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ABSTRACT

Development of new self-calibrating fluorescent sensing methods has been a popular research field with
the aim of protecting the human health and environment sustainability. In this work, a novel Eu-based
metal organic framework (MOF) Eu(2,6-NDC)(COO0) (BUC-88) was developed by employing 2,6-NDC (2,6-
naphthalenedicarboxylic acid) as bridging ligands. BUC-88 performed different sensing process toward
quinolone antibiotics and tetracyclines antibiotics in terms of fluorescence intensity and color. BUC-88
exhibited excellent selectivity and sensitivity detection property toward enrofloxacin (ENR), norfloxacin
(NOR) and ciprofloxacin (CIP) over other Pharmaceutical and Personal Care Products (PPCPs), accomplish-
ing the detection limit of 0.12 pmol/L, 0.52 pmol/L, 0.75 umol/L, respectively. Notably, BUC-88 acted as
an excellent fluorescence sensor for tetracyclines antibiotics with fast response time (less than 1 s), high
selectivity and sensitivity (LODs = 0.08 nmol/L). The fluorescent detection method was successfully used
for visual and ultrasensitive detection of ENR, NOR, CIP and tetracycline hydrochloride (TC) in lake water
with satisfied recovery from 99.75% to 102.30%. Finally, the photoinduced electron transfer and the com-
petitive absorption of ultraviolet light are the main mechanisms for sensitive detection toward quinolone

antibiotics and tetracyclines antibiotics.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinolone antibiotics and tetracyclines antibiotics as broad-
spectrum antibiotics showed excellent curative effect on infections
caused by various Gram-positive and negative bacteria [1]. These
residual antibiotics still kept their biological activity, and could
cause seriously environmental problems, such as aquatic organ-
isms and terrestrial animals destruction and bacterial resistance
increases [2-4]. Therefore, the selective and convenient recognition
of quinolone antibiotics and tetracyclines antibiotics is critical tasks
for protecting the environment sustainability and human health
[5,6]. Currently, various techniques have been explored to detect
these trace PPCPs pollutants, such as gas chromatography-mass
spectrometry (GC-MS), liquid chromatography-mass spectrometry
(LC-MS), electrochemical sensors and biosensors [7-9]. However,
the above-stated methods are operationally complicated, time-
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consuming and high-cost, which severely limits real-time and field
monitoring of PPCPs in the environment [7]. Fluorescent sensing
technology is attracting increasing attention in past few decades
due to their low cost, high sensitivity, short reaction time and good
selectivity [10,11].

Metal-organic frameworks (MOFs) are a class of porous crys-
talline materials constructed by metal nodes and organic ligands
through self-assembly [12,13]. Compared with the traditional tran-
sition metal elements MOFs, lanthanide MOFs (Ln-MOFs) possess
some merits like larger Storks shift, higher quantum yields and
longer lifetime [7,10,14-16], which made them promising fluores-
cent sensors for detecting environmental pollutants. In previous re-
ports, the researchers mainly focused on using fluorescent MOFs
to detect explosives, heavy-metal ions, viruses and so on [17]. Re-
cently, fabrication of new fluorescent MOFs for sensing toward
trace antibiotics has become a research hotspot [7,17]. In this work,
a new 3D Ln-MOF Eu(2,6-NDC)(CO0) (BUC-88, BUC refers to the
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abbreviation of Beijing University of Civil Engineering and Architec-
ture, the number 88 is the serial number of the new MOF synthe-
sized by our group) was developed to accomplish ratiometrically
fluorescent sensing toward quinolone antibiotics and selective de-
tection toward tetracycline antibiotics. In addition, the fluorescent
film of BUC-88 was prepared from nail polish for sensing detection
of quinolone and tetracycline antibiotics in water. In addition, the
BUC-88 fluorescent film has been successfully prepared with nail
polish to achieve sensing detect toward quinolones and tetracy-
cline antibiotics in water. The possible mechanisms for fluorescent
responses toward quinolone antibiotics and tetracycline antibiotics
were also discussed and tested.

Single crystal X-ray diffraction analysis (Table S1 in Supporting
information) revealed that BUC-88 crystallizes in the monoclinic
crystal system of the P2;/c space group. The asymmetric structural
unit of 3D BUC-88 consists of one Eu3*ion, four completely depro-
tonated 2,6-NDC anions (NDC2-) ligands, and three deprotonated
formic acid ligands (Fig. S1 in Supporting information). The Eu3+
ions were eight-coordinated by four oxygen atoms from four 2,6-
NDC ligands and four oxygen atoms from two formic acid ligands
to construct a distorted square antiprism EuOg, in which the Eu-
O distances were in the range of 2.287(6)—2.610(4) A (Table S2 in
Supporting information). The deprotonated NDC2~ anions are con-
nected to four Eu3* ions as a bidentate bridging linker between
two adjacent inorganic ribbons, with the p4-n1:11:11:17 confor-
mation (syn-syn and syn-anti bidentate modes) [18], which form
natural 2D metal-organic layer containing the advent of binuclear
building blocks in the (b, c¢) plane. It is interesting to observe that
formic acid ligands were derived from the in-situ decomposition of
N,N-dimethylformamide (DMF) in the hydrothermal reaction pro-
cess [18,19]. The 3D structure of BUC-88 was formed by the NDC2-
ligands through connecting the organic-inorganic layers along the
a-axis.

The experimental powder X-ray diffraction (PXRD) patterns of
BUC-88 (Figs. S2-S4 in Supporting information) matched well with
the simulated one, indicating high water stability of BUC-88. The
Fourier-transform infrared (FTIR) spectrum (Fig. S5 in Supporting
information) analysis and thermal investigations and stability anal-
ysis (Figs. S6 and S7 in Supporting information) were described in
the supporting information.

The quantum yield and fluorescent lifetime of BUC-88 were
29.27% and 0.592 ms (Fig. S8 in Supporting information), respec-
tively, which indicated the good energy migration from ligand
triplet state to lanthanide receiving energy level [20]. Comparing to
the UV-vis DRS spectra of 2,6-NDC, the absorption bands of BUC-
88 were slightly red-shifted in the range of 230-300 nm, which
could be attributed to the deprotonation of 2,6-NDC and the co-
ordination with Eu3+ ions (Fig. S9 in Supporting information) [21].
The solid-state excitation and emission spectra of the 2,6-NDC lig-
and showed a broad emission peak at 400-460 nm with the max-
imum peak at 421 nm (Fig. 1a), which could be assigned to the
ligand-based m*- and/or m*-n transitions of the 2,6-NDC ligand
[22,23].

Commission Internationale d'Eclairage (CIE) chromaticity dia-
gram of 2,6-NDC ligand (0.1540, 0.0628) and BUC-88 (0.6264,
0.3241) were displayed in the Figs. 1b and d, further confirming
that 2,6-NDC ligand and BUC-88 exhibited the blue and light red
at excitation wavelength of 387 nm [24]. The fluorescence spectra
of solid BUC-88 exhibited the characteristic emission peaks of Eu3+
ions except for the ligand emission spectra, implying the “antenna
effect” taken place in BUC-88 (Fig. 1c) [24]. Tight eight characteris-
tic emission peaks at 579, 588, 594, 613, 616, 621, 654, and 700 nm
were assigned to the °Dy—’Fy, >Dg—’F;, °Dyg—’F,, Dy — ’F3
and °Dy — ’F, transitions, respectively [17,25]. °Dg — ’Fq tran-
sition is forbidden transition, but it could obtain intensity on
account of the crystal field potential with low symmetry. The
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Fig. 1. (a) The fluorescence emission spectra of solid 2,6-NDC (inset: the excitation
spectra of solid 2,6-NDC at the emission wavelength of 421 nm); (b) CIE chromatic-
ity diagram showing the emissions of solid 2,6-NDC; (c) The fluorescence emission
spectra of solid BUC-88 (inset: the excitation spectra of solid BUC-88 at the emis-
sion wavelength of 616 nm); (d) CIE chromaticity diagram showing the emissions
of solid BUC-88.

5Dy — ’F, transition is a magnetic dipole transition, and its inten-
sity is changed with the crystal field around Eu3+. What is more,
the °Dy — ’F, transition is an electric dipole transition, which is
sensitive to chemical bonds in the vicinity of Eu3* [24]. The in-
tensity of the °Dg — ’F, transition is about 4.2 times stronger
than that of the °Dy — ’F; transition, indicating the coordination
environment of the europium cation is asymmetric [24,26]. The
3Dy — ’F5 transition is an electric-dipole transition, which is de-
pended on the site symmetry. The °Dy — ’F,4 transition could be
assigned to the forced electric dipole (FED) and dynamic coupling
(DC).

The fluorescent properties of BUC-88 in different pH were fur-
ther measured. As illustrated in Fig. S10, BUC-88 performed ex-
cellent fluorescent stability in the pH range of 4.0-10.0, indicating
that BUC-88 was a potential fluorescent sensor in water. As shown
in Fig. S10 (Supporting information), the fluorescence intensity of
BUC-88 only fluctuated slightly with the immersing time increases,
implying that BUC-88 possesses high fluorescent stability in the
sensing experiment. Inspired by the fascinating fluorescence and
stability of BUC-88 in water, it is possible to design a fluorescent
sensor for sensing PPCPs. As shown in Figs. S11 and S12 (Support-
ing information), BUC-88 demonstrated higher emission intensity
at 439 nm and lower emission intensity at 615 nm in the aqueous
solutions of ENR, NOR and CIP (10~ mol/L). In addition, BUC-88
exhibited no influence on the fluorescence intensity in the other
PPCPs solutions. The results indicated that both the fluorescence
sensitizing effect and fluorescence quenching effect appeared si-
multaneously in the quinolone antibiotics (ENR, NOR and CIP) [7],
which made it possible to construct a ratiometric sensor for de-
tection toward quinolone antibiotics. To further understand the se-
lectivity of BUC-88 toward quinolone antibiotics among various
PPCPs, the relative fluorescence intensity (I439 nm/Is15 nm) of BUC-
88 toward different PPCPs were record in Fig. S12. It was observed
that the intensity of I439 ym/lIs15 nm Was controlled by the quinolone
antibiotics, indicating that BUC-88 was a selective and ratiometric
sensor for quinolone antibiotics [10].

To explore the detection limit (LODs) of BUC-88 toward ENR,
NOR and CIP, 4 mg BUC-88 powder was immersed in different
concentrations of quinolone antibiotics solution (0-20 pmol/L). As
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Fig. 2. Emission spectra and intensities of BUC-88 dispersed in a series of concen-
tration solution of (a) ENR, (b) NOR, (c) CIP (inset: the fluorescence intensities of
BUC-88 at 615 nm, Ey = 340 nm), (d) CIE chromaticity diagram showing the emis-
sions of BUC-88 in deionized water and quinolone antibiotics solution (104 mol/L).

shown in Figs. 2a-c, the fluorescence emission intensities of BUC-
88 at 615 nm were gradually decayed, while the emission in-
tensities at 439 nm were instantly enhanced. The results further
confirmed BUC-88 was a ratiometric sensor for sensing quinolone
antibiotics. The calibration curve based on I439 nm/lg15 nm Ver-
sus quinolone antibiotics concentration ranging from 1.0 pmol/L
to 20.0 pmol/L could be well expressed by the linear equation
(Figs. 2a-c). Furthermore, the fluorescence changing degree, the ra-
tiometric response efficiency, can be quantitatively explained using
the Stern-Volmer (Eq. 1) [10]:

B9 m _ g1Q)+1 (1)
615 nm

where I439 nm and Igis nm are the fluorescent intensities of BUC-
88 at 439 nm and 615 nm in the presence of the analyte, respec-
tively, [Q] is the molar concentration of the analyte, and Ky is the
quenching constant (L/mol).

Considering the excellent sensing properties of BUC-88
toward quinolone antibiotics, the detection performance of
BUC-88 toward tetracyclines antibiotics were also studied.
As shown in Figs. 2a-c, a good linear relationship between
I439 nm/Is15 nm and the concentration quinolone antibiotics (ENR,
NOR and CIP) were observed, with a correlation coefficient
(R%) of 0.9964, 0.9938, 0.9927, respectively. The Kgy values
were calculated to be 441 x 10* L/mol (ENR), 1.03 x 10%
L/mol (NOR) and 0.72 x 10* L/mol (CIP), which were higher than
those of most reported in literatures (Table S3 in Supporting
information) [7,24]. The LODs of BUC-88 were valuated as low as
0.12 pmol/L (ENR), 0.53 pmol/L (NOR), 0.75 pmol/L (CIP) by using
30/S (0 = 0.0018, standard deviation of the fluorescent test for
20 blank solutions; S = slope of the calibration curve) [10]. The
sensitivity of BUC-88 for the detection of quinolone antibiotics is
higher than those of the reported MOFs for the sensing of relevant
antibiotics (Table S3). As illustrated in Fig. 2d, the CIE chromaticity
diagrams of H,O (0.4651, 0.2369), ENR (0.2037, 0.1023), NOR
(0.2162, 0.1089) and CIP (0.2106, 0.1084) were further confirmed
that the fluorescent color change process of BUC-88 were induced
by the quinolone antibiotics (104 mol/L).

The detection performance of BUC-88 toward tetracyclines an-
tibiotics were also studied. As shown in Figs. S13a and b (Support-
ing information), only the addition of tetracycline hydrochloride
(TC), aureomycin (AM) or oxytetracycline (OTC) into the suspen-
sion of BUC-88 could cause the significant fluorescence quenching,
indicating BUC-88 is a selective fluorescent sensor for tetracyclines
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Fig. 3. BUC-88 fluorescent sensing film is used for sensing (a) ENR and (b) TC.

antibiotics [7,10]. The anti-interference abilities of the tetracyclines
antibiotics were evaluated by the response of fluorescence intensi-
ties of the BUC-88 when TC was coexisting with other 14 PPCPs.
The results showed that the fluorescence of BUC-88 was quenched
only with the presence of TC, further confirming BUC-88 is a se-
lective fluorescent sensor for TC [7,10]. In order to investigate the
ions interference of BUC-88 in response to TC, a wide range of
relevant interfering species including metal ions (M = Na*, KT,
Mg2+. Ca2+, Ba2+’ Cr3+, Mn2+, C02+, Ni2+' Cu2+, Ag*, Zn2+. Cd2+,
A3+, FeZ+, Pb2t, 103 mol/L for each) were studied by recording
the fluorescence response of BUC-88. It is observed that BUC-88
presented negligible fluorescence quenching effect toward selected
co-existing metal ions (Figs. S13c and d in Supporting information),
while exhibited significant quenching effect in the presence of TC
in the system. The results indicated that BUC-88 is a selective sen-
sor for TC in water [10].

To obtain the LODs of TC, 4 mg BUC-88 powder was immersed
in a serious different concentration solution of TC (0.1pumol/L -
20 pmol/L). As expected, the fluorescence emissions intensities
at 615 nm were instantly decayed as the concentration increases
(less than 1 s), indicating that it is a fast and sensitive sensor
to probe TC. As shown in Fig. S14 (Supporting information), the
calibration curve based on Iy/lgi5,, versus TC concentration rang-
ing from 0.1 umol/L to 10 pmol/L was illustrated, which could be
well expressed by the linear equation of Iy/lgi5,m = 0.1937 x [Q]
(umol/L) + 1.0043 with a correlation coefficient (R?) of 0.9918. The
sensitive response efficiency could be quantitatively explained us-
ing the Stern-Volmer in Eq. 2.

Io

(2)

where, Iy and Ig5 ., are the fluorescence intensities of BUC-88
at 615 nm in the absence and presence of the analyte, respec-
tively, [Q] is the molar concentration of the analyte, and Ksy is
the quenching constant (L/mol). As shown in Fig. S14, a good
linear relationship between analytical signal of Iy/lgi5 o,y and TC
concentration is observed. The Ksy value was calculated to be
1.94 x 10° L/mol, which was higher to reported works that sensing
of antibiotics in aqueous solutions (Table S3). The LODs was valu-
ated as low as 0.08 umol/L toward TC by using 30/S (¢ = 0.0049,
standard deviation of the fluorescence test for 20 blank solutions;
S = slope of the calibration curve) [27], which was lower than
those in most of the previous reports (Table S3). The sensitivity of
BUC-88 for the detection of tetracycline is superior to those of the
reported MOFs for the sensing of relevant antibiotics (Table S3).

The reusability is one of the most important issues to evalu-
ate the practical application value of fluorescent sensing materi-
als [28]. BUC-88 performed significant fluorescent changes in the
aqueous solutions of ENR, NOR, CIP and TC, and the BUC-88 could
be easily regenerated by washing with deionized water for five
times (Fig. 3a, Figs. S15 and S16 in Supporting information). The
recyclable experiments revealed that BUC-88 could act as an excel-
lent fluorescent sensor for quinolone antibiotics and tetracyclines
antibiotics [7].

To explore the possibility of practical application of BUC-88, the
sensing properties for quinolone antibiotics and tetracyclines an-
tibiotics in lake water samples were carried out. A standard addi-

] =Ksv [Q] +1
615nm
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Fig. 4. (a) The PXRD patterns of BUC-88 before and after the five cycles test; (b)
UV-vis spectra of different PPCPs; (c) the calculated energy levels for the 2,6-NDC
ligand and PPCPs molecules.

tion method was used to analyze the detection of ENR, NOR, CIP
and TC in lake water samples. The results were shown in Table
S4 (Supporting information), the recoveries of ENR, NOR, CIP and
TC in lake water samples were between 99.51% and 103.15%. The
relative standard deviations (RSD, n = 3) are all less than 0.83%.
The results indicated that the detection of quinolone antibiotics
and tetracyclines antibiotics by using BUC-88 as fluorescent sen-
sor showed good recovery and precision [7,29].

To further explore the practical application capability, fluores-
cent sensing film of BUC-88 was prepared using a clear nail pol-
ish. As shown in Figs. 3a and b, the fluorescent color of the BUC-
88 film changed from red to blue when the quinolone antibi-
otics (10-3 mol/L) was dropped onto the slide, while the fluores-
cence was quenched completely when the tetracyclines antibiotics
(10-3 mol/L) was drop onto the slide. Furthermore, when the film
was cleaned with deionized water, the fluorescence returned to the
original state. The PXRD patterns of BUC-88 fluorescent film after
immersing in deionized water for 10 days were identical to the
as-synthesized one (Fig. S17 in Supporting information), indicating
that BUC-88 fluorescent film was highly stable in water. The results
showed that BUC-88 has a strong practical application prospect in
sensing quinolone antibiotics and tetracyclines antibiotics.

The structure collapse, electrons transfer, and energy distribu-
tion are significant factors for the fluorescent sensing behavior [17].
To investigate the fluorescent quenching mechanism, PXRD, FTIR,
SEM of BUC-88 before and after testing ENR, NOR, CIP and TC were
recorded. The lifetime of BUC-88 before and after sensing ENR,
NOR, CIP and TC were shown in Figs. S18 and S19 (Supporting in-
formation). It is clear that the lifetime of BUC-88 unchanged after
the sensing tests, illustrating the static quenching was dominant in
the sensing process [17]. As shown in Fig. 4a, the structure of BUC-
88 still maintained its integrity after the five cycles tests, which
demonstrated that the fluorescence quenching is not due to the
collapse of the framework [7,17]. The SEM of BUC-88 further con-
firmed the structure integrity of BUC-88 after the five cycles test
(Fig. S20 in Supporting information). After the cycling experiments,
no new stretching vibration peaks appeared in the FTIR spectra of
the as-synthesized samples (Fig. S4), indicating that BUC-88 had
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no chemical or physical adsorption effect on quinolone antibiotics
and TC. To further establish the proposed mechanism for fluores-
cence quenching by quinolone antibiotics and tetracyclines antibi-
otics, detailed studies on the UV-vis absorption of different PPCPs
were recorded (Fig. 4b). The absorption spectrum of quinolone an-
tibiotics and tetracyclines antibiotics have large spectral overlaps
with the excitation peaks of the ligand and BUC-88 were observed,
implying that the competitive energy absorption may be a possi-
ble reason for the fluorescent quenching [19]. Furthermore, it was
proposed that the photoinduced electron transfer was a probable
mechanism for the sensor’s fluorescence quenching induced by the
antibiotics [7,30]. In light of this, the energy levels of the ENR [7],
NOR [7], CIP [7], AMP [31], SFX [32], CA [33], SF [34], PMH [35],
KP [36], AAM [37], DS [38], SMZ [39], CHL [40], DCI [41], TCS [42],
CFT [43], 2-EI [44], AM [10], OTC [10] and TC [45] were acquired
(as calculated at the B3LYP/6-311G* level of theory). The flat-band
potentials (Epg) of BUC-88 were recorded via typical Mott-Schottky
measurements (Fig. S21 in Supporting information). The positive
slope of C% values versus potential indicated BUC-88 is a typical
n-type semiconductors [46]. The Erg of BUC-88 determined from
Mott-Schottky plots were ca. -0.6 eV versus the Ag/AgCl electrode.
Therefore, the conduction band (CB) and lowest unoccupied molec-
ular orbital (LUMO) of BUC-88 is -0.4 eV. Obviously, quinolone an-
tibiotics and tetracyclines antibiotics exhibited a lower LUMO en-
ergy level than that of the BUC-88 (Fig. 4c), while the other PPCPs
performed the similar LUMO energy level [7]. Hence, the high se-
lectivity of BUC-88 toward other PPCPs might be attribute to the
lower LUMO level of quinolone antibiotics and tetracyclines antibi-
otics, and the excited electrons in BUC-88 could be more easily
transferred into quinolone antibiotics and tetracyclines antibiotics
[30]. The results indicated that the photoinduced electron trans-
fer was another possible reason for the fluorescence quenching
[30]. However, the order of observed quenching efficiency was not
completely accordance with the LUMO energy, indicating that pho-
toinduced electron transfer was not the only mechanism for the
fluorescence quenching. Above all, photo-competitive effect and
photoinduced electron transfer were the mechanism for the fluo-
rescence quenching of BUC-88 in response to the quinolone an-
tibiotics and tetracyclines antibiotics. In addition, ENR, NOR, and
CIP had obvious adsorption peaks at 300-390 nm (Fig. S21), af-
ter adsorption, ENR, NOR, and CIP emitted blue light (Fig. S22 in
Supporting information). The results also explain the fluorescence
“turn-on” at 439 nm for ENR, NOR, and CIP.

In summary, a novel 3D porous red-light-emitting fluorescent
sensor BUC-88 has been successfully obtained. BUC-88 presents as
a water stable fluorescent Eu-MOF sensor to accomplish highly se-
lective and sensitive detect toward quinolone antibiotics and tetra-
cyclines antibiotics. Photophysical analysis revealed that BUC-88
is an excellent bifunctional sensor, which could be used to sense
quinolone antibiotics via a fluorescent color-changing process and
detect tetracyclines antibiotics via a fluorescence quenching phe-
nomenon. Additionally, the BUC-88 as sensor could be simply and
quickly regenerated, exhibiting excellent recyclability for the detec-
tion of quinolone antibiotics and tetracyclines antibiotics. Further-
more, the fluorescent BUC-88 film was successfully developed for
rapid and circular detection of quinolone antibiotics and tetracy-
clines antibiotics. This work demonstrated that fluorescent MOFs
could be rationally designed and explored as potential fluorescent
sensor and quantitative detection materials in environmental re-
mediation areas.
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