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Abstract: Tetracycline (TC) is a broad-spectrum antibiotic that has been widely used in numerous
infection treatment due to its strong inhibitory effect on pathogenic microorganisms, low toxicity
and low-cost. However, the abuse of TC may cause its residues in foods, such as meat and milk.
Intake of these TC-contaminated foods could promote bacterial resistance to antibiotics. In this work,
we report a simple and low-cost nanoprobe for TC detection with high selectivity and sensitivity.
The nanoprobe is developed by chelating europium (III) ion onto the surface of silica nanoparticles
(SiNPs-Eu®). The p-diketone configuration of TC can further coordinate with surface Eu® steadily,
then absorb and transfer the excitation energy to Eu® via “antenna effect” upon UV light irradiation.
The SiNPs-Eu®* nanoprobe shows weakly luminescent in buffer solution. In the presence of TC, a
strong emission at 615 nm is observed upon the excitation at 390 nm. This SiNPs-Eu®** nanoprobe is
featured with a wide linear range (100 nM - 5 uM), high sensitivity (limit of detection, 10 nM), quick
response (75 min), allowing it to be potential used for TC detection in real-world samples.
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1. Introduction

Tetracycline (TC) is a huge family of antibiotics that mainly used for infection treat-
ment, such as acne, brucellosis, cholera, malaria, plague and syphilis. This antibiotic has
been widely utilized around the world due to its broad spectral activity pathogenic mi-
croorganisms, low toxicity and low-cost [1]. TC has been described as a generic medica-
tion by the World Health Organization (WHO). However, residues of TC in meats [2],
milk [3] and honey [4] have been one of the key food safety issue because consuming large
amounts of TC contaminated foods could cause a series of side effects, such as allergic
reactions [5] and potentially promote the development and distribution of bacterial re-
sistance to antibiotics [6]. The maximum residue limits (MRLs) of TC have thus been es-
tablished in numerous countries to minimize the health impacts. Therefore, detection of
TC in real-world samples is necessary for strict management of this antibiotic but remains
challenging due to the lack of robust methods. In the past few years, a number of methods
have been reported for TC detection, such as capillary electrophoresis [4], chemilumines-
cence [7], dipstick colorimetric method [8] and high-performance liquid chromatography
[9,10], and photoluminescence [11-13]. Of these methods, photoluminescence analysis us-
ing responsive probe molecules and/or nanoparticles have attracted considering attention
due to its high sensitivity, selectivity, and simplicity [14-16].

Specific interaction/binding/reaction between TC and the probe’s recognition unit is
key consideration for the development of responsive probes for TC detection. In consid-
ering of the specific coordination of TC’s 3-diketone configuration with europium (Eu?)
ion, the responsive probes for TC detection can be readily developed by a Eu’* function-
alized nanostructure. As shown in Scheme 1, we report a Eu® functionalized silica nano-
probe (SiNPs-Eu®) for TC detection in this work. In this nanoprobe, the Eu® serves as both
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emitter and the recognition unit for TC coordination. The coordination of TC allows the
absorption of UV-vis light and then transfer the excitation energy to Eu® via “antenna
effect” [6,17-19]. The silica nanoparticle (S5iNPs) is served as solid support for Eu**, mini-
mizing the luminescence quenching by water molecules interference. The SiNPs-Eu®* na-
noprobe is weakly luminescent in buffer solution. In the presence of TC, a strong emission
at 615 nm is observed upon the excitation at 390 nm. This SiNPs-Eu®* nanoprobe was fea-
tured with a wide linear range (100 nM - 5 uM), high sensitivity (limit of detection, 10 nM),
quick response (75 min), allowing it to be potentially used for TC detection in real-world
samples.

2. Materials and Methods
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Scheme 1. Schematic illustration the design of luminescent SiNPs-Eu’ nanoprobe for tetracycline
(TC) detection.

2.1. Reagents and Instruments

Tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane (APTES), ammonia
solution (28 wt %), ethanol, europium chloride, 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC), citrate acid, dimethylformamide (DMF), and tetracycline (TC) were
purchased from Sigma-Aldrich. Unless stated, other chemicals and solvents were ob-
tained for commercial sources and were used without further purification. Mili-Q water
was used throughout. The morphology of SiNPs-Eu®* nanoprobe was characterized using
Hitachi HT7700 TEM operated at an acceleration voltage of 120 kV. The samples for TEM
images were dispersed in water and then dropped on a copper grid. Luminescence spectra
were reported using SHIMADZU RF-5301 PC spectrometer with excitation and emission
slits of 5 nm.

2.2. Synthesis of SiNPs-Eu** Nanoprobe

SiNPs were synthesized by the modified Stober method. Briefly, 420 pL ultrapure
water and 1 mL ammonia solution (28 wt %) were added into 20 mL absolute ethanol on
a stirrer for 0.5 h to prepare the base solution. Then, 1 mL TEOS and 53 uL. APTES were
slowly added into the base solution (TEOS/APTES with a molar ratio of 20:1). The mixture
was stirred for 6 h at 50 °C and 1 h at room temperature. After repeating the process of
centrifuge at 13,000 rpm for 5 min and wash with water for three times, the SiNPs (SiNPs-
NH-2) was obtained.
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To modify the surface of SINPs-NH2, 9 mg of citrate acid and 3 mg of EDC were
added into 11 mL water/dimethylformamide (DMF) mixture (volume ratio = 1:1) contain-
ing 55 mg SiNPs (concentration = 5 mg/mL). After being stirred at room temperature over-
night and washed with water, the nanoparticles in water (50 mg of SiNPs, 2.5 mg/mL) was
added with 0.5 mM Eu(NOs)s solution. The mixture was stirred overnight and then the
excess (uncoordinated) Eu® ions were removed by centrifugation and washing with water
for three times. The prepared SiNPs-Eu® nanoprobe was then dispersed in 50 mM Tris-
HCI buffer for further use.

2.3. General procedure for luminescence spectrometric analyses

For TC detection in aqueous solution, the SiNPs-Eu®* nanoprobe in 50 mM Tris-HCl
buffer was added with TC at concentration of 0 to 5 uM. The mixture was stirred at the
room temperature for 75 min before subjecting to spectrometric analysis. The calibration
curve was generated through plotting the emission intensities at 615 nm against the con-
centrations of TC.

3. Results and Discussion
3.1. Preparation and Characterization of the SiINPs-Eu3* Nanoprobe

Following the synthesis procedure of SiNPs by Stober method, the surface modifica-
tion by EDC chemistry, and the Eu®* coordination with surface carboxylate of citrate acid,
SiNPs-Eu® nanoprobe was prepared. The morphology of SiNPs-Eu®* nanoprobe was char-
acterized by TEM images. As shown in Figure 1A, the prepared nanoprobe was monodis-
perse, spherical and uniform in size. The size was determined to be 170 nm by TEM image
analysis (Figure 1B).
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Figure 1. Characterization of SiNPs-Eu® nanoprobe. TEM image (A) and size distribution (B) of
SiNPs-Eu® nanoprobe.

3.2. Optimization the Conditions for TC Detection in Aqueous Solution

Conditions for TC detection in aqueous solution, including pH and response time,
were first optimized prior to the TC detection. In 50 mM Tris-HCl buffer of different pH
(2 to 12), SiNPs-Eu® nanoprobe was added, followed by the addition of 5 uM TC. The
emission intensity at 615 nm was recorded after 75 min incubation. As shown in Figure
2A, in the absence of TC, the SiNPs-Eu’* nanoprobe exhibited weak luminescence in pH
2-12. In the presence of TC, the emission intensity was unchanged at pH < 3, which can be
attributed to limited coordination of Eu® of nanoparticle with TC due to the protonation
of citrate acid’s carboxylate. Obvious enhancement in luminescence was noticed in pH 4-
12, and highest luminescence intensity was obtained at pH 8.5, indicating the optimized
pH for TC detection is 8.5. In Tris-HCl buffer of pH 8.5, the time-dependent luminescence
response of SiNPs-Eu?* nanoprobe to TC was then investigated. As shown in Figure 2B, in
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the absence of TC, SiNPs-Eu®* nanoprobe showed weak and stable luminescence in Tris-
HCI buffer. Upon addition of TC, the emission intensity of SiNPs-Eu®** nanoprobe was
significantly increased, and the emission intensity reached plateau after 75 min incubation,
indicating the optimized response time is about 75 min.
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Figure 2. Emission intensities at 615 nm of SiNPs-Eu®/TC samples at different (A) pH condition
and (B) time point. (A) Luminescence intensity of 1 mg/mL SiNPs-Eu* nanoprobe in the presence
and absence of 5 uM TC in 50 mM Tris-HCl buffer of different pH. (B) Time-dependent lumines-

cence response of 1 mg/mL SiNPs-Eu* nanoprobe to 0 and 5 uM TC in 50 mM Tris-HCl buffer of
pH 8.5, respectively.

3.3. Spectrometric Analysis of TC in Aqueous Solution

Luminescence spectrometric response of SiNPs-Eu® nanoprobe to TC was then con-
ducted in Tris-HCI buffer of pH 8. The SiNPs-Eu® nanoprobe in Tris-HCI buffer was
added with different concentrations of TC and then the emission spectra were recorded
after 75 min incubation. As shown in Figure 3A, upon addition of TC at increasing con-
centrations, the emission intensity was increased gradually. The emission intensity of
SiNPs-Eu® nanoprobe at 615 nm exhibited a good linearity against the concentration of
TC in the range of 0 to 5 uM (Figure 3B). The detection limits, calculated as the concentra-
tion corresponding to three standard deviation of the background signal, is 10 nM. The

results indicate that the SiNPs-Eu®* nanoprobe can be used for sensitive TC detection in
aqueous solution.
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Figure 3. Luminescence response of SiNPs-Eu* nanoprobe to TC in 50 mM Tris-HCl buffer of pH
8.5. (A) Emission spectrum of 1 mg/mL SiNPs-Eu® nanoprobe in the presence of different concen-
tration of (TC concentrations are 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0

uM). (B) Emission intensities at 615 nm of SiNPs-Eu nanoprobe against the concentrations of TC.

4. Conclusion

In conclusion, a Eu® functionalized silica nanoparticle (SiNPs-Eu®) was developed
as the responsive luminescence probe for TC detection. The SiNPs-Eu®* nanoprobe was
developed based on the coordination of TC to Eu®* ions on the surface of silica nanoparti-
cle and the luminescence response mechanism of TC’s antenna effect. The SiNPs-Eu® na-
noprobe showed weak luminescence in the absence of TC, while significant enhancement
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of luminescence at 615 nm was obtained. The optimized TC detection condition was Tris-
HCI buffer of pH 8.5 and incubation time of 75 min. The SiNPs-Eu®* nanoprobe was fea-
tured high sensitivity (detection limit of 10 nM), which allowed future applications of this
nanoprobe for sensitive TC detection in real-world food samples.
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