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Abstract: A fluorescence adamantane three-dimensional porous organic framework (AdaPOF) was
synthesized via a Suzuki coupling reaction. The AdaPOF showed excellent fluorescence performance
with a relative high quantum yield and fluorescence stability. Due to its excellent selectivity to
tetracycline (TC), a fluorescence sensor based on AdaPOF was constructed for TC determination.
The selective sensing mechanism of the AdaPOF towards TC was studied by density functional
theory (DFT) calculation experiments. An AdaPOF-based fluorescence method for TC determination
was established, with the linear range of 0.1-9.0 umol/L (R% = 0.9959) and the limit of detection
(S/N = 3) of 43 nmol/L. Moreover, the fluorescence method was used to the determination of TC
in aquatic products and the recoveries were ranged from 94.4% to 103.8%. The results obtained by
this fluorescence method were consistent with those of the high-performance liquid chromatography
(HPLC) method in the TC determination.
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1. Introduction

Tetracycline (TC) is a kind of broad-spectrum antibiotic produced by actinomycetes
which has the advantage of low toxicity and easy absorption, meaning it is widely used in
the treatment of bacterial infections [1,2]. In addition, TC is also widely used in animal feed
as a drug additive to prevent bacterial infection and promote growth [3]. However, the
overuse or abuse of TC can cause bacterial resistance and create drug residues in animals.
Food pollution caused by TC residues not only seriously threatens human health, but also
has a huge impact on international trade. The illegal use of TC will also bring serious
pollution to the ecological environment [4]. Therefore, there is a strong need to establish an
analytical method for the determination of TC.

Several analytical methods have been developed for TC determination, including
high-performance liquid chromatography [5], high-performance liquid chromatography
tandem mass spectrometry [6] and the capillary electrophoresis method [7]. Although these
methods have high sensitivity and accuracy, they often suffer from time-consuming, com-
plicated experimental processes or the requirement of expensive equipment. Fluorescence
methods have attracted widespread attention due to their advantages of a fast response,
high sensitivity and simple equipment [8-10]. The fluorescence material plays an important
role in the sensitivity, selectivity and sensing speed of a fluorescence method [11,12]. There
are some reports on the determination of TC by sensors based on fluorescence materials,
such as carbon dots [13], Eu3*-functionalized silicon nanoparticles [14] and SYBR Green
I[15]. However, these methods have the disadvantages of poor selectivity and reusability.
Consequently, synthesis of new fluorescent materials to establish a fluorescence method
with a fast response, high sensitivity and repeatability is of great significance.

Porous organic frameworks (POFs) are a new kind of material formed by the coupling
or condensation reaction of organic precursors based on light elements, such as C, B, H,
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O and N [16-18]. It has great advantages in the application of fluorescence sensing. For
example, there are many delocalized 7 electrons in the framework, and its porous structure
can reduce fluorescence self-quenching behavior by promoting electron migration [19]. In
addition, POFs also has good stability and performance in being reused [20]. However,
the reported fluorescence sensor-based POFs are usually constructed by two-dimensional
POFs [21]. Compared with two-dimensional POFs, three-dimensional POFs have larger
surface area, more interconnected channels, superior stability and fully exposed active
sites [22-24], thus having greater application potential in the field of fluorescence sensing.

In this work, a fluorescence three-dimensional adamantane porous organic framework
(AdaPOF) was prepared by a polymerization reaction of 1, 3, 5, 7-tetrakis(4-bromophenyl)
adamantane (TBPA) and 1, 3, 5-tri (4—pinacholatoborolanephenyl) benzene (TPPB). The
prepared AdaPOF had excellent fluorescence properties, and a fluorescence sensor based on
AdaPOF was fabricated for selective determination of TC. Moreover, we have expounded
the quenching mechanism of this fluorescence sensor by a fluorescence lifetime assessment
and UV-vis spectra. Additionally, the AdaPOF-based fluorescence sensor was further used
to detect TC residues in aquatic products.

2. Materials and Methods
2.1. Materials and Reagents

TBPA, TPPB, tetrakis (triphenylphosphine) palladium (0) (Pd > 8.9%), glucose, urine,
Vitmorningin B1, Vitamin C were purchased from Aladdin Chemistry Co., Ltd. (Ontario,
CA, USA) Potassium carbonate (K,CO3), tetracycline, chlortetracycline, oxytetracycline,
roxithromyecin, sulfadiazine, metronidazole, ornidazole, thiabendazole, thiamphenicol and
sulfamethazine were purchased from J&K Scientific. All other reagents were obtained from
the Guangzhou chemical reagent factory.

2.2. Instruments

Nuclear magnetic resonance spectroscopy data were assessed with a Bruker 400 MHz
NMR spectrometer. Thermogravimetric analysis was obtained on a NETZSCH TG 209 F1
Libra under the temperature range of room temperature to 90 °C under nitrogen condi-
tions. Scanning electron microscopy was conducted on a field emission SEM 500 scanning
electron microscope. Transmission electron microscopy was conducted on a FEI Tecnai G2
F30-300 KV transmission electron microscope. Nj sorption isotherms were obtained on a
Micromeritics ASAP 2460 surface area and pore size analyzer. UV—vis spectra were carried
out on a Shimadzu UV-2600 spectrophotometer. Fluorescence spectra were carried out on
a Shimadzu RF-5301PC fluorescence spectrophotometer.

2.3. Synthesis of Adamantane Porous Organic Framework

AdaPOF was prepared via Suzuki coupling reactions [25]. Briefly, TBPA (500 mg,
0.66 mmol), TPPB (603 mg, 0.88 mmol), K,CO3 (1.33 g, 9.6 mmol) and Pd(PPhz)4 (Pd > 8.9%,
34.8 mg, 0.03 mmol) were added into a mixed solution of DMF (15 mL) and water (1 mL).
Subsequently, the mixed solution was degassed with nitrogen protection. The solution was
then heated up to 15 °C for 3 d. When the reaction was over, 200 mL of water was added
into the mixed solution. The gray precipitate was obtained by filtration, and it was further
washed with HCl, water, tetrahydrofuran and dichloromethane in sequence. Finally, the
precipitate was collected after drying in vacuum and was named AdaPOF.

2.4. Fluorescence Measurements

A total of 15 mg of AdaPOF and 50 mL of anhydrous dichloromethane were placed in a
volumetric flask and the solution was formed a suspension by ultrasound for 4 h. The obtained
suspension of AdaPOF suspension was then diluted with anhydrous dichloromethane to
100 mL. The fluorescence measurements were carried out as follows: 2.7 mL of the AdaPOF
suspension was added to a quartz cuvette, then 0.3 mL of different concentrations of TC were
added to the quartz cuvette, and the final concentrations of TC in quartz cuvette were 0, 0.1,
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0.3,0.5,0.8,1.0,3.0,5.0, 7.0 and 9.0 umol/L. The fluorescence intensity of the above mixed
solution was assessed in a range from 350 to 500 nm at 334 nm excitation wavelength and a
slit width of 5 nm.

The calculated method of the LOD is listed in the supporting information.

2.5. DFT Calculations

The DFT calculations, the B3LYP/6-31G* basis set in Gaussian 09 [26], were per-
formed to optimize geometries and evaluate the LUMO and HOMO energies of AdaPOF
and analytes.

2.6. Sample Preparation

The samples of fish, shrimp and crab were purchased at a farmers” market. The
sample preparation processes were as follows: 5.0 g of sample and 10 mL of perchloric acid
solution (0.5%) were placed in a test tube. After ultrasonication and shaking extraction,
the supernatant was obtained by centrifugation. The residue was further extracted with
perchloric acid solution (0.5%, volume fraction), and the above operations were repeated.
Finally, this was combined with the supernatant. The obtained supernatant was placed
in an n-hexane solution. After shaking for 5 min, the aqueous phase was obtained by
centrifugation (3000 r/min) and pretreated with an ODS-C18 column. The column was
subsequently eluted using a methanol solution and the eluent was collected. Finally, the
eluent solution was evaporated to dryness and dissolved with 1 mL of methanol solution
for later use.

3. Results
3.1. Characterization of AdaPOF

AdaPOF was prepared by the Suzuki coupling reaction of TPPB and TBPA in a mixed
solution of DMF and water (Figure 1). The morphology of the as—prepared AdaPOF was
characterized by scanning electron microscopy (SEM) and transmission electron microscope
(TEM) images. The SEM image of Figure 2a showed that the AdaPOF exhibited spherical
structure, an effect which may be caused by the agglomeration of small particles and the
diameter of small spheres being in the range of 65 to 70 nm. The TEM image of Figure 2b
revealed that the AdaPOF had an amorphous porous structure [25].

K,CO,, Pd(pph.),
DMF/HO

TBPA

Figure 1. Synthesis routine of AdaPOF.

Fourier transform infrared spectroscopy (FT-IR) was performed to study the compo-
sitional and functional groups of AdaPOF. As show in Figure 2c, the peaks at 2925 and
2852 cm ™! can be assigned to ~CH,~ stretching vibration; the peaks obtained at 1596 and
1078 cm ™! represent the stretching vibration of the C=C on the benzene ring (curve 1).
These results indicated that there were a large number of methylene and benzene rings in
the AdaPOF framework. In addition, the characteristic of C-Br stretching bands (532 cm™1),
only observed in the TBPA framework [27] (curve 2) with none in the frameworks of
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TPPA (curve 3) and AdaPOF, revealed that the AdaPOF had been successfully prepared by
TBPA and TPPA. Raman spectra were used to further characterize the materials. Figure 2d
showed that only TBPA had a strong Raman peak of C-Br at 1023 cm ! [28] (curve 2), while
AdaPOF (curve 1) and TPPA (curve 3) had no peak at this position. These characterizing
results further proved the successful synthesis of the AdaPOF. A solid—state 3C CP/MAS
NMR spectrum was also measured to investigate structural information of AdaPOF at
molecular level. As showed in Figure S1, the peaks at 39.5 and 46.1 ppm were assigned
to the carbon atom signal of adamantane, the peaks at 127.6 and 141.2 ppm could be
ascribed to some carbon atom signals on the benzene ring of TBPA and TPPA, and the
peaks at 148.8 ppm were assigned to the carbon atom signal of benzene ring connected
with adamantane. The X-ray diffraction (XRD) measurement of AdaPOF only showed the
broad and scattered characteristics and no obvious peaks were found (Figure S2), revealing
that the as—prepared AdaPOF had an amorphous structure [29].
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Figure 2. (a) SEM and (b) TEM images of AdaPOF; (c) FT-IR spectra of AdaPOF; (d) Raman spectra
of AdaPOF.

The porous property of the AdaPOF was assessed by the N adsorption-desorption
experiments at 77 K. As shown in Figure S3a, the adsorption curve of the AdaPOF had
a feature of type II N adsorption isotherm and the curve rose steeply at the lower pres-
sure region, revealing that the material had the characteristics of microporous structure.
Figure S3a illustration revealed that the pore size of the AdaPOF was mainly distributed
in the range of micropore (<2 nm), which was consistent with the characterization of the
adsorption curve. The Brunauer-Emmett-Teller surface area of AdaPOF was calculated to
be 546 m?/g, and the pore volume was determined to be 0.12 cm?®/g. The thermogravi-
metric analysis of AdaPOF observed that the material has good thermal stability at 485 °C
(Figure S3b).
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3.2. Performance of AdaPOF-Based Fluorescence Sensor

The fluorescence spectra of AdaPOF were recorded and shown in Figure S4. The
AdaPOF suspension possessed a fluorescence emission peak at 380 nm with an excitation
wavelength at 334 nm. Figure 5S4 illustrations showed that the suspension of AdaPOF
exhibited off-white coloring under sunlight and exhibited blue under 365 nm UV-light.
The quantum yield of AdaPOF suspension was studied by quinine sulfate in 0.1 mol/L
H)S0y as the standard (54%). The relative quantum yield of AdaPOF was calculated to
be 5.9%. The AdaPOF suspension displayed a well fluorescence stability for 30 min and
7 d (Figure S5a,b). The suspension of AdaPOF prepared in the same and different batches
also showed excellent fluorescence stability (Figure S5¢,d). These characteristics showed
that the AdaPOF had good fluorescence properties, which laid a foundation for further
fluorescence sensing.

The fluorescence sensing performance of the AdaPOF-based sensor to TC was investi-
gated by adding various concentrations (0.1, 0.5 and 1.0 pmol/L) of TC standard solution
to the AdaPOF suspension. Figure 3a showed that the fluorescence intensity of AdaPOF at
380 nm decreased with the addition of a TC methanol solution. Moreover, the fluorescence
intensity of AdaPOF gradually decreased as the concentration of TC methanol solution
increased. Moreover, the methanol blank solvent had a negligible effect on the fluorescence
intensity of the AdaPOF (Figure S6). The results reveal that the AdaPOF-based sensor
could be used for TC detection. In order to study the selectivity performance of the sensor
based on AdaPOF to TC, the fluorescence quenching effect of the sensor was recorded by
adding seven common antibiotics (¢ = 1.0 umol/L), including methacycline, tigecycline,
demeclocycline, doxycycline, oxytetracycline, thiamphenicol, ampicillin, roxithromycin,
thiabendazole, sulfadiazine and sulfamethazine. Figure 3b showed that obvious fluo-
rescence quenching effects were obtained after adding TC and its structural analogues,
such as methacycline, tigecycline, demeclocycline, doxycycline and oxytetracycline. In
addition, when adding some classes of other antibiotics, such as thiamphenicol, ampicillin,
roxithromycin, thiabendazole, sulfadiazine and sulfamethazine, no obvious fluorescence
quenching effects were obtained in response to AdaPOF suspension. These results revealed
that the AdaPOF-based sensor could not distinguish TC from its structural analogues, but
had good selectivity towards TC from other antibiotics.
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Figure 3. (a) Fluorescence spectra of the AdaPOF suspension solution after adding TC—methanol solu-
tion at different concentrations (curves 1-4 represent TC concentrations of 0, 0.1, 0.5 and 1.0 umol/L,
respectively; Aex = 334 nm); (b) Study on the selectivity of AdaPOF (¢ g4,por = 0.15 mg/mL;
Cantibiotics = 1.0 pumol/L, Aex = 334 nm).

3.3. Possible Mechanism

To investigate the fluorescence quenching mechanism of the sensor with TC, the fluo-
rescence lifetime measurements were performed in the presence and absence of different
concentrations of TC. As shown in Figure 4a and Table S1, when TC is not present, the
average fluorescence lifetime of the AdaPOF was 1.51 ns, and when TC concentration was
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0.1, 1.0 and 9.0 pmol/L, the average fluorescence lifetime of the AdaPOF was 1.52, 1.53 and
1.51 ns, respectively. The results showed that the fluorescence lifetime change in AdaPOF
was negligible in the presence and absence of TC, which indicated that the fluorescence
quenching of the sensor proved to be a static quenching mechanism [30,31]. Moreover,
the UV-vis spectrum of TC exhibited a degree of overlap with the emission spectrum of
AdaPOF (Figure 4b), and thus the fluorescence quenching phenomenon of AdaPOF might
be caused by the fluorescence resonance energy transfer between them [32,33].
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Figure 4. (a) The fluorescence lifetime of the AdaPOF suspension solution before and after
TC-methanol solution addition (Aex = 334 nm, ¢ = 1.0 umol/L); (b) The UV-vis spectrum of TC
(curve 1) and emission spectrum of AdaPOF (curve 2).

Density functional theory (DFT) calculations were performed to further explain the
selectivity behavior of TC by AdaPOF-based sensor. Based on the literature [34,35], when
the sensor had a higher LUMO energy level than the analytes, the efficient electron transfer
from the sensor to the analytes occurred, which was considered to be a key reason causing
the fluorescence quenching process. As exhibited in Figure 5, the AdaPOF LUMO energy
level (—1.10 eV) is higher than that of sulfadiazine, thiabendazole, oxytetracycline and
TC. Efficient electron transfer occurred between the AdaPOF and these antibiotics, and
thus the fluorescence of the sensor was quenched. At the same time, the LUMO energy
state difference between AdaPOF and TC was the largest. Therefore, TC displayed a
strong quenching effect toward the sensor based on AdaPOF. Moreover, it is noteworthy
that roxithromycin, ampicillin and sulfamethazine had higher LUMO energy levels than
AdaPOF, so these three antibiotics could not cause the sensor to produce the fluorescence
quenching phenomenon.
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Figure 5. HOMO-LUMO energy profiles of AdaPOF and antibiotics.
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3.4. Optimization of Fluorescence Sensor

The fluorescence quenching efficiency of the AdaPOF-based sensor closely relied on
the experimental conditions. Here, the suspension concentration and the incubation time
were carefully studied, and the results were shown in Figure 6. It can be seen from Figure 6a
that the fluorescence quenching effect increased obviously at the suspension concentration
from 0.05 to 0.15 mg/mL, whereas a further increase in the suspension concentration from
0.15 to 0.25 mg/mL leads to a sharp decrease in fluorescence quenching effect. The reason
for this could be that, with the increase in suspension concentration, the active sites between
AdaPOF and TC increase, and the fluorescence quenching effect increases. However, at
a high suspension concentration, the AdaPOF would settle, resulting in the decrease in
fluorescence quenching effect. Therefore, the suspension concentration of 0.15 mg/mL was
chosen as TC determination condition. The incubation time was also optimized, and the
result was shown in Figure 6b. When TC was added into the AdaPOF suspension, the
fluorescence quenching effect increased rapidly from 0 to 20 s, and there was no obvious
change after the increase in the incubation time to 16 s. Thus, 20 s was chosen as the
optimum incubation time for the following experiments.

ad 0.6- b 0.6 -
0.5 0.5
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< 0.3 £ 0.3
ol (S
0.2 0.2-
u.I- ‘
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Figure 6. (a) Optimization of AdaPOF dichloromethane suspension concentration; (b) Optimiza-
tion of incubation time between AdaPOF dichloromethane suspension and TC. (Aex = 334 nm,
¢ =3.0 pmol/L).

3.5. Analytic Characteristics of the AdaPOF-Based Fluorescence Sensor

Under the optimized conditions, a series of TC solutions at different concentrations
were added to the AdaPOF suspension solution, and the fluorescence emissions at 380 nm
were recorded. Figure 7a shows that with the increase in the concentration of TC, the
fluorescence emission intensity of the sensor at 380 nm was decreased gradually. The
fluorescence emission intensity of the sensor quenched greatly when the concentration of
TC was 9.0 umol/L, with a quenching efficiency of 74%. As shown in Figure 7b, there was a
good linear relationship between the Fy/F-1 value and the concentration of TC in the range
of 0.1 to 9.0 umol/L. The equation of linear regression was Fy/F-1 = 0.06 + 0.17C, where
Fy and F represented the fluorescence intensity in the absence and presence of TC, and C
represented the TC concentration. The linear dependence coefficient (R?) was 0.9959 and
the limit of detection (LOD, S/N = 3) of 43 nmol/L was estimated for TC determination.

In order to prove the anti-interference performance of the fluorescence sensor for TC
determination, the fluorescence intensity of the sensor from TC with different possible
interferences was tested, and the obtained data were analyzed based on the change in
Fo/F-1. In Figure 7c, all these possible interferences exhibited a negligible interference on
fluorescence quenching effect (change less than 8%) when mixing 3.0 umol/L TC with
500-flod K+, Mg2+ and Cl~, 200-fold Na*, OH™, glucose and urea, 100-fold ascorbic acid
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and inositol, 40-fold NO*~ or 20-fold Zn?*, vitamin B1 and glycine. In addition, when
20—fold quantities of all the anti-substances were added at the same time, the sensor based
on AdaPOF also showed a good anti-interference performance. Therefore, the sensor based
on AdaPOF had a good anti-interference performance for TC determination.
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Figure 7. (a) Fluorescence spectra of the AdaPOF dichloromethane suspension after adding
TC-methanol solution of different concentrations (Aex = 334 nm); (b) The liner calibration curve for
the determination of TC concentration; (c) The influence of coexisting ions or compounds on the
determination of TC by AdaPOF (X = K*, Mg2+, Na*, Zn?*, C1-,NO®*~, OH-, glucose, urea, vitamin
B1, ascorbic acid, inositol and glycine). (Aex = 334 nm, ¢ = 1.0 pmol/L).

3.6. Samples Analysis

The practicability of the AdaPOF-based fluorescence method was proved by determi-
nation of TC in aquatic products, including fish, shrimp and crab. As displayed in Table 1,
0.09 mg/L of TC residual was obtained in the fish samples, while no TC was detected in
the shrimp and crab. The proposed fluorescence method was also applied for analysis
of these three dead aquatic products spiked with TC before sample pretreatment. The
recoveries of TC in these samples were from 94.4% to 103.8%, with RSDs less than 5.0%, by
the standard addition method. Moreover, these three samples were also analyzed by the
HPLC method. The relative errors of the two methods were —7.6% and 6.7%. Moreover,
the obtained results were also assessed by ¢-test statistical analysis, and the results showed
that there was no significant difference in TC determination between these two methods
(Table 1). These results suggested that the proposed fluorescence method was applicable
for the determination of TC in aquatic samples. In addition, compared with the previous
literatures on the analyzed of TC, as shown in Table 2, the AdaPOF-based fluorescence
method exhibited either a lower LOD or a wider linear range.

Table 1. Determination of tetracycline in fish, shrimp and crab samples.

Samples

The Proposed Method HPLC Method ? Relative t Test

Original
(mg/L)

Spiked Found Recovery RSD Original RSD Error € Value
(mg/L) (mg/L) (%) (%,n=3)  (mg/L)  (%,n=3) (%) p

Fish
Shrimp

Crab

0.09

a

0.16

0.18 0.26 96.2 46 0.60
0.36 0.46 1022 18 0.08 42 —76

0.18 0.17 944 31 ;
0.36 0.35 97.2 24

0.18 0.33 97.1 12 043
0.36 0.54 103.8 49 015 38 —6.7

2: no detected; P: The analytical separations were achieved using a reverse phase C18 column. The mobile phase
was acetonitrile and 1.2 mg/L NaH,POy (26:74, v/v-), the flow rate was 1.0 mL/min and the detection wavelength
was 355 nm; ©: (Iproposed method — IHPLC)/ IHPLC, I Tepresents test result; d: value of t test in the table with confident
interval 95%; p > 0.05 indicating no significant difference.
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Table 2. Comparisons of different fluorescence methods in the determination of tetracycline.
. Linear Range LOD

Materials (umol/L) (nmol/L) Samples Ref.
Carbon dots 10.0-400.0 6000 Tetracycline tablets [36]
Carbon dots 0.5-25 165 Urine [37]
RhB ? @ZIF-8 0-46 110 Source and tap water [38]
TA-CuNCs@CTAB 5-50; 50-130 65 Water [39]
Carbon dots 0-350 170 Milk and milk powder [40]

AdaPOF 0.1-9.0 43 Fish, shrimp, crab This work

References

a; thodamine B; ?: cetyltrimethylammonium bromide.

4. Conclusions

To summarize, the three-dimensional AdaPOF fluorescence sensor was developed
for rapid TC determination. The proposed AdaPOF was synthesized by a Suzuki cou-
pling reaction in one step, and proved to have a large specific surface area, good thermal
stability, as well as excellent fluorescent performance. Moreover, the AdaPOF shows a
selective fluorescence quenching effect towards TC. The effective electron transfer between
AdaPOF framework and TC constitutes the possible sensing mechanism. Furthermore,
the established AdaPOF-based fluorescence method for TC determination has a range of
0.1-9.0 umol/L and a LOD of 43 nmol/L (S/N = 3). In addition, the fluorescence method
was applied to TC determination in aquatic samples, and the recoveries ranged from 94.4%
to 103.8%. The results obtained by this fluorescence method were consistent with those of
HPLC method in the TC determination, which demonstrated that the fluorescence method
was reliable and accurate.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10110457/s1, Figures S1-56 and Table S1.
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