; fluorescent sensor

1. Introduction

Dopamine hydrochloride (3-hydroxytyramine hydrochloride, DA-HCL) is consid-
ered a central neurotransmitter which plays an important role in cardiovascular, central
nervous system, renal function regulation, and so on [1,2]. As a β-stimulant, dopamine
hydrochloride has the function of accelerating metabolism and inhibiting lipogenesis. It
is illegally added to foodborne animal feed as a “clenbuterol” drug, causing great con-
cern for food safety supervision [3,4]. Such substances can accumulate in the human
body through contaminated food, causing acute poisoning symptoms such as palpitation,
arrhythmia, nausea and vomiting, inducing Parkinson’s disease, hypertension and gastroin-
testinal dysfunction [5–7]. At present, the detection methods of dopamine hydrochloride
include high performance liquid chromatography (HPLC), HPLC-mass spectrometry, solid
phase extraction-HPLC, enzyme-linked immunosorbent assay, electrochemistry, chemi-
cal/biological sensing, and so on [8–13]. However, many of these detection techniques
require complex sample pretreatment processes or high-precision instruments, requiring
professional and technical personnel to operate, and long detection cycles. Therefore, it
is important to develop a low-cost, rapid, convenient, and highly selective method for
detecting dopamine hydrochloride.

Quantum dots (QDs) are nanoscale semiconductors with quantum confinement of
electrons and holes [14,15]. Quantum dots are highly valuable in biological analysis and
sensing due to their unique characteristics, such as quantum size effect, size-dependent
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emission spectrum, specific surface area, good fluorescence stability, and high luminescence
efficiency [16–18]. To date, there has been significant work to develop quantum dots-based
sensors with unique physical and optical properties. Quantum dots-based sensors can
rapidly and sensitively detect target analytes by the fluorescence quenching of QDs [19,20].
However, the selectivity to target analytes is a challenge in the design of QD-based sensors.
Molecular imprinting is a simple technology to construct polymers that can specifically
recognition of target molecules by copolymerizing functional monomers with template
molecule [21]. The template molecules were removed by elution, and the complementary
binding sites were formed on the molecularly imprinted polymer (MIP). MIP possesses
the merits of strong mechanical stability, low-cost preparation procedure and specificity to
the target molecule [22–24]. For the fabrication of the traditional MIP, template molecules
will be embedded into the polymer, which is not conducive to elution and mass transfer
and affects the adsorption and specificity of the target molecule, limiting the application
of this of this technology [25,26]. In contrast, surface molecular imprinting technique
(SMIT) is a new analytical method with great potential. Surface molecular imprinting is
the fabrication of a “core-shell” structure polymers by coated MIPs on the surface of solid
substrate nanomaterials [27–29]. Thus, the imprinted binding site is distributed on the
surface of the molecularly imprinted polymer or the outer layer of the matrix material so
that the template molecule is more easily closer to the binding site. MIPs prepared by SMIT
method have formed more binding sites during the imprinting process, which facilitated
rebinding template molecules and high adsorption capacity. It is an ideal approach to
solve the problems of slow mass transfer, difficult to elute template molecules, and low
imprinting efficiency of the traditional imprinted polymer [30–32].

In this work, cysteine was chosen to modify the surface of manganese doped zinc sul-
fide QDs to enhance the fluorescence stability, dispersion ability in the aqueous phase, and
biocompatibility of Mn2+: ZnS QDs. Moreover, cysteine modification can provide carboxyl
group for QD, which facilitates the binding of quantum dots with template molecules.
Using methacrylic acid as function monomer and ethylene glycol dimethyl acrylate as
crosslinkers, and cysteine modified Mn2+: ZnS quantum dots as substrate, the dopamine
molecularly imprinted cysteine modified Mn2+: ZnS quantum dots (MIP@ZnS QDs) were
fabricated via surface molecular imprinting. The constructed MIP@ZnS QDs integrates the
fluorescent characteristic of ZnS QDs and the selective molecular recognition capability of
MIPs. The MIP@ZnS QDs has good physical/chemical stability, easy elution/adsorption,
fast mass transfer, and high selectivity for target molecules [33–37]. The MIP layer on the
QDs can specifically bind and capture target molecules, which will result in fluorescence
quenching of quantum dots due to the non-radiative transition between the bound target
molecules and quantum dots [38–40]. Therefore, the molecular recognition process is
transformed into photoelectric signal analysis, and the quenching of MIP@ZnS quantum
dots is proportional to the amount of dopamine hydrochloride molecules bound. Thus,
the prepared MIP@ZnS QDs can be applied to the high sensitivity and selectivity analysis
of dopamine hydrochloride. This work also provides a new method for the analysis of
harmful chemical substances in environment and food safety.

2. Results and Discussion
2.1. Preparation of MIPs@ZnS QDs

The fabrication process of the dopamine hydrochloride fluorescent sensor is depicted
in Figure 1. First, Mn2+: ZnS QDs were used as the signal transduction element and solid
substrate nanomaterials. The ZnS quantum dots have narrow emission bands, and the Mn2+

doped in ZnS QDs can further improve the fluorescence quantum yield and photochemical
stability of quantum dots [41]. In addition, Mn2+ doped ZnS QDs has water dispersibility
and low cytotoxicity. The cysteine was modified on Mn2+: ZnS QDs to enhance the
fluorescence stability and dispersion in aqueous. Moreover, cysteine modification can
provide carboxylic acid group (-COOH) on the surface of QDs, which promotes the binding
of monomers with template molecules and makes it easier to form recognition cavies. The
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cysteine-modified Mn2+: ZnS QDs can also be used as assistant monomers contributing
to form imprinting cavies. Second, methacrylic acid was chosen as a functional monomer
and EGDMA as a crosslinker; the dopamine hydrochloride molecules were imprinted on
cysteine-modified Mn2+: ZnS QDs though sol-gel reaction. The constructed MIP@ZnS QDs
has a core-shell structure. The MIP layer on the surface of MIP@ZnS QDs can not only
selectively capture the template molecule (dopamine hydrochloride), but also prevent the
interaction between other interfering substances and the quantum dot. The MIP shell on the
QDs can effectively reduce the influence caused by the interfering substances. Finally, the
MIP@ZnS QDs were eluted by acetic acid-methanol solvent to remove imprinted template
molecules until the fluorescence intensity of MIP@ZnS QDs was not changed and similar to
that of NIP. The formed imprinting sites was complementary to dopamine hydrochloride
molecules in shape, size and chemical structure. The developed molecularly imprinted
quantum dot can be specifically combined with dopamine hydrochloride molecules through
a molecularly imprinted layer, and the fluorescence of the quantum dot is quenched
because of the energy transfer effect of electrons between the quantum dot and dopamine
hydrochloride molecules.
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Figure 1. Schematic of preparation of dopamine hydrochloride molecularly imprinted cysteine-
modified Mn2+: ZnS QDs-based fluorescent sensor. dopamine hydrochloride: 2.0 mg; Mn2+: ZnS
QDs: 100 mg.

2.2. Characterization

Fluorescence spectra indicated that the maximum excitation and emission peaks of
MIP@ZnS QDs are located at 320 nm and 596 nm, respectively. As shown in Figure 2,
the prepared MIP@ZnS QDs has symmetrical emission peaks and orange fluorescence
emission. The full width at half maximum (FWHM) of MIP@ZnS QDs is 40 nm, and no
visible defect peaks were found. In addition, before the elution of dopamine hydrochloride
molecules, the intensity of MIP@ZnS QDs was only 25.2% of that of NIP@ZnS QDs. The
fluorescence quenching is due to the amount of template molecule binding on the MIP@ZnS
QDs, which leads to a charge transfer interaction between the QDs and the dopamine
hydrochloride molecule. After the elution, the fluorescence emission of MIP@ZnS QDs
recovered significantly, and the fluorescence intensity was 97.3% of NIPs.

The structure and morphology of the MIP@ZnS QDs were characterized using JF-
2100 transmission electron microscope (TEM). Figure 3 revealed that the MIP@ZnS QDs
possessed spherical shape, and particle size distribution of prepared MIP@ZnS QDs is
about 4.9 ± 0.53 nm.
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Figure 3. (A) TEM image and (B) particle size distribution of prepared MIP@QDs.

2.3. Effect of the Monomer on MIP@ZnS QDs

The amount of functional monomer (MAA) is major influencing factor in the molecular
imprinting process. The changes of fluorescence quenching (∆F) of MIP@ZnS QDs under
the different amount of MAA are present in Figure 4. As the amount of MAA increases
(0~400 µL), the fluorescence quenching of MIP@ZnS quantum dots gradually enhances.
When the dosage of MAA monomer is 400 µL, the highest quenching effect of dopamine
hydrochloride on MIP@ZnS quantum dots is achieved. Experimental results indicate that a
low dosage of MAA is insufficient to form an MIP layer on the cysteine-modified ZnS QDs,
resulting in inadequate binding sites for dopamine in molecular imprinting. Excessive use
of monomers can increase the thickness of the MIP layer, which is detrimental to the entry
of dopamine hydrochloride molecules into the binding site and affects the mass transfer
efficiency. Additionally, an excess of crosslinker agents during preparation can also hinder
the binding of target molecules on MIP@ZnS quantum dots.
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Figure 4. Effect of monomer (MAA) amount on the fluorescence quenching degree of MIP@ZnS QDs.

2.4. Effect of pH on MIP@ZnS QDs

Figure 5 shows that the fluorescence intensity of MIP@ZnS quantum dots increases
with the pH values in the range of 4.0 to 7.0. The instability of the structure of MIP@ZnS
quantum dots in acidic environments leads to a decrease in their fluorescence performance.
The experiment shows that dopamine hydrochloride molecules are more easily bound
with MIP@ZnS quantum dots in weak alkaline environments, with significant fluorescence
quenching efficiency. When the solution pH value is 7.5, the fluorescence quenching of
MIP@ZnS quantum dots reaches the maximum value. Therefore, the pH value of 7.5 set
in the experiment is the optimal pH value for detecting hydrochloride dopamine with
MIP@ZnS quantum dots.
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of MIP@ZnS QDs at different pH values. Dopamine hydrochloride: 0.5 µM; room temperature.

2.5. Response Time

As shown in Figure 6, the degree of fluorescence quenching (∆F) of dopamine hy-
drochloride molecules on MIP@QDs increases with the increase of incubation time (0–12 min).
Dopamine hydrochloride molecules have a significant fluorescence quenching effect on
MIP@ZnS quantum dots. The fluorescence of MIP@ZnS QDs tended to stabilize after incu-
bation for 12 min, indicating that the adsorption and binding of dopamine hydrochloride
molecules on MIP@ZnS QDs reached dynamic equilibrium. As the control group, the NIP@
ZnS QDs showed slight fluorescence change in the samples reaching equilibrium at around
10 min. It is due to the lack of molecular imprinting sites for dopamine hydrochloride
molecules on NIP@ZnS QDs; the binding of dopamine hydrochloride molecules is mainly
through physical adsorption [42,43]. The experimental results suggest that the response
time of the prepared MIP@ZnS quantum dots sensor in the sample solution is 12 min.
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2.6. Determination of Dopamine Hydrochloride by MIP@ZnS QDs

In this experiment, the principal detection method is based on fluorescence quench-
ing of MIP@ZnS QDs by dopamine molecules. The prepared MIP@ZnS QDs possessed
orange fluorescence emission was generated by photoexcitation of the host ZnS nanocrystal
recombined by the lower-lying states of the dopped Mn2+ ion [38]. The MIP@ZnS QDs
could selectively capture target molecules (DA) through complementary imprinting sites
on the molecularly imprinted polymers of Mn2+: ZnS QDs. This specific binding process
introduces electron transfer of Mn2+: ZnS QDs to the target molecule (DA), which leads
to fluorescence quenching of MIP@ZnS QDs [39]. Moreover, the quenching degree of
MIP@ZnS QDs was positively correlated with the concentration of target molecules in
the samples.

Figure 7 depicts the fluorescence emission spectra of the prepared MIP@ZnS and
NIP@ZnS quantum dots under different concentrations of dopamine hydrochloride. With
increased concentrations of hydrochloric acid dopamine in the sample, the fluorescence
spectra of MIP@ZnS and NIP@ZnS QDs presented significant changes. Compared with
NIP@ ZnS QDs, MIP@ZnS quantum dots exhibit stronger fluorescence quenching in their
fluorescence spectra, with a fluorescence quenching degree (F0/F − 1) much higher than that
of NIP@ ZnS quantum dots. MIP@ZnS quantum dots possess binding sites that complement
the shape, size, and functional groups of dopamine hydrochloride molecules through
non-covalent interactions such as hydrogen bonding and van der Waals forces [21,44].
Due to the presence of the imprinting sites, more dopamine hydrochloride molecules
specifically bound to MIP@ZnS QDs and resulted in significant fluorescence quenching.
In contrast, dopamine hydrochloride molecules mainly bound to NIP@QDs through non-
specific adsorption, limiting the amount of dopamine molecules adsorption on the NIPs.
Therefore, NIP@ZnS QDs displayed lower fluorescence quenching than that of MIPs.
Figure 7A showed that the fluorescence quenching of MIP@ZnS QDs is proportion to the
concentration of dopamine hydrochloride in the samples. Curve fitting (Figure 7C) indicates
that there is a good linear relationship (R2= 0.9936) between F0/F − 1 and concentration of
dopamine hydrochloride (Q) in the range of 0.01~1.0 µM. The Stern–Volmer equation is
F0/F = 2.8445 Q – 0.00373. The limit of detection is calculated by 3δ/S (IUPAC criteria), δ is
the standard deviation of the blank signal (n = 20), and S is the slope of the linear calibration
plot. The corresponding detection limit of MIP@ZnS QDs for dopamine is 3.6 nM.
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2.7. Selective Experimental Methods

In selective experiments, dopamine hydrochloride significantly exhibited fluorescence
quenching constants on the MIP@ZnS QDs compared with other molecules (Figure 8).
During the molecular imprinting process, a series of binding sites were formed on the
cysteine-modified Mn2+: ZnS QDs, which complement the DA molecule in shape, struc-
ture, size and functional groups. Due to the presence of these molecular imprinting
binding sites, MIP@ZnS QDs is more likely to bind with DA molecules. Therefore, a
large amount of dopamine hydrochloride molecules were specifically bound to MIP@ZnS
QDs, which results in significant fluorescence quenching. However, as reference com-
pounds, p-aminophenol, pyrocatechol and carbamide molecules are different in shape,
size, and functional groups from dopamine hydrochloride molecules. These structural
analog molecules are only bound to MIP through non-specific effects such as physical
adsorption and cannot match the molecularly imprinted cavies on MIP@ZnS QDs. Thus,
their adsorption capacity and fluorescence quenching degree were lower on MIP@ZnS
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QDs. As a control, NIP@QDs showed similar fluorescence quenching degree because there
are no molecular imprinting sites formed during the preparation process. The imprinting
factor of MIP@ZnS QDs for dopamine hydrochloride is 29.5, which is much higher than
that of p-aminophenol and pyrocatechol and carbamide (3.6, 5.9, and 2.7, respectively).
The experimental results indicated that MIP@ZnS QDs have good selectivity for dopamine
hydrochloride. The selectivity of MIP@ZnS QDs to DA molecules is mainly due to the
non-covalent interactions (hydrogen bonding, van der Waals forces, etc.) formed between
functional monomers, crosslinkers and template molecules during the preparation pro-
cess. The selectivity of MIP@ZnS quantum dots to DA molecules is mainly due to the
non-covalent interaction (hydrogen bond, van der Waals force, etc.) between functional
monomers and template molecules and the formation of complementary molecular im-
printing cavities in the molecularly imprinting process. The method was compared with
other reported dopamine hydrochloride detection techniques (Table 1). Compared with
the reported detection methods based on QDs and other novel nanomaterials (COF, GQD,
graphene), MIP@ZnS QDs based fluorescence sensors exhibit satisfactory linear range,
detection limit, and good recovery rates for the detection of dopamine hydrochloride. In
addition, the developed methods have the advantages of simple and convenient operation,
low equipment requirement without any complex sample treatment process, and have
better selectivity.
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dopamine hydrochloride (DA-HCl), p-aminophenol (PAP), pyrocatechol and carbamide.

Table 1. Comparison of analysis results of dopamine hydrochloride by this method and other
reported methods analyte.

Detection Technique Linearity
Range (µM) LOD (nM) Recoveries

(%) References

COF/Pt/MWCNT-COOH 2.0–500 670 91.7–110.9 [12]
SPE-HPLC 1.0–15.0 170 98.3–101.1 [8]

GQDs 0–60.0 8.0 92.6–106.8 [45]
Graphene 5.0–2000 200 / [46]

Adenosine capped QDs 0.1–20.0 29.3 94.8–103.4% [47]
L-cysteine-ZnS: Mn QDs 0.15–3.0 7.80 80–93% [48]

MIP-QDs 0.026–1.58 10.50 71.74–108.63 [13]
MIP@ZnS QDs 0.01–1.0 3.60 95.2–103.8 This work

COF: covalent organic frameworks; SPE: solid phase extraction; HPLC: high performance liquid chromatography;
GQDs: graphene quantum dots; MIP: molecularly imprinted polymer; QDs: quantum dots.

2.8. Application

In this study, real samples of bovine urine, sheep urine and human urine were used
to evaluate the practical application performance of the MIP@ZnS QDs based sensor. As
shown in Table 2, dopamine hydrochloride was not detected in any of the three urine
samples. In order to further verify the accuracy of MIP@ZnS quantum dot sensor in detect-
ing dopamine hydrochloride, a standard addition method was used to conduct recovery
experiments on dopamine hydrochloride in the samples. The recoveries of dopamine
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hydrochloride in different samples ranged from 95.2% to 103.8% with RSD of 3.75% to
5.73%. The results show that the developed molecularly imprinted quantum dots sensor
exhibited satisfactory reliability and accuracy in the detection of dopamine hydrochloride
in real samples.

Table 2. Detection of dopamine hydrochloride in actual samples by MIP @ QDs.

Samples Added (µM) Detection of
DA-HCl Recovery (%) RSD (%, n = 3)

bovine urine
0.1 0.0952 95.2 4.23
0.5 0.4930 98.6 5.18

sheep urine 0.1 0.1035 103.5 3.75
0.5 0.5191 103.8 5.73

human urine
0.1 0.1022 102.2 3.86
0.5 0.4921 98.4 4.84

2.9. Recyclability and Stability

As shown in Figure 9, the regeneration cycle (adsorption/elution/re-adsorption)
was carried out to investigate the recyclability of MIP @ZnS QDs. After four cycles, the
fluorescence of MIP@ZnS QDs significantly decreased. Compared with the initial value
of the sensor, the fluorescence intensity has decreased by about 20%. Furthermore, the
fluorescence stability of the MIP@ZnS QDs was evaluated and depicted in Figure 10. After
being stored in the dark for 31 days; the fluorescence intensity of the MIP@ZnS QDs has no
significant changes compared to the initial, indicating good stability of the MIP@ZnS QDs.
These experimental results indicate that the designed MIP@ZnS QDs-based sensor has good
recyclability and stability and has high practical application value as a fluorescence sensor.
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3. Materials and Methods
3.1. Instruments and Reagents

Dopamine hydrochloride, ZnSO4·7H2O, MnCl2·4H2O, Na2S·9H2O, p-aminophenol
(PAP), and carbamide were obtained from Macklin Biochemical Co. Ltd. (Shanghai,
China). Pyrocatechol, cysteine, methacrylic acid (MAA), ethylene glycol dimethyl acrylate
(EGDMA) was purchased from J&K Scientific (Beijing, China). All the reagents are of
analytical grade.

Fluorescence spectrometer (Techcomp FL-970, Shanghai, China). Ultraviolet spec-
trophotometer (Specord 210 plus, Jena, Germany). High-resolution transmission micro-
scope (JEM-2100F, JEOL, Tokyo, Japan)

3.2. Preparation of Cysteine Modified Mn2+: ZnS QDs

Cysteine modified Mn2+: ZnS QDs were prepared by chemical precipitation method
with some modifications [49,50]. In brief, 1.80 g ZnSO4·7H2O, 0.10 g MnCl2 4H2O, were
ultrasonically dispersed into 20 mL ultrapure water, and stirred for 1.0 h under nitrogen
protection at 25 ◦C. Then, 5.0 mL of Na2S·4H2O solution was dropwise added. After
stirring another 10 h, 10 mg of cysteine was added and continued to be stirred for 12 h
in the dark. Finally, the product was washed and separated by centrifuging, and dried
under vacuum.

3.3. Preparation of MIP@ZnS QDs

The dopamine molecularly imprinted layer was constructed using surface imprinting
technology onto the surface of cysteine modified Mn2+: ZnS QDs. First, 2.0 mg dopamine
hydrochloride is dissolved in 10 mL of methanol, 400 µL of MAA is added to the flask
and stirred for 10 min. Second, 100 µL of EGDMA and 100 mg of cysteine modified
Mn2+: ZnS QDs were added. Third, AIBN (15 mg) was added, and UV (360 nm) initiated
polymerization at 50 ◦C in the dark for 20 h. Finally, the prepared product was collected by
centrifugation and washed with methyl alcohol. The non-imprinted ZnS QDs (NIP@ZnS
QDs) were synthesized by the same procedure without dopamine hydrochloride molecules.
The obtained product was eluted by methanol and acetic acid (9:1, v/v) solution to remove
dopamine hydrochloride molecules until no dopamine hydrochloride molecules were
detected in the eluent. The eluted product is washed to be neutral by methanol and is
freeze-dried in vacuum for further use.

3.4. Effect of pH on MIP@ZnS QDs

20 mg of MIP@ZnS QDs were ultrasonically dispersed in dopamine hydrochloride
solutions with different pH values. The dopamine hydrochloride stock solution was added
and diluted with buffer solution. The concentration of dopamine hydrochloride in the sample
was 0.5 µM. Using the solution without dopamine hydrochloride as a control, the change of
the fluorescence intensity of the samples were analyzed by fluorescence spectrofluorometer.

3.5. Determination of Dopamine Hydrochloride Using MIP@ZnS QDs

To carry out the rebinding experiments, 19 mg of dopamine hydrochloride standard
solution is dissolved in 100 mL of methanol as the stock solution. 20 mg of MIP@ZnS
QDs or NIP@ZnS QDs are dissolved in 100 mL of pH 7.5 buffer solution, and 5 mL of the
polymer solution is taken into a 10-mL calibrated test tube after ultrasonic dispersion. Then,
a certain amount of dopamine hydrochloride standard solution is sequentially added and
diluted to 10 mL. The concentration of dopamine hydrochloride ranging from 1.0 × 10−8 to
1.0 × 10−6 mol/L. After incubating for 12 min, the fluorescence emission spectra with dif-
ferent dopamine hydrochloride concentrations was recorded. The fluorescence quenching
of the MIP@ZnS QDs in the system is calculated by the Stern-Volmer equation [51]:

F0/
F − 1 = Ksv[Q] (1)
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F0 is the initial fluorescence intensity in the absence of the dopamine hydrochloride
molecule; F is the fluorescence intensity with dopamine hydrochloride; Ksv is the quenching
constant of the equation; Q is the concentration of the dopamine hydrochloride. The
degree of quenching of the prepared MIP@QDs by dopamine hydrochloride molecules is
represented by ∆F (∆F = F0/F − 1).

3.6. Selective Experiment

p-Aminophenol, pyrocatechol, and carbamide were used as structural analogues to
conduct the selectivity experiments. Dopamine hydrochloride, p-aminophenol, pyrocate-
chol and carbamide stock solution were prepared. After ultrasonic dispersion, 5 mL of the
MIP@ZnS QDs and NIP@ZnS QDs dispersed solution is taken into a 10-mL calibrated test
tube. Then, a certain amount of the structural analogues standard solution was added and
diluted to 1.0 × 10−8~1.0 × 10−6 mol/L. After incubation that lasted 12 min, the changes
in fluorescence intensity of samples were measured. The imprinting factor (IF) of MIP@ZnS
QDs for each compound was calculated as follows:

IF = KSV,MIP/KSV,NIP (2)

KSV,MIP and KSV,NIP are the quenching constants of MIP@ZnS QDs and NIP@ZnS QDs
in different substance solutions, respectively.

3.7. Real Sample Analysis

Practical application is one of the important indicators to evaluate the prepared sensor.
The samples were collected from the urine of cattle, sheep and healthy volunteers. All
samples were filtered with 0.45 µm filter and stored in a 4 ◦C refrigerator. The prepared
MIP@ZnS QDs were dispersed in 10 mL sample solution. After incubation, the changes
of fluorescence intensity in the sample solutions were measured and the concentration of
dopamine hydrochloride in the samples was calculated. To further verify the reliability of
the method, a recovery test was conducted using standard addition method.

4. Conclusions

In this study, a molecular imprinted fluorescence sensor for dopamine hydrochloride
was successfully designed by combining water-soluble ZnS QDs with surface molecular
imprinting technology. After binding with dopamine hydrochloride molecules, MIP@ZnS
QDs undergo significant quenching and the quenching is proportional to the concentration
of the dopamine hydrochloride molecules. The constructed MIP@ZnS QDs sensor presents
high selectivity towards dopamine hydrochloride and has been successfully used for
real sample determination. The developed MIP@ZnS QDs based fluorescence sensor
has advantages such as simple operation, fast response, low cost, and high stability and
selectivity. It has great potential in food safety, biosensing, environmental protection, and
other fields.
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dopamine and its metabolites in brain microdialysates: Method combining freeze-drying with liquid chromatography–tandem
mass spectrometry. J. Chromatogr. 2011, 1218, 3382–3391. [CrossRef]

12. Feng, S.; Yan, M.; Xue, Y.; Huang, J.; Yang, X. An electrochemical sensor for sensitive detection of dopamine based on a
COF/Pt/MWCNT–COOH nanocomposite. Chem. Commun. 2022, 58, 6092–6095. [CrossRef] [PubMed]

13. Zhao, X.; Cui, Y.; He, Y.; Wang, S.; Wang, J. Synthesis of Multi-mode Quantum Dots Encoded Molecularly Imprinted Polymers
Microspheres and Application in Quantitative Detection for Dopamine. Sens. Actuators B-Chem. 2020, 304, 127265. [CrossRef]

14. Alivisatos, A.P. Semiconductor Clusters, Nanocrystals, and Quantum Dots. Science 1996, 271, 933–937. [CrossRef]
15. Arquer, F.P.G.D.; Talapin, D.V.; Klimov, V.I.; Arakawa, Y.; Sargent, E.H. Semiconductor quantum dots: Technological progress and

future challenges. Science 2021, 373, 8541. [CrossRef] [PubMed]
16. Zhang, Q.; Zhang, X.; Ma, F.; Zhang, C. Advances in quantum dot-based biosensors for DNA-modifying enzymes assay. Coordin.

Chem. Rev. 2022, 469, 214674. [CrossRef]
17. Ding, R.; Chen, Y.; Wang, Q.; Wu, Z.; Zhang, X.; Li, B.; Lin, L. Recent advances in quantum dots-based biosensors for antibiotics

detection. J. Pharm. Anal. 2022, 12, 355–364. [CrossRef]
18. Li, P.; Chen, X.; Wu, G.; Wang, Z.; Huang, C. Ascorbic Acid Sensor Based on CdS QDs@PDA Fluorescence Resonance Energy

Transfer. Molecules 2022, 27, 2097. [CrossRef]
19. Zrazhevskiy, P.; Sena, M.; Gao, X. Designing multifunctional quantum dots for bioimaging, detection, and drug delivery. Chem.

Soc. Rev. 2010, 39, 4326–4354. [CrossRef]
20. Preethi, M.; Viswanathan, C.; Ponpandian, N. Fluorescence quenching mechanism of P-doped carbon quantum dots as fluorescent

sensor for Cu2+ ions. Colloid Surf. 2022, 653, 129942. [CrossRef]
21. Haupt, K.; Linares, A.V.; Bompart, M.; Bui, B.T.S. Molecular Imprinting; Springer: New York, NY, USA, 2012; pp. 1–28.
22. BelBruno, J.J. Molecularly Imprinted Polymers. Chem. Rev. 2019, 119, 94–119. [CrossRef] [PubMed]
23. Zhao, G.; Zhang, Y.; Sun, D.; Yan, S.; Wen, Y.; Wang, Y.; Li, G.; Liu, H.; Li, J.; Song, Z. Recent Advances in Molecularly Imprinted

Polymers for Antibiotic Analysis. Molecules 2023, 28, 335. [CrossRef] [PubMed]
24. Zhang, X.; Tang, B.; Li, Y.; Liu, C.B.; Jiao, P.F.; Wei, Y.P. Molecularly imprinted magnetic fluorescent nanocomposite-based sensor

for selective detection of lysozyme. Nanomaterials 2021, 11, 1575. [CrossRef] [PubMed]
25. Yang, W.; Ma, Y.; Sun, H.; Huang, C.; Shen, X. Molecularly imprinted polymers based optical fiber sensors: A review. Trac-Trend

Anal. Chem. 2022, 152, 116608. [CrossRef]
26. Dong, C.; Shi, H.; Han, Y.; Yang, Y.; Wang, R.; Men, J. Molecularly imprinted polymers by the surface imprinting technique. Eur.

Polym. J. 2021, 145, 110231. [CrossRef]
27. Carter, S.R.; Rimmer, S. Surface Molecularly Imprinted Polymer Core–Shell Particles. Adv. Funct. Mater. 2004, 14, 553–561.

[CrossRef]

https://doi.org/10.1126/science.1105370
https://doi.org/10.1021/cr050263h
https://doi.org/10.1016/j.bios.2008.06.028
https://doi.org/10.1039/D2NJ01959K
https://doi.org/10.1373/49.10.1763
https://www.ncbi.nlm.nih.gov/pubmed/14500617
https://doi.org/10.1007/s00604-017-2357-2
https://doi.org/10.1093/carcin/bgac045
https://www.ncbi.nlm.nih.gov/pubmed/35616105
https://doi.org/10.1002/jssc.201501159
https://www.ncbi.nlm.nih.gov/pubmed/26732188
https://doi.org/10.1016/j.trac.2019.05.042
https://doi.org/10.1258/acb.2012.012112
https://www.ncbi.nlm.nih.gov/pubmed/23512172
https://doi.org/10.1016/j.chroma.2011.02.006
https://doi.org/10.1039/D2CC01376B
https://www.ncbi.nlm.nih.gov/pubmed/35502936
https://doi.org/10.1016/j.snb.2019.127265
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1126/science.aaz8541
https://www.ncbi.nlm.nih.gov/pubmed/34353926
https://doi.org/10.1016/j.ccr.2022.214674
https://doi.org/10.1016/j.jpha.2021.08.002
https://doi.org/10.3390/molecules27072097
https://doi.org/10.1039/b915139g
https://doi.org/10.1016/j.colsurfa.2022.129942
https://doi.org/10.1021/acs.chemrev.8b00171
https://www.ncbi.nlm.nih.gov/pubmed/30246529
https://doi.org/10.3390/molecules28010335
https://www.ncbi.nlm.nih.gov/pubmed/36615529
https://doi.org/10.3390/nano11061575
https://www.ncbi.nlm.nih.gov/pubmed/34203859
https://doi.org/10.1016/j.trac.2022.116608
https://doi.org/10.1016/j.eurpolymj.2020.110231
https://doi.org/10.1002/adfm.200305069


Molecules 2023, 28, 3646 13 of 14

28. Sun, P.; Wang, Y.; Yang, S.; Sun, X.; Peng, B.; Pan, L.; Jia, Y.; Zhang, X.; Nie, C. Molecularly Imprinted Polymer Nanospheres with
Hydrophilic Shells for Efficient Molecular Recognition of Heterocyclic Aromatic Amines in Aqueous Solution. Molecules 2023,
28, 2052. [CrossRef]

29. Zhang, W.; Zhang, Y.; Wang, R.; Zhang, P.; Zhang, Y.; Randell, E.; Zhang, M.; Jia, Q. A review: Development and application
of surface molecularly imprinted polymers toward amino acids, peptides, and proteins. Anal. Chim. Acta 2022, 1234, 340319.
[CrossRef]

30. Suryana, S.; Mutakin, M.; Rosandi, Y.; Hasanah, A.N. Molecular Dynamic Study of Mechanism Underlying Nature of Molecular
Recognition and the Role of Crosslinker in the Synthesis of Salmeterol-Targeting Molecularly Imprinted Polymer for Analysis of
Salmeterol Xinafoate in Biological Fluid. Molecules 2022, 27, 3619. [CrossRef]

31. Chen, Y.; Zhao, F.; Zeng, B. Fabrication of surface molecularly imprinted electrochemical sensor for the sensitive quantification of
chlortetracycline with ionic liquid and MWCNT improving performance. Talanta 2022, 239, 123130. [CrossRef]

32. Zhang, X.; Yang, S.; Jiang, R.; Sun, L.; Pang, S.; Luo, A. Fluorescent molecularly imprinted membranes as biosensor for the
detection of target protein. Sens. Actuators B-Chem. 2018, 254, 1078–1086. [CrossRef]

33. Chen, X.; Liu, Y.; Li, P.; Xing, Y.; Huang, C. Molecularly Imprinted Silica-Coated CdTe Quantum Dots for Fluorometric
Determination of Trace Chloramphenicol. Molecules 2021, 26, 5965. [CrossRef] [PubMed]

34. Chullasat, K.; Nurerk, P.; Kanatharana, P.; Davis, F.; Bunkoed, O. A facile optosensing protocol based on molecularly imprinted
polymer coated on CdTe quantum dots for highly sensitive and selective amoxicillin detection. Sens. Actuators B-Chem. 2018, 254,
255–263. [CrossRef]

35. Tan, L.; Guo, M.; Tan, J.; Geng, Y.; Huang, S.; Tang, Y.; Su, C.; Lin, C.; Liang, Y. Development of high-luminescence perovskite
quantum dots coated with molecularly imprinted polymers for pesticide detection by slowly hydrolysing the organosilicon
monomers in situ. Sens. Actuators B-Chem. 2019, 291, 226–234. [CrossRef]

36. Bai, J.; Chen, L.; Zhu, Y.; Wang, X.; Wu, X.; Fu, Y. A novel luminescence sensor based on porous molecularly imprinted
polymer-ZnS quantum dots for selective recognition of paclitaxel. Colloid. Surf. 2021, 610, 125696. [CrossRef]

37. Zhang, R.R.; Gan, X.T.; Xu, J.J.; Pan, Q.F.; Liu, H.; Sun, A.L.; Shi, X.Z.; Zhang, Z.M. Ultrasensitive electrochemiluminescence
sensor based on perovskite quantum dots coated with molecularly imprinted polymer for prometryn determination. Food Chem.
2022, 370, 131353. [CrossRef]

38. Sapsford, K.E.; Berti, L.; Medintz, I.L. Materials for fluorescence resonanceenergy transfer analysis: Beyond traditional donorac-
ceptor combinations. Angew. Chem. Int. Ed. 2006, 45, 4562–4589. [CrossRef]

39. Tan, L.; Kang, C.; Xu, S.; Tang, Y.W. Selective room temperature phosphorescence sensing of target protein using Mn-doped ZnS
QDs-embedded molecularly imprinted polymer. Biosens. Bioelectron. 2013, 48, 216–223. [CrossRef]

40. Yang, J.; Lin, Z.Z.; Zhong, H.P.; Chen, X.M.; Huang, Z.Y. Determination of leucomalachite green in fish using a novel MIP-coated
QDs probe based on synchronous fluorescence quenching effect. Sens. Actuators B-Chem. 2017, 252, 561–567. [CrossRef]

41. Chung, J.H.; Ah, C.S.; Jang, D.-J. Formation and distinctive decay times of surface-and lattice-bound Mn2+ impurity luminescence
in ZnS nanoparticles. J. Phys. Chem. 2001, 105, 4128–4132. [CrossRef]

42. Zeng, Y.; Zhou, Y.; Kong, L.; Zhou, T.; Shi, G. A novel composite of SiO2-coated graphene oxide and molecularly imprinted
polymers for electrochemical sensing dopamine. Biosens. Bioelectron. 2013, 45, 25–33. [CrossRef] [PubMed]

43. Abu-Alsoud, G.F.; Hawboldt, K.A.; Bottaro, C.S. Comparison of four adsorption isotherm models for characterizing molecular
recognition of individual phenolic compounds in porous tailor-made molecularly imprinted polymer films. ACS Appl. Mater.
Interfaces 2020, 12, 11998–12009. [CrossRef]

44. Zaidi, S.A. Development of molecular imprinted polymers based strategies for the determination of Dopamine. Sens. Actuators
B-Chem. 2018, 265, 488–497. [CrossRef]

45. Weng, S.H.; Liang, D.; Qiu, H.Z.; Liu, Z.G.; Lin, Z.; Zheng, Z.F.; Liu, A.L.; Chen, W.; Lin, X.H. A unique turn-off fluorescent
strategy for sensing dopamine based on formed polydopamine (pDA) using graphene quantum dots (GQDs) as fluorescentprobe.
Sens. Actuators B-Chem. 2015, 221, 7–14. [CrossRef]

46. Yuan, Q.; Liu, Y.; Ye, C.; Sun, H.; Dai, D.; Wei, Q.; Lai, G.; Wu, T.; Yu, A.; Fu, L. Highly Stable and Regenerative Graphene–Diamond
Hybrid Electrochemical, Biosensor for Fouling Target Dopamine Detection. Biosens Bioelectron. 2018, 111, 117–123. [CrossRef]
[PubMed]

47. Mu, Q.; Xu, H.; Li, Y.; Ma, S.; Zhong, X. Adenosine capped QDs based fluorescent sensor for detection of dopamine with high
selectivity and sensitivity. Analyst 2014, 139, 93. [CrossRef]

48. Diaz-Diestra, D.; Thapa, B.; Beltran-Huarac, J.; Weiner, B.R.; Morell, G. L-cysteine capped ZnS:Mn quantum dots for room-
temperature detection of dopamine with high sensitivity and selectivity. Biosens. Bioelectron. 2017, 87, 693–700. [CrossRef]

49. Carrillo-Carrión, C.; Cárdenas, S.; Simonet, B.M.; Valcárcel, M. Selective Quantification of Carnitine Enantiomers Using Chiral
Cysteine-Capped CdSe(ZnS) Quantum Dots. Anal. Chem. 2009, 81, 4730–4733. [CrossRef]

https://doi.org/10.3390/molecules28052052
https://doi.org/10.1016/j.aca.2022.340319
https://doi.org/10.3390/molecules27113619
https://doi.org/10.1016/j.talanta.2021.123130
https://doi.org/10.1016/j.snb.2017.07.205
https://doi.org/10.3390/molecules26195965
https://www.ncbi.nlm.nih.gov/pubmed/34641509
https://doi.org/10.1016/j.snb.2017.07.062
https://doi.org/10.1016/j.snb.2019.04.079
https://doi.org/10.1016/j.colsurfa.2020.125696
https://doi.org/10.1016/j.foodchem.2021.131353
https://doi.org/10.1002/anie.200503873
https://doi.org/10.1016/j.bios.2013.04.024
https://doi.org/10.1016/j.snb.2017.06.042
https://doi.org/10.1021/jp002692j
https://doi.org/10.1016/j.bios.2013.01.036
https://www.ncbi.nlm.nih.gov/pubmed/23454339
https://doi.org/10.1021/acsami.9b21493
https://doi.org/10.1016/j.snb.2018.03.076
https://doi.org/10.1016/j.snb.2015.06.093
https://doi.org/10.1016/j.bios.2018.04.006
https://www.ncbi.nlm.nih.gov/pubmed/29660582
https://doi.org/10.1039/C3AN01592K
https://doi.org/10.1016/j.bios.2016.09.022
https://doi.org/10.1021/ac900034h


Molecules 2023, 28, 3646 14 of 14

50. Wang, H.F.; He, Y.; Ji, T.R.; Yan, X.P. Surface molecular imprinting on Mn-doped ZnS quantum dots for room-temperature
phosphorescence optosensing of pentachlorophenol in water. Anal. Chem. 2009, 81, 1615–1621. [CrossRef] [PubMed]

51. Zhang, X.; Yang, S.; Sun, L.; Luo, A. Surface-imprinted polymer coating L-cysteine-capped ZnS quantum dots for target protein
specific recognition. J. Mater. Sci. 2016, 51, 6075–6085. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ac802375a
https://www.ncbi.nlm.nih.gov/pubmed/19170523
https://doi.org/10.1007/s10853-016-9914-7

	Introduction 
	Results and Discussion 
	Preparation of MIPs@ZnS QDs 
	Characterization 
	Effect of the Monomer on MIP@ZnS QDs 
	Effect of pH on MIP@ZnS QDs 
	Response Time 
	Determination of Dopamine Hydrochloride by MIP@ZnS QDs 
	Selective Experimental Methods 
	Application 
	Recyclability and Stability 

	Materials and Methods 
	Instruments and Reagents 
	Preparation of Cysteine Modified Mn2+: ZnS QDs 
	Preparation of MIP@ZnS QDs 
	Effect of pH on MIP@ZnS QDs 
	Determination of Dopamine Hydrochloride Using MIP@ZnS QDs 
	Selective Experiment 
	Real Sample Analysis 

	Conclusions 
	References

