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ABSTRACT

Due to the potential risk of antibiotics to the environment, the development of inexpensive, simple,
and reliable antibiotic detection methods is significant but also faces challenges. In this work, several
lanthanide-organic frameworks (LOFs), constructed from lanthanide ions (Eu3™ and/or Tb*") and
1,3,5-benzene-tricarboxylic acid (BTC), were synthesized b%/ solvothermal method. LOF-S3 with
comparable emission peaks of 5D, — 7F5 (Tb3*, 545 nm) and °D, — 7F, (Eu?", 618 nm) was selected
as a luminescent sensor. In this system, the highly efficient energy transferred from the organic linker
to lanthanide ions and from Tb3* to Eu3* occurs. LOF-S3 sensor was capable of decoding antibiotics
by distinguishable emission intensity ratios. Therefore, a two-dimensional decoded map of antibiotics
was established. The linear relationship between antibiotic concentration and emission intensity ratio
indicated the quantitative determination of antibiotics was feasible. As a typical analyte, the response
mechanism of nalidixic acid (NA) was investigated in detail. The competition of NA and BTC for UV
light absorption, as well as the binding propensity of NA and Tb, affected the organic linkers-to-
lanthanide ions and Tb-to-Eu energy transfer, resulting in the change of fluorescence intensity ratio.
The self-calibrating mixed-LOF sensor overcame the uncontrollable errors of the traditional absolute
emission intensity method and generated stable luminescent signals in multiple cycles. Furthermore,
the integration of LOF-S3 with polymer fibers enabled the formation of a LOF-polymer fibrous
composite with fluorescence detection capability, which is a promising portable sensor for practical
applications.
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1 Introduction

Used extensively in the treatment of bacterial infections,
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organic contaminants in the aquatic environment (Cheng
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etal., 2020; Kovalakova et al., 2020; Xu et al., 2021).
Since antibiotics residues can be released into the natural
water through wastewater treatments, various antibiotics
have been detected in surface water, groundwater, and
drinking water (Hu et al., 2021; Wang et al., 2021). Prob-
ing and monitoring these emerging contaminants are
significant but challenging. To date, the detection of
antibiotics has mainly relied on instrumental analysis
such as mass spectrometry, liquid chromatography with
UV detection, and capillary electrophoresis (Hernandez
et al., 2003; Chiesa et al., 2018; Roth et al., 2021). However,
all these methods are expensive, time-consuming, and
need trained personnel. Therefore, the development of
inexpensive, simple, and reliable methods to detect
antibiotics effectively has attracted great concern from
researchers.

With the advantages of low-energy consumption, easy
operation, and high efficiency, optical sensing has been
regarded as a promising technology in the detection of
antibiotics. The main challenge in the development of
optical sensing is the synthesis and selection of photo-
responsive materials. Due to the 4f electrons in lanthanide
(Ln) ions, luminescent lanthanide compounds possess
unique photo-electronic properties, including sharp and
stable emission signals, long luminescence lifetimes, and
large absorption/emission energy gaps, which provide a
great opportunity for optical sensing (Eliseeva and
Biinzli, 2010). Yet the relatively weak light absorption
capacity of Ln ions and the Laporte-forbidden 4f-4f
transition lead to low quantum yields and insufficient
luminescent brightness. Thus, lanthanide compounds
cannot be used for sensing directly (Moore et al., 2009).

As a new class of self-assembled porous materials,
metal-organic frameworks (MOFs) have been applied in
diverse fields, including molecular sensing (Dolgopolova
etal., 2018; Kok¢cam-Demir et al, 2020; Wu et al., 2020).
MOFs can be systematically modified by adjusting metal
ions/organic linkers or implanting different functionali-
ties. Therefore, coordination of organic linkers and lanth-
anide ions/clusters can generate lanthanide-organic frame-
works (LOFs). Owing to the synergistic effect of MOFs
and Ln ions, LOFs show unique optical properties (Xia
et al., 2020). In addition, the suitable organic linkers in
LOFs can serve as chromophoric sensitizers to greatly
enhance the light absorption ability and increase the
luminous brightness via the “antenna effect” (Moore
et al., 2009). It has been reported that the energy transfer
pathway and efficiency from the “antenna” to the Ln
nodes could be affected by the host-guest interactions.
Therefore, a lot of LOFs can sensitively respond to the
contained guest molecules as a luminescent probe (Hou
etal., 2019; Yang et al., 2019). However, as most of the
currently studied luminescent LOFs are based on changes
in the absolute emission intensity of a single Ln ion, their
sensitivity is not sufficiently accurate, and they lack the
ability to recognize different molecules. To expand the

applications of LOFs, similar Ln ions are incorporated
into one framework to form mixed-lanthanide-organic
frameworks. Recent elaborations have demonstrated that
after tuning the proportion of Ln ions in mixed-LOFs, the
distinguishability of luminescent signals will be remarka-
bly improved, resulting in different luminescent colors in
detection (Zhan et al., 2014; Yuetal, 2021). Zeng and
colleagues prepared a mixed-lanthanide metal-organic
framework Tb/Eu(TATB) for the visual detection of F~ in
drinking water (Zeng et al., 2020). Karmakar and co-
workers reported the synthesis of {[Tb, Eu (L)(DMF)
(H,0)]'1.5H,0}, and its application in Cu’" sensing
(Karmakar et al., 2021). In addition, with the property of
induced-fit-type structural conversion, some LOFs can
ensnare different molecules by modulating their channel
shape and/or pore size to adapt to the host-guest interac-
tions. The different host-guest interactions can be further
transformed into unique luminous signals.

Despite the advantages, reports on the applications of
mixed-lanthanide-organic frameworks are still limited. In
our previous work, we found that mixed-LOFs can be
applied to fluorescence ratiometric detection of pharma-
ceuticals (Gao et al., 2018). However, this material is not
durable enough in aqueous solution. Considering that the
structure based on 1,3,5-benzenetricarboxylic acid (BTC)
and lanthanide ions is flexible, a more stable sensor can
be obtained by adjusting the synthesis conditions and the
coordination state. Therefore, in this work, we modulated
the synthesis process and prepared a series of durable
mixed-LOFs. 13 widely used antibiotics were chosen as
the guest molecules, containing B-lactams, tetracyclines,
amphenicols, lincomycin, sulfonamides, and quinolones.
The mixed lanthanide-organic framework sensor LOF-S3
presented a remarkable property that recognized different
antibiotics by emission intensity ratios (Tb °D, — 7Fj
transition to Eu °D,—F, transition). A two-dimensional
(2D) decoded map for antibiotics was established accord-
ing to the intensity ratio changes. The sensor emitted
differentiable luminescence for each antibiotic in the visible
light region arising from dynamic structural transforma-
tions and various host-guest interactions, which modulated
the energy transfer path, efficiency and allocation. The
quantitative analysis of antibiotics and its mechanism
were also studied. In addition, to prepare a portable sensor
for real-world applications, we explored the integration of
LOFs with polymer fibers to enable the formation of LOF-
polymer fibrous composites. MOF-fibers are attractive
in air/water purification, personal protective equipment,
biomedical devices and sensing applications due to
improved transport of molecules through the material and
easier access to the active sites of MOFs (Peterson et al.,
2021). We investigated the stability and durability of
LOF-polymer fibers and used it to detect nalidixic acid.
To our knowledge, this is the first report on the preparation
of mixed-LOF fibers for antibiotic detection using
fluorescence ratios. Our work proposed a promising
portable self-calibrating sensor for beneficial applications.
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2 Materials and methods
2.1 Materials

BTC, Tb(NO,);-6H,0, and Eu(NO;);-6H,0 were all
purchased from Sigma-Aldrich (USA). Solvent dimethyl-
formamide (DMF) and ethanol were offered by Peking
Reagent (China). 13 antibiotics (chloramphenicol, chlor-
tetracycline, lincomycin, nalidixic acid, penicillin, sulfa-
methoxazole, tetracycline, trimethoprim, sulfadiazine,
sulfamerazine, sulfaclozine, sulfameter, and sulfachino-
xalin) were all obtained from Dr. Ehrenstorfer GmbH
(Germany).

2.2 Preparation of LOFs

The Tb(or Eu)-BTC was synthesized by adding H,BTC
(0.40 mmol), Tb(NO;);-6H,0 (or Eu(NO;);-6H,0)
(0.28 mmol), ethanol (8 mL), and deionized water (8 mL)
to a vessel. After vigorous stirring, white crystals of Ln-
BTC were formed and collected by centrifugation,
washed thoroughly with DMF and methanol, and dried at
100 °C for 12 h. For the synthesis of mixed-LOFs, EuTb-
BTC, certain amounts of corresponding lanthanide nitrates
(Tb(NO,);-6H,0 and Eu(NO,);-6H,0) were added to the
reaction system. The as-synthesized samples were named
LOF-S1, LOF-S2, LOF-S3, LOF-S4, LOF-S5, LOF-S6,
LOF-S7, and LOF-S8. The molar ratios of Eu to Tb in
these samples were 1:50, 1:25, 1:12, 1:5, 1:3, 1:2, 1:1,
and 4:1, respectively.

2.3 Characterization of LOFs

The X-Ray Diffraction (XRD) patterns of LOFs were
collected on a D/MAX-RBX-ray diffractometer (Rigaku,
Japan) with a Cu-Ko radiation source. Scanning Electron
Microscope (SEM) (Zeiss, Germany) was used to obtain
images of the samples and analyze morphology. It was
operated at 15 kV with a magnification of 500—10000.
The FT-IR spectra of LOFs were recorded on a Thermo
Nicolet Nexus 870 FT-IR spectrometer system (Thermo
Fisher, USA) to confirm the functionality. Thermogravi-
metric analysis (TGA) was carried out under a N,
atmosphere on a TGA/DSC instrument (Mettler Toledo,
Switzerland) at a heating rate of 10 °C/min. Luminescen-
ce spectra of the solid samples were recorded on a
fluorescence spectrometer (Hitachi F7000, Japan) at room
temperature. The photomultiplier tube voltage was 500 V
with a scan speed of 2400 nm/min. The corresponding
optical photographs were taken by a DM6000B fluore-
scence microscope (Leica, Germany) equipped with a D-
UV filter.

2.4 Luminescence sensing

An activated sample of mixed Ln-BTC (1 mg) was added

to 50 mL of 100 pumol/L prepared solution at room
temperature and reacted for 60 min. The mixture was
centrifuged, followed by separation, washing and drying
of the solid sample. Then the powder was analyzed with a
fluorescence spectrometer and a fluorescence microscope.
To estimate the relationship between the concentration
and the emission intensity ratio, 1-150 pmol/L solutions
of antibiotics were used. For recycling experiments, the
solid samples were washed thoroughly with methanol and
dried by a rotating evaporator to remove the adsorbed
molecules. Nalidixic acid was used as the representative
analyte to investigate the sensing mechanism and test the
performance of LOF-fibers.

2.5 Preparation of mixed-LOF fibrous composite

The integration of mixed-LOF and polymers was based
on the MOF-first method, where the synthesis and deposi-
tion of LOF occur prior to fiber formation. 0.26 mmol
Tb(NO;),-6H,0, 0.02 mmol Eu(NO;),-6H,0, 0.40 mmol
H,BTC, 8 mL deionized water, and 8 mL ethanol were
added in vessel. After vigorous stirring, the products were
separated by centrifugation, washed with methanol, and
dried in a vacuum oven. To form the mixed-LOF fibrous
composite, the electrospinning technique was used. A
certain amount of Ln-BTC was added into 5 mL DMF.
The dose of Ln-BTC can be adjusted to optimize the
LOF-loading on the fibers. The suspension was sonicated
for 10 min to disperse LOF crystals. 0.2 g polyvinyl
pyrrolidone (PVP) and 0.2 g polyacrylonitrile (PAN)
were added to 5 mL DMF. The mixture was heated in an
oil bath at 60 °C and stirred vigorously for 3 h. After
electrospinning, the fibrous composite was immersed in
ethanol aqueous solution at 50 °C for 12 h to remove
PVP. Finally, the fibers were washed and dried in a
vacuum oven for 12 h.

3 Results and discussion

Needle-like crystals of Ln-BTC were prepared by the
reaction of H;BTC and lanthanide nitrate. The characte-
rization of Ln-BTC was based on FT-IR, XRD, SEM, and
TGA. Fig. 1(a) shows the XRD patterns of crystallized
Tb-, Eu-, mixed EuTb-BTC and the simulated spectrum
according to the single-crystal X-ray diffraction data of
Ln-BTC from other work (Shu et al., 2022). The peaks of
the as-synthesized sample are matched with the peaks
from the simulated spectrum without additional peaks,
demonstrating that mixed-LOF is a pure phase crystal and
Eu- and Tb-BTC are isomorphous. In FT-IR spectra
(Fig. S1), the broad peak centered at 3435 cm™! corres-
ponds to the stretching vibrations of the O-H bonds. The
sharp peaks at 1380 and 1537 cm™! are attributed to the
symmetric (ns(C-O)) and asymmetric (nas(C-O)) vibra-
tions of the carboxyl groups, respectively (Horcajada
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Fig. 1 (a) XRD spectra of Ln-BTC; (b) the coordination state of the Ln ion and the structure of Ln-BTC (Tb and/or Eu, blue; O,
red; C, gray); (c) fluorescence microscope photograph of mixed-Ln-BTC; (d) SEM image of mixed-Ln-BTC.

et al., 2008), suggesting the existence of the dicarboxylate
in the sample. The schematic internal structure shown in
Fig. 1(b) reveals that they form a rather complicated
overall topology due to the tritopic nature of the organic
secondary building units. The Ln-O-C units are
constructed from coordinated Ln(III) centers. As shown
in the model, terminal water ligand and carboxyl groups
are bound to Ln clusters. The crystals were also observed
by fluorescence microscope and SEM. As exhibited in
Figs. 1(c) and 1(d), the bulky crystals of mixed Ln-BTC
emit orange light with irradiation and a long rod-like
morphology with a diameter of about 1 um and a length
of 10-50 pum. Table S1 shows the surface elemental
composition of a mixed-LOF, LOF-S3. The atomic
percentage of Eu is about 7.4%, consistent with the
dosage of Eu nitrate during the synthetic process. The
TGA curve in Fig. S2 reveals the excellent thermal
stability of Ln-BTC, of which the decomposition
temperature is above 500 °C.

According to the previous reports (Zhan et al., 2014;
Zeng et al., 2020), the most obvious characteristic peaks
of Tb3" and Eu’" in the luminescence spectrum are
located at 545 nm and 618 nm. Therefore, the emission
intensity under different excitation wavelengths was
monitored at 545 nm (Tb) and 618 nm (Eu) to determine
the optimal excitation wavelength. As shown in Fig. S3,
for Tb-BTC and Eu-BTC, the effective excitation
wavelengths are at the range of 270-290 nm, which is
mainly related to the maximum absorbance of the organic

linker BTC. Thus, 286 nm was selected as the excitation
wavelength for Ln-BTCs. As for lanthanide salts, the
optimal excitation wavelength is much longer, where
Tb(NO,);-6H,0 is 355 nm and Eu(NO,), 6H,0 is 395
nm. Fig. 2(a) shows the emission spectra of the solid
Tb(NO,),-6H,0 sample and Tb-BTC powder measured at
their ~ optimal excitation  wavelengths. Both
Tb(NO,);-6H,0 and Tb-BTC exhibit the characteristic
emission bands of Tb3* at 488, 545, 587, and 622 nm in
the luminescence spectra, attributed to the 5D, — 7F, °D,
—7F,, D, — "F,, and °D, — "F, transitions, respectively.
As for Eu(NO,),-6H,0 and Eu-BTC (Fig. 2(b)), both of
them exhibit the characteristic peaks of Eu' in the
luminescence spectra: °D, — ’F; (592 nm), D, — F,
(618 nm), °D, — 7F (654 nm), and °D, — "F, (703 nm).
However, Ln-BTCs exhibit much stronger and sharper
characteristic luminescence emission bands than pristine
lanthanide salts. The results demonstrated that the
emission intensities of the LOFs were dramatically
enhanced due to the binding of organic ligands. The
calculated quantum yields of 69.9% (Tb-BTC) and 30.3%
(Eu-BTC) excited at 286 nm are much higher than that of
14.7% (Tb(NO;),-6H,0) excited at 355 nm and 14.8%
(Eu(NO,);-6H,0) excited at 395 nm, respectively
(Supplementary material 1. Quantum yield measurements).
These results confirm that the energy is efficiently
transferred from BTC to Tb3"/Eu3'. The excitation
energy of Ln ions is closely matched with the emission
energy of BTC to achieve the “antenna effect” (Brites
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Fig.2 Emission spectra for (a) Tb(NO;);-6H,0 and Tb-BTC, (b) Eu(NO;),-6H,0 and Eu-BTC.

et al., 2010). However, the emission intensity of Eu-BTC
was much lower than that of Tb-BTC excited at 286 nm,
which indicated that the energy transfer from BTC to
Eu" was less efficient than that from BTC to Tb3"
(Brites et al., 2010). The photoluminescence decay curves
of Eu-BTC and Tb-BTC (4., = 286 nm) were collected at
618 and 545 nm, respectively (Fig. S4). The
photoluminescence decay curves are well fitted by the
double exponential decay model, and the average lifetime
is calculated by the Eq. (1):

2 2

AAITI +A,7, , )
1T+ AT,

where 7, and 7, are the fluorescence lifetimes for the fast
and slow decay processes, respectively. 4, and 4, are the
pre-exponential factors for the fitted curve. The t,, of Eu-
BTC is 0.637 ms, and 7,, of Tb-BTC is 1.209 ms (Table
S4). The energy transfer behavior between lanthanide
ions in mixed-LOF system can be analyzed by comparing
the decay curves for Tb-BTC (545 nm), Eu-BTC (618
nm) and EuTb-BTC (545 and 618 nm). The average
decay times of the Eu3* and Tb?' ions are determined to
be 0.756 and 0.664 ms in mixed EuTb-BTC, respectively
(Fig. S7 and Table S4). It can clearly be seen that in the
mixed-LOF sample the average lifetime of Eu3" becomes
longer, while that of Tb3" becomes shorter compared to
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the single lanthanide sample. The above results indicate
that the energy transfer from Tb3* to Eu?* occurs (Zhang
et al., 2016b). The efficiency of energy transfer (1) from
Tb3* to Eu?* ions can be estimated by the equation: 7, =
1=T(14 in EuTb-BTCY T(Tb in To-BTC)- Thus, the 771 is determined
to be 45.1%. Since the average lifetime of Eu’" is
extended from 0.637 ms (Eu-BTC) to 0.664 ms (EuTb-
BTC), Eu3" is the energy transfer acceptor in the mixed-
LOF. In this system, light absorption, energy transformation,
and emissivity were well balanced, effective linker-
metal/metal-metal energy transfer and protection of Ln
ions from non-radiative decay leading to intense
luminescence (Chatterton et al., 2005).

Through adjusting the ratios of Eu3* to Tb3" during the
synthesis process, the luminescent colors of these mixed-
LOFs were systematically modulated. As shown in
Fig. 3(a), excited at 286 nm, Ln-BTCs (Tb-BTC, LOF-
S1-8, and Eu-BTC) display tunable luminescence
emission spectra via weakening or enhancing the
corresponding emission intensities of Tb3* and Eu3". In
the spectrum of LOF-S3, the characteristic peaks of two
lanthanide ions are comparable. Taking the integrated
emission intensity ratio Isys . /I¢is om (TH3" °D, — 7F;
transition to Eu3" 3D, —F, transition) as the standard, its
value is close to 1. Therefore, LOF-S3 is the most
suitable material for sensing. Corresponding to the

Tb-BTC
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LOF-S4
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LOF-S6
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Fig.3 (a) Luminescent spectra of Ln-BTCs (4., = 286 nm) in the solid-state at room temperature; (b) the optical photographs for
LOF samples under fluorescence microscope; (¢) CIE chromaticity coordinates.
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change of emission intensity ratio, the color of LOFs
observed under the fluorescence microscope changed
from green to red (Fig. 3(b)). As can be seen from the
1931 Commission Internationale de L’Eclairage (CIE)
chromaticity diagram (Fig. 3(c)), the emission colors
match well with the calculated chromaticity coordinates.
In the luminescence spectra of Eu Tb, -BTC, the
emission energy of lanthanide ions was transferred from
BTC by excitation. Therefore, we expected that the
efficiency of energy transfer would respond to the
adsorbed molecules due to the host-guest interactions.
The guest-dependent luminescence of Ln-BTC is the
basis for decoding different antibiotics. Since the
emission intensities of lanthanide ions in LOF-S3 (4., =
286 nm) were comparable, we used LOF-S3 as a sensor
for probing different antibiotics and investigated its
luminescent property. To detect antibiotics, obtained
LOF-S3 was immersed in 100 pmol/L different antibiotic
solutions (chloramphenicol, chlortetracycline, lincomycin,
nalidixic acid, penicillin, sulfamethoxazole, tetracycline,
and trimethoprim) for 30 min at room temperature. Fig.
S5 indicates that antibiotics themselves do not show
luminescence when excited at 286 nm. Thus, the
luminescent signal comes from the mixed-LOF sensor.
As shown in Fig. 4(a), the solid samples of LOF-S3
exhibit different emission spectra after antibiotic sensing.
For example, nalidixic acid shows a quenching effect for
the emission of Eu3" but a dramatic enhancing effect for
Tb3*, while tetracycline mainly quenches the emission of
Tb3*. As the emission spectra of mixed-LOF are highly
dependent on the guest molecules, it is an excellent
candidate of luminescent sensor by establishing fingerprint
correlation between antibiotics and emission intensity
ratios. In Fig. 4(b), each detected antibiotic has a unique
value of Iys . /Icis .m according to the luminescence
spectra of LOF-S3. For example, the emission intensity
ratio of nalidixic acid-LOF is increased from 0.80 (LOF-
S3) to 1.54, while Iy, ../Ic of tetracycline-LOF is

45 nm’ 618 nm
decreased to 0.61.

The above results illustrated emission intensities of
LOF-S3 were responsive to the adsorbed antibiotics by
affecting the energy transfer from organic ligand to metal
ions. However, the quenching or enhancing influence on
the absolute emission intensity of a single ion transition,
which is widely detected in the emission spectra of MOF
sensors, is inconspicuous for distinguishing some
antibiotics. For instance, the absolute emission intensity
of Tb3" of chloramphenicol-LOFs was close to that of
lincomycin-LOFs, while the absolute emission intensities
of Eu3" of nalidixic acid-LOFs and tetracycline-LOFs
were almost the same. These results suggest the antibiotic
molecules adjusted the energy transfer efficiency from
“antenna” ligand (BTC) to metal ions (Eu?" and Tb3") as
well as modulated the energy allocation between different
lanthanide ions. To date, most of the fluorescent detection
methods of antibiotics rely on a single luminescent site,
which is quantified by the change of fluorescence inten-
sity (Table S2). As a result, most of the sensors are only
capable of selectively detecting one or two antibiotics.
Compared to those single-metal LOF sensors, the self-
referring strategy of LOF-S3 amplified the relative
emission ratios, which can further enlarge the signals in
probing different antibiotics and make decoding
antibiotics be easily realized. In addition, this self-
calibrating method based on intensity ratios is more
reliable as the errors of powder emission intensity are
usually unavoidable and uncontrollable (Zhan etal.,
2014).

Meanwhile, since the guest included mixed-LOF is a
very complex system, minor structural differences are
capable of modulating the pathway and allocation of
energy transmission. To further investigate the effect of
different functional groups, the antibiotics with similar
structures but different functional groups were used
(Table S3). Remarkably, as shown in Figs. 5(a) and 5(b),
the sulfonamide antibiotics (sulfadiazine, sulfamerazine,
sulfaclozine, sulfameter, and sulfachinoxalin), which have
similar sulfa-structures, are unambiguously recognized by
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Fig. 4 (a) Emission spectra and (b) intensity ratios (/545 ,./Z¢3 nm) Of LOF-S3 after the adsorption of antibiotics (4., =286 nm).
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antibiotics (4, = 286 nm).

LOF-S3. Compared with sulfadiazine, sulfamerazine and
sulfameter have another functional group —CH, and
—OCH,, respectively. Both functional groups quench the
emission intensity of Eu3* and the quenching effect
—OCH, > —CH,. Moreover, the emission intensity ratio of
sulfaclozine-LOF changes to 1.85, while the emission
intensity ratio of sulfachinoxalin-LOF is 0.71. The results
indicated that —Cl could enhance the emission intensity of
terbium, which was confirmed in the detection of chlor-
tetracycline (compared to tetracycline). On the contrary,
in sulfachinoxalin, an additional benzene ring significantly
enhanced the emission intensity of europium.

Since each Ln ion shows more than one characteristic
emission peak, with the pristine LOF as the origin, the
variation of different peak intensity ratios can set up a
unique coordinate for each antibiotic on the map. There-
fore, a dual-readout 2D decoded map was established to
distinguish 13 antibiotics more visually (Fig. 6). The
information on every antibiotic could be achieved from
the value of Iy o /Te1g nm @A Lsgrn/Iaggnm 10 LOF-S3
spectra. An antibiotic occupies a unique 2D readout (x-
axis: (R—R /R *100%, y-axis: (R,—R,,)/R;,*100%,
where R; = Isus o/l61s nm OF the antibiotic, R, = Isg,./
Lygsnm Of the antibiotic, Ry = Isus \ /1615y OF pure LOF-
S3, Ry = Isgpnm/lagsnm OFf pure LOF-S3) in the decoded
map. The results reveal that various antibiotics of a
certain concentration can be located in one 2D decoded
map based on the mixed-LOF sensor. In the first quadrant,
the luminescence of Tb is enhanced, and the color of the
sensor shifts to green; in the third quadrant, the lumine-
scence of Eu becomes stronger, and the color of the
sensor shifts to red. For most antibiotics, R, and R,
change simultaneously, but the deviation of R and R, has
also been observed (R, # R,), indicating that the
transitions within each lanthanide ion were also affected.
As relative intensity (R) was used in this map, no
additional intensity calibration was required for LOF-S3,
making it a self-calibrating sensor.

® M-LOF-sensor
90 * » Chloramphenicol
@ Chlortetracycline
- > * Lincomycin
= v ® Nalidixic acid
= 45+ O Penicillin
= > Trimethoprim
& ] * &> ®m Sulfadiazine
~ 30 o @e‘ ® Sulfamerazine
= < Sulfaclozine
%S 154 ® v gulgan?e_ter i
v (| @ Sulfachinoxalin
' M-LOF O Sulfamethoxazole
- 008 — T — A Tetracycline
20, O 20 40 100 120
*
/%15-
‘e,

" (R-Ry,)/R,,¥100%
( 1 Ll) L1

Fig. 6 Decoded map for different antibiotics of LOF-S3 sensor (4., =
286 nm, R, = Isys /1615 om OF the antibiotic, Ry = Isg,. /Lo, of the
antibiotic, Ry ; = Isys yo/l61s nm Of LOF-S3, Ry 5 = Lsgy /I1e6., of LOF-
S3).

Scheme S1 shows the possible mechanism of mixed-
LOF for sensing antibiotics. In general, the BTC’s
electrons absorb external energy and are excited to the
singlet state (S,) or second singlet state (S,). The S, state
can deactivate to S, state through non-radiation deac-
tivation (NRD). Then the S, state will be transferred to its
triplet state (T,) through inter-system crossing (ISC).
Meanwhile, the energy is transmitted to Tb3" and/or Eu’"
via energy transfer which results in the electrons of Tb3"
and/or Eu* being excited to high energy level (°D, or
D). Finally, lanthanide ions are deactivated to the
ground state via luminescence. However, when the LOF
sensor reacts with antibiotics, the antibiotic molecules can
cause different interactions or competing with the organic
linker, affecting the interior energy transfer in LOF-S3.
Thus, the energy transfer efficiency, the energy
allocation, and the transitions of Ln ions are adjusted,
which enhances or quenches the emission intensity of
lanthanide ions in the luminescence spectra of LOF-S3.
Assuming the analogous concentration dependence of
compound, the decoded map for different concentration
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(200 pmol/L) is shown in Fig. S6. The 2D readouts for
antibiotics in the decoded map are almost double those of
the Fig. 6, suggesting that the intensity ratio and
antibiotic concentration might exhibit a linear correlation
within a certain range. Thus, the intensity ratios of each
antibiotic at different concentrations were recorded and
the limit of detection (LOD) was calculated according to
S2. Limit of detection. The results are shown in Table S3.
Among these antibiotics, sulfaclozine and nalidixic acid
possess relatively lower detection limits of 0.25 and
0.29 umol/L, respectively. In general, at a certain concen-
tration, the more obvious the change of the mixed-LOF
intensity ratio, the lower the detection limit.

Furthermore, the quantitative relationship between the
concentration of antibiotics and the intensity ratio of
LOF-S3 was investigated. Nalidixic acid (NA) was
selected as the target compound. The plot reveals that in
the range of 1-200 umol/L, a linear relationship is retained
between the concentration of nalidixic acid and the
intensity ratio with a slope of about 0.00863 (Fig. 7(a)),
indicating that LOF-S3 is a self-referencing fluorescent
indicator. To further understand the sensing mechanism
of LOF-S3, photoluminescence decay dynamics were
measured. According to the emission spectra and decay

curves of LOF-S3 before and after the detection of NA,
the emission intensities of both Tb*>* and Eu3* decrease as
the NA added (Figs. 7(b) and S7), while the average
decay lifetimes of Tb*>' and Eu3" increase (Table S4).
Therefore, the detection of nalidixic acid is may involve a
complex modulation process.

The response mechanism of this ratiometric sensor can
be explained by the modulation of the energy transfer
process in the mixed-LOFs. In original LOF-S3, the
energy transfer from BTC to Tb>* and Eu?* leads to the
orange emission. After NA is added, since NA mainly
exists in the form of anion in water with a carboxyl
group, NA molecules can chelate with lanthanide ions
and replace the coordinated water. Additionally, the
strong absorption of NA at about 280 nm overlaps with
the excitation spectrum of mixed-LOF (Kumar et al.,
2008). Therefore, in solid samples, UV light is absorbed
both by the adsorbed NA and BTC linkers. The compe-
tition between NA and BTC may reduce the “antenna
effect” of BTC, but at the same time NA can also replace
part of the BTC linkers, transferring energy to lanthanide
ions. Changes in the energy transfer pathway affect the
emission intensity and the decay lifetime (Fig. 7(c)).
However, the intensity changes of the two lanthanide
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Fig. 7 (a) Intensity ratios (/5,5 yn/Zs13 nm) ©f LOF-S3 in the presence of different concentrations of nalidixic acid (4., = 286 nm);
(b) Emission spectra of LOF-S3 before and after the detection of nalidixic acid; (c) possible mechanism of LOF-S3 sensing for

nalidixic acid.
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metal elements are not synchronized, and the intensity
reduction of Eu3* is much more than that of Tb3*, which
may be explained by the following reasons: (1) The bind-
ing energy calculated by Material Studio 7.0 shows that
the binding energy of Tb-BTC and NA (ca. —751 kcal/mol)
is higher than that of Eu-BTC and NA (ca. —705 kcal/mol),
indicating that NA is more inclined to bind to Tb-BTC in
mixed-LOF system. NA can also coordinate with the
Eu3* ions, but there are far more Tb atoms than Eu in
LOF-S3, which further reduces the coordination proba-
bility of Eu?*. (2) According to the previous research, the
triplet energy level of NA is about 27016 cm™!' (Monti
et al., 2008), which is more suitable for sensitizing Tb3"
ions (ca. 20500 cm!) (Zhang et al., 2016a). (3) The
phonon vibrations in the EuTb-BTC lattice can be
affected by the coordination of NA~ and Tb3". Because
the energy transfer from Tb3" to Eu3* is mainly controlled
by the phonon-assisted Forster transfer mechanism, the
Tb-to-Eu energy transfer is further affected (Rao etal.,
2013; Zhouetal., 2015). These reasons lead to a
significant drop in the red emission of Eu and an increase
in the value of I5,s  /I¢ ¢ ym-

For a luminescent sensor, reusability is essential for
real-world applications. After detection, the re-collected
samples were washed by organic solvent (methanol,
DMF) and dried for 12 h. In the recycling experiment, the
sensing of nalidixic acid by the solid sample of LOF-S3
was still efficient after five cycles. As shown in Fig. 8,
the emission intensity ratio I5s /I, . hardly changes.
The results demonstrated the reversible properties of
LOF-S3, which can be reused and recycled for the
subsequent detection.

It is not easy to separate powder samples from the
liquid medium. Thus, to meet practical requirements, we
explored the immobilization of LOF-S3 on solid
substrates. Post-synthetic modification is an effective
strategy. The mixed-LOF was integrated with polymers to

1.6+

1545 |||||/1M 8 nm
—_
i

0.8+

Fig. 8 Recycling probing of nalidixic acid by LOF-S3: the integrated
emission intensity ratios (Zsys ,/Zs13 nm) after adsorption and desorption

of nalidixic acid (200 mL 100 pmol/L nalidixic acid solution, 5 mg
Ln-BTC, 4, = 286 nm).

form a fibrous composite via electrospinning (Fig. 9(a)).
The fluorescent characteristics were further explored. In
Fig. 9(b), the sharp peaks at 592, 488, 545, and 618 nm
and the emission intensity ratios are consistent with those
of the powder sample. The amount of LOF integrated
with polymers was verified to investigate its effect on the
luminescence of LOF-S3 fibers. The intensity ratios
(Usys nm/le18 nm) ©f LOF-S3 fibers with different amounts
of LOFs during synthesis were recorded. In Fig. S8, the
values of Is45 /615 om 11 LOF-S3 fibers remain stable
with the increasing amount of LOF-S3. However, after
adding nalidixic acid, the change of intensity ratio
(Zsys nm’I618 om) decreases with the increasing amount of
LOF-S3, which is due to the decrease in the number of
nalidixic acid molecules that could be adsorbed by LOF-
S3 per unit mass. It should also be noted that low LOF
loading results in weaker fluorescence emission. Therefore,
the amount of LOF integrated with polymers was chosen
to be 0.1 g in this work.

To investigate the stability and durability of LOF-S3
fibers, the material was immersed in aqueous solutions of
varying pH and ionic strength. As shown in Figs. S9a and
S9b, the emission intensity ratios of LOF-S3 fibers
(Us4s nm'L618 nm) keep stable. In addition, the XRD patterns
of LOF-S3 fibers is basically unchanged after storage in
water for several days (Fig. S9c), indicating that the
mixed-LOF fibrous composite can maintain the stability
in aqueous solution. Additionally, the response signals
(Zs4s um’I618 n) T€MAIN stable in simulated natural samples
such as simulated river water and PBS buffer (Fig. S9d).
NA was used as the representative antibiotic to estimate
the performance of LOF-S3 fibers. With increasing NA
concentrations, the LOF-S3 fibers exhibits a color change
from orange to yellow-green under fluorescence microscope
(Fig. 9¢). The color information (RGB values) can be
obtained by color extraction with a smartphone for
estimating NA concentrations. Therefore, as illustrated in
Fig. 9d, the LOF-S3 fibers can be connected to the device
to perform as a portable sensor.

4 Conclusions

In summary, this study synthesized luminescent mixed-
LOFs and used the most suitable one as a self-calibrating
sensor for visual decoding and quantitative detection of
antibiotics. In this system, highly efficient resonance
energy transferred from the organic linker to metal ions
was achieved because the emission band of BTC matched
well with the excitation band of Eu3"/Tb3*. The
photoluminescence decay curves indicated the energy
transfer from Tb3" to Eu?" occurred. The energy transfer
efficiency from BTC to Ln ions, the energy allocation
between different Ln ions, and the interior transitions of
Ln ions could be influenced by the analytes. Therefore,
by converting the influence of guest molecules into the
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Fig. 9 (a) Images and (b) luminescence spectra of LOF-S3 fibers; (c) the optical photographs for mixed-LOF fibers under
fluorescence microscope before and after the detection of nalidixic acid (NA 1: 50 umol/L, NA 2: 100 umol/L, NA 3: 200 pmol/L);
(d) Schematic diagram for the detection of antibiotics using a smartphone.

variation of emission intensity ratios, different antibiotics
were simply differentiated. A 2D decoded map for
antibiotics was established where every antibiotic was
represented by a unique dual-readout. The linear
relationship between the concentration of NA and the
emission intensity ratio indicated the quantitative
determination of antibiotics was feasible. The competition
in the absorption of UV light between NA and BTC
affected the energy transfer, resulting in a significant drop
in the red emission of Eu and an increase in the value of
L4 0/ 1618 om- TO prepare a portable sensor for real-world
applications, LOF-S3 was integrated with polymer fibers.
The stability and durability of LOF-S3 fibers were also
confirmed. The proposed LOF-S3 fibers show the
potential in recognition and monitoring antibiotics through
a detection platform. Our findings on the luminescent
responses of LOF-S3 toward different antibiotics provide
valuable insights into the design and development of
multifunctional LOF sensors for beneficial applications.
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