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Abstract: Oxytetracycline (OTC) is an environmental pollutant caused by the abuse of antibiotics, and
its content in water is closely related to human health. Therefore, the development of a simple, rapid,
and accurate method to detect OTC has become desirable. In this work, a ratiometric fluorescence
probe based on deep red emissive CdTe quantum dots (QDs) modified by mercaptopropionic acid
and Eu3* is developed to accurately and rapidly detect OTC in water. After the addition of OTC, the
photoluminescence intensity of CdTe QDs at 698 nm remains almost unchanged, while the peak at
617 nm intensifies within 40 s due to the coordination of Eu** with OTC. An excellent linear relation-
ship is present between the photoluminescence intensity ratio of Is17/I498 and the concentration of
OTC. The limit of detection of the probe towards OCT is 5.4 nM. In addition, the probe shows good
selectivity and anti-interference ability for OTC in the presence of other antibiotics, including other
antibiotics, ions, and amino acids. The probe has been successfully applied to detect OTC in actual
samples, demonstrating its potential for environmental application.

Keywords: oxytetracycline; ratiometric fluorescence probe; CdTe quantum dots; Eu3*

1. Introduction

Oxytetracycline (OTC) is widely used in agriculture and aquaculture as a growth
promoter. Unfortunately, OTC residues in soil and water affect animals, plants, and human
health through the ecological cycle [1]. Several approaches have been developed to detect
OTC, such as high-performance liquid chromatography, enzyme-linked immunosorbent
assays, liquid chromatography-mass spectrometry, molecular imprinted electrochemical
sensing, plasmonic sensors, surface-enhanced Raman spectroscopy, and aptasensors [2-8].
However, these analysis methods have strict requirements for operators and instruments,
and the analysis process is complex. Therefore, there is an urgent need to develop simple,
rapid, and accurate means to detect OTC residues in the environment.

As a new sensing technology, fluorescence-based sensing has been developed rapidly
in recent years due to its advantages of fast response speed and simple operation [9-11].
Some fluorescent materials, such as small organic molecules, polymers, carbon dots (CDs),
metal-organic frameworks (MOFs), semiconductor quantum dots, etc., are used to detect
tetracycline (TC) antibiotics [12-14]. Zhuang et al. have designed a novel organic fluorescence
probe based on conjugated tetraphenylethylene polymers with a limit of detection (LOD) of
1.23 pg/mL, whose fluorescence can be quenched by tetracycline through the photoinduced
electron transfer (PET) mechanism [15]. Yan et al. also prepared yellow-green emissive CDs
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at room temperature by amine-aldehyde condensation and applied them as a fluorescence
probe to detect TC through the inner filter effect (IFE) with a LOD of 6.0 uM [16]. Besides
this, Liu et al. designed two kinds of MOFs as fluorescence probes to detect the various TCs
in water and egg. In the presence of TCs, the fluorescence of MOFs was quenched through
fluorescence resonance energy transfer (FRET), IFE, and PET mechanisms [17]. Nevertheless,
most of the above-mentioned fluorescent probes are based on quenching of the fluorescence
signals. However, several factors, including temperature, probe concentration, solution pH,
etc., can affect the fluorescence intensity of the probe [18]. Therefore, fluorescent probes
based on quenching of a single fluorescence signal are prone to false positive results. In
contrast, ratiometric fluorescent probes have better accuracy and sensitivity determination
than fluorescence quenching probes [19-21].

CdTe quantum dots (CdTe QDs) have the advantages of high fluorescence quantum
yield, good photostability, and adjustable emission wavelength. Hence, they are often used
as fluorescent probes to detect metal ions and some small organic molecules [22-24]. For
example, Hua et al. reported a kind of CdTe QDs with near-infrared (NIR) emission at
713 nm to selectively detect uranyl ions with a LOD of 7.88 nM. The fluorescence quenching
of CdTe QDs was attributed to the coordination interaction between sulfur groups on the
surface of CdTe QDs and uranium ions [25]. Fan et al. exploited a visual fluorescent probe
based on CdTe QDs with emission at 580 nm for the detection of aminoglycoside antibiotics
(NEO). With the addition of NEO, the fluorescence intensity of CdTe QDs was gradually
quenched, and the emission wavelength shifted from 580 to 617 nm on account of the
hydrogen bond interaction [26]. Besides, Eu’t, asa representative metal of the lanthanide
series, is often applied as a response group to construct ratiometric probes with other
fluorescence materials due to its bright red emission, narrow full-width at half-maximum,
and low interference [27-29].

In this work, we have constructed a ratiometric fluorescence probe based on deep
red emissive CdTe QDs modified by mercaptopropionic acid (MPA) and Eu®* for rapid
and accurate detection of OTC in aqueous environmental samples (Figure 1). After adding
0 to 10 uM OTC gradually, the photoluminescence intensity of CdTe QDs at 698 nm
hardly changed, while that of Eu3* enhanced within 40 s, attributable to the coordination
interaction between Eu®* and OTC, which is beneficial to sensitize Eu** by energy transfer
from OTC to Eu®*. Besides, the bright deep red emission of CdTe QDs can contribute to
reducing the background interference. Moreover, the photoluminescence ratio of I17/Ig98
and the concentration of OTC exhibited an excellent linear relationship. This probe shows
the potential practical application because of its excellent selectivity, good recovery rate
(93.9-112.3%), rapid response within 40 s, and great sensitivity (LOD of 5.4 nM).
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Figure 1. (a) Synthetic route of CdTe QDs. (b) Construction of ratiometric fluorescence probe and its
application for OTC detection.
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2. Experimental
2.1. Materials and Instrumentation

Te powder, CdCl,-2.5H,0, EuCl;-6H,0, KCl, MgSO,, NayCO3, AI(NO3)3, L-aspartic
acid (L-Asp), L-cysteine (L-Cys), L-tyrosine (L-Tyr), and L-lysine (L-Lys) were obtained
from Titan Co. Ltd (Shanghai, China). OTC, TC, doxycycline hydrochloride (DC), chlorte-
tracycline hydrochloride (CITC), chloramphenicol (CIMC), amoxicillin (AMC), ampicillin
(APC), gentamicin sulfate (GTMC), roxithromycin (RMX), and kanamycin sulfate (KNMC)
were purchased from Heowns Co. Ltd (Tianjin, China). Metronidazole (MTZ) and tinida-
zole (TNZ) were obtained from Macklin Biochemical Technology Co. Ltd (Shanghai, China).
NaBH,4 and MPA were purchased from TCI Chemical Co. Ltd (Shanghai, China).

Transmission electron microscopy (TEM) was performed on Talos F200X TEM (Thermo
Fisher Scientific, Waltham, MA, US). Fourier transform infrared (FTIR) spectra were mea-
sured on a Nicolet iS20 IR spectrometer (Thermo Fisher Scientific, America). RF-6000 spec-
trophotometer and UV-2600 spectrophotometer (Thermo Fisher Scientific, America) were
used to measure the fluorescence and UV-vis absorption spectra, respectively. (-potentials
were measured by using ZetaPALS (Brookhaven Instruments Corporation, Holtsville, NY,
USA). Luminescence lifetimes were performed on the Edinburgh FLS1000 fluorescence
spectrograph (Edinburgh, England).

2.2. Synthesis of CdTe QDs

CdTe QDs were prepared according to the procedure presented in detail in our work [30].
In brief, Te powder (0.06 g), NaBH, (0.1 g), and ultrapure water (10 mL) were mixed into a
three-necked flask. The resultant black mixture was reacted for 8 h under the N, atmosphere
in an ice bath. The NaHTe precursor was obtained in the liquid supernatant.

210 uL. MPA and 0.228 g CdCl,-2.5H,0 were added to a 100 mL three-necked flask, and
the solution pH was adjusted to 9. Next, the solution was bubbled with N for 30 min to
remove the soluble oxygen. Then, NaHTe precursor was added to the above mixture, and the
resulting solution was kept at 100 °C for 48 h under a N, atmosphere to obtain CdTe QDs.
The CdTe QDs were precipitated by acetone and dissolved into 100 mL ultrapure water.

2.3. OTC Detection

The ratiometric fluorescence probe CdTe QDs-Eu®* was designed by reacting 10 uL
CdTe QDs, 0.3 mM Eu?*, and 2 mL HEPEs buffer solution (pH = 7.1). Various concentrations
of OTC, ranging from 0 to 10 uM, were added into the probe solution during sensing
experiments to detect OTC. The photoluminescence spectra were collected at 390 nm
excitation wavelength.

2.4. OTC Recovery Experiment

The actual OTC samples (2 mM) were prepared with river water and tap water.
Amounts of 3 uM, 5 uM, and 8 uM practical samples were added to the probe for recovery.

3. Results and Discussion
3.1. Characterization of CdTe QDs

Deep red fluorescent CdTe QDs modified by MPA were prepared by following
Figure 1a. CdTe QDs was prepared by cheap and readily available materials (Te pow-
der, CdCl,-2.5H,0, and MPA) under mild, controlled reaction conditions, which possess
good water solubility and are environmentally friendly. The morphology and particle
size distribution of CdTe QDs were investigated by TEM. As seen in Figure 2a, CdTe
QDs were uniformly distributed. The surface functional groups of CdTe QDs were deter-
mined by the FTIR spectrum. As observed in Figure 2b, CdTe QDs show a strong peak at
3406 cm ™!, attributed to the stretching vibration of the hydroxyl group of MPA. Two strong
and sharp peaks are also evident at ~1560 cm ! and 1400 cm !, ascribed to the C=0O and
C-O bonds of the MPA carboxyl group, respectively. The characteristic peak in the FTIR
spectrum further proved that the surface of CdTe QDs is rich in —COOH groups, helpful in
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enhancing its hydrophilicity. The three obvious diffraction peaks at 25.2°, 42.3°, and 49.8°
observed in the XRD pattern of CdTe QDs, as exhibited in Figure S1, are assigned to (111),
(220), and (311) planes of CdTe QDs.
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Figure 2. (a) TEM image and (b) FTIR spectrum of CdTe QDs. (c) Absorption (blue), excitation (black),
and emission (red) spectra of CdTe QDs. Insets show the solution pictures of CdTe QDs under natural
light (left) and 365 nm UV light (right). (d) Excitation wavelength-dependent photoluminescence
spectra of CdTe QDs.

The absorption and photoluminescence spectra of CdTe QDs are shown in Figure 2c.
CdTe QDs show no obvious absorption peak. However, at 390 nm wavelength excitation,
CdTe QDs displayed a strong emission peak at 690 nm. The CdTe QDs aqueous solution is
clear and transparent brown and yellow under natural light, while it emits a bright deep red
fluorescence under the UV lamp irradiation at 365 nm. At different excitation wavelengths
from 360 to 480 nm, the emission maximum peak did not shift, but the photoluminescence
intensity gradually decreased (Figure 2d), matching the excitation spectrum.

3.2. Ratiometric Fluorometric Detection for OTC

The mixed solution of CdTe QDs and Eu®* was used as a ratiometric fluorescence
probe to detect OTC. As observable in Figure 3a, upon increasing the concentration of
OTC from 0 to 10 uM, the emission peak of CdTe QDs decreased slightly, which can be
ignored. As expected, the Eu®* emission at 617 nm enhanced gradually. The intensity
ratio of I417/Ig0s exhibited a good linear relationship (R? = 0.999) with the concentration of
OTC in the 0-10 uM range (Figure 3b). During the titration with successive increments of
OTC concentration, the absorption peak of CdTe QDs at 386 nm gradually increased, as
shown evident from absorption spectra in Figure 3c. Similarly, a good linear relationship
(R% = 0.992) between the absorbance at 386 nm and OTC concentration was obtained
(Figure 3d). The LOD of CdTe QDs-Eu®* towards OTC was calculated to be 5.4 nM after
five parallel experiments, which is lower than most fluorescent probes used for OTC
(Table 1). These results demonstrate that CdTe QDs can detect OTC with high accuracy
and sensitivity.
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Figure 3. (a) Photoluminescence and (c) absorption spectra of mixed CdTe QDs and Eu’* solution
upon addition of (0-10) uM OTC with the concentration interval of 1 uM. The linear relationship
graph of (b) I417/Ig98 and (d) absorbance at 386 nm with increasing concentration of OTC.

Table 1. Comparison of different fluorescent probes for TCs detection.

Probe Flug;;;caelnce Analyte Wavelength (nm)  Time (min) LOD (nM) Reference
CdS QDs Turn off TC 535 5 7.78 [31]
TC, OTC, DC,
NIR-CDs Turn off CITC 680 60 500 [32]
UJN-Cu2 Turn off TC 578 None 2.30 x 10° [33]
DPA-Ce-GMP-Eu Ratiometric TC 415; 615 2 6.6 [34]
N,S-CDs Turn off TC, CITC, OTC, 440 None 15.6, 36.4,40.7 [35]
Cu-CDs—COOH-Eu Ratiometric TC 467, 625 1 36.1 [36]
CDs-AP Turn off TC 488 10 0.7 [37]
R-CDs Turn on TC, OTC, CITC 612 2 12,23,25 [38]
g-C3N4/Eu3+ Ratiometric TC 441, 618 10 6.5 [39]
S,N-CDs Turn off TC, DC, OTC 440 0.5 250, 390, 260 [40]
Ce-N-CDs Turn off DC 440 5 250 [41]
CdTe QDs-Eu3+ Ratiometric OTC 617, 698 0.67 54 This work

3.3. Mechanism of OTC Detection

In order to explore the detection mechanism of OTC, the response of CdTe QDs
and Eu*" was investigated individually towards different concentrations of OTC. The
photoluminescence intensity of CdTe QDs somewhat decreased (Figure 4a), while the
absorption peak at 356 nm, which belongs to OTC, increased (Figure 4b) upon adding OTC
solutions of increased concentrations from 0 to 10 M. These observations imply that mixing
CdTe QDs with OTC produces no new substance. In contrast, a new fluorescence peak
at 617 nm emerged and intensified with 0-10 uM OTC addition due to the coordination
between the Eu** and OTC (Figure 4c) [42]. Thus, OTC serves as the antenna ligand
exerting the antenna effect and transferring the energy to Eu>* [43]. The newly generated
absorption peak at 386 nm in Figure 4d also indicates that a new complex is formed after
adding OTC into the Eu®* solution, which is discrepant with the absorption at 356 nm of
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OTC (Figure 4b). This peak is consistent with the absorption titration response peak of the
fluorescent probe with OTC, evident in Figure 4c.
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Figure 4. Photoluminescence and absorption spectra of CdTe QDs (a,b) and Eu’* (c,d) upon the
addition of different concentrations of OTC in the range of 0 to 10 uM with the concentration interval
of 1 uM.

To further verify our inference, we also tested the zeta potential of CdTe QDs, CdTe
QDs-Eu®*, and CdTe QDs-Eu®*-OTC (Table S1), which was —17.0 mV, 30.9 mV, and 28.6 mV,
respectively, demonstrating that the probe was formed through the electrostatic attraction
between -COOH groups of CdTe QDs and Eu®*. After adding OTC, Eu3* can stabilize
the electron-rich groups of OTC by forming coordination bonds. Moreover, the lifetime
of the probe at 617 nm was 26.3 ns, which increased to 35.6 ps in the presence of OTC
(Figure S2) because of the sensibilization of OTC by Eu®*, which further confirmed the
energy transfer between OTC and Eu®*. The FTIR analysis (Figure S3) also corroborates
the above conclusion.

3.4. Time and pH-Dependent Response

The response speed and pH-dependency of the probe for OTC detection were explored
by testing the response time of the probe at different concentrations of OTC and different
pH. As shown in Figure 5a, the photoluminescence intensity of the probe at 617 nm and
698 nm remained nearly constant after 40 s for 5 uM OTC solution at pH 7.1. The point
plot in Figure 5b also illustrates that the photoluminescence ratio of I17/Igog at different
concentrations of OTC (3 uM, 5 uM, and 8 uM) in pH 7.1 HEPEs buffer solution also
stabilized after 40 s (Figure S4). Similarly, the reaction of the probe and 5 uM OTC was also
accomplished in 40 s at various pH (6.8,7.1,7.4,7.7, 8.0, and 8.2) in Figure 5c. However,
the pH change from 6.8 to 8.2 resulted in a significant decrease in Ig17/Ig9g ratio due to
the increased photoluminescence intensity of CdTe QDs at 698 nm in alkaline conditions
(Figure 5d). HEPEs bulffer solution (pH = 7.1) was used to dilute the probe, so the adding
of OTC aqueous solution has little effect on the pH of the probe solution. The above results
demonstrate that the probe CdTe QDs-Eu3" can rapidly and sensitively detect OTC in
neutral conditions.
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Figure 5. (a) Changes in photoluminescence of probe solution in the presence of 5 pyM OTC with
reaction time increasing from (0 to 360) s. Point plot of I517/Igeg of the probe for OTC detection at
various concentrations of OTC (3 pM, 5 uM, and 8 uM) (b) and different pH (6.8-8.2) (c). (d) pH
influence on probe response towards 5 uM OTC.

3.5. Selectivity and Anti-Interference

The selectivity of probe CdTe QDs-Eu®* towards OTC and the effect of interfering
species were also studied by introducing other antibiotics, cations, anions, and amino acids
during the sensing experiment. As shown in Figure 6, this probe only responded to TCs,
including OTC, TC, DC, and CITC. At the same time, in the presence of other interfering
substances (ions and amino acids), OTC was still able to significantly enhance the ratio of
I417/ 1608, which was comparable to the control group. The specific response of the probe
to TCs originates because Eu3* can form coordination bonds with TCs possessing rich
electron-donating groups, such as 3-diketone moieties, acetamides, and hydroxyl groups.
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Figure 6. Selectivity and anti-interference ability of probe for OTC detection in the presence of other
antibiotics (a), cations, anions, and amino acids (b).

3.6. Real Samples Analysis

The detection ability of the CdTe QDs-Eu3* probe towards OTC was also demonstrated
in actual water samples. As shown in Table 2, the recovery of different concentrations of
OTC (3 uM, 5 uM, 8 uM) from river water and tap water were in the range of 93.9% to
112.3%, respectively, demonstrating the feasibility of using the CdTe QDs-Eu®* probe to
detect OTC accurately and sensitively.
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Table 2. Detection of OTC in real samples.
Practical Samples Added (uM)  Detected (uM) Recovery (%) RSD (n =3)

3 3.04 101.3 0.046

River water 5 5.19 103.8 0.145

8 7.51 93.9 0.176

3 3.37 112.3 0.141

Tap water 5 5.15 103.0 0.095

8 7.73 96.6 0.130

4. Conclusions

In this work, we constructed a ratiometric fluorescence probe consisting of deep-red
emissive CdTe QDs and Eu?* to selectively and rapidly detect OTC with a low LOD of
5.4 nM. Upon the introduction of 0 to 10 uM OTC into the probe solution, the photolumines-
cence intensity of CdTe QDs almost remained unchanged, whereas the photoluminescence
emission peak at 617 nm was generated and intensified due to the energy transfer from
OTC to Eu®* through coordination bonds. The photoluminescence intensity ratio Is;7/Igos
presented a good linear relationship with the concentration of OTC (R? = 0.999). The
selectivity, anti-interference capability, and good actual sample recovery demonstrated the
potential of this probe as a promising platform for specific and accurate detection of OTC
in a practical environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11010062/s1, Figure S1: The XRD pattern of CdTe
QDs, Figure S2: The lifetime of CdTe QDs-Eu3+ and CdTe QDs-Eu3+-OTC at 617 nm, Figure S3: The
FTIR spectra of CdTe QDs, CdTe QDs-Eu3+, and CdTe QDs-Eu3+-OTC, Figure S4: The fluorescence
spectra of probe for OTC detection at different concentration of OTC at 3 pM (a), 5 uM (b), and 8 uM (c)
with reaction time changing from 0 to 360 s, Figure S5: The fluorescence spectra of probe for OTC detec-
tion at different pH at 6.8 (a), 7.1 (b), 7.4 (c), 7.7 (d), 8.0 (e), and 8.2 (f) with reaction time changing from
(0 to 360) s, Table S1: The zeta potential of CdTe QDs, CdTe QDs-Eu3+ and CdTe QDs-Eu3+-OTC.
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