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The research on pharmacology usually focuses on the structure-activity relationships of drugs, such as antibi-
otics, to enhance their activity, but often ignores their optical properties. However, investigating the photo-
physical properties of drugs is of great significance because they could be used to in situ visualize their positions
and help us to understand their working metabolism. In this work, we identified a class of commercialized
antibiotics, such as levofloxacin, norfloxacin, and moxifloxacin (MXF) hydrochloride, featuring the unique
aggregation-induced emission (AIE) characteristics. By taking advantage of their AIE feature, antibiotic meta-
bolism in cells could be in situ visualized, which clearly shows that the luminescent aggregates accumulate in the
lysosomes. Moreover, after a structure-activity relationship study, we found an ideal site of MXF to be modified
with a triphenylphosphonium and an antibiotic derivative MXF-P was prepared, which is able to specifically
differentiate bacterial species after only 10 min of treatment. Moreover, MXF-P shows highly effective broad-
spectrum antibacterial activity, excellent therapeutic effects and biosafety for S. aureus-infected wound recov-
ery. Thus, this work not only discovers the multifunctionalities of the antibiotics but also provides a feasible
strategy to make the commercialized drugs more powerful.

1. Introduction

Every new disease, such as coronavirus disease 2019 (COVID-19),
appears to be catastrophic to humans, and the emergence of targeted
drugs can bring the hope of survival to dying patients; therefore, sci-
entists have never been stopping exploring new drugs [1-3]. During
drug development, researchers generally focus on their
structure-activity relationships to continuously improve their activity
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[4], while few studies have been put on their other functions, such as
optical properties [5]. Most drugs, such as paclitaxel [6], artemisinin
[71, and aspirin [8], lack a large conjugated system, resulting in a weak
or ultraviolet emission, and making their observation by the naked eye
difficult. However, the optical properties of drugs are an ideal way to
understand their working mechanism [9]. Such investigation can
determine the influences because of the structural differentiation on
their optical properties and also monitor the changes in drug
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concentration and position in situ to better understand metabolic pro-
cesses, reduce toxicity and side effects, and achieve precision therapy.
Therefore, the research on the optical properties of drugs is of great
significance to visualize them in situ and effectively increase the un-
derstanding of their metabolism.

The fluorescence technology enjoying the advantages of simple
operation, high sensitivity, and in situ process visualization has indeed
applied in drug delivery and visualization [10-13]. However, the drugs
have to be modified by attaching fluorophores [14], which often make
the generate derivatives cannot accurately represent the drugs because
their pharmaceutical activity and physicochemical properties are
affected. In addition, there are often differences in drug endocytosis
and/or phagocytosis between the pristine and modified drugs [15].
Therefore, the drugs themselves are highly emissive in the practically
applicable states or their pharmaceutical activity does not affect after
modification are the key for further study in this area.

Among the drugs, the antibiotics, such as the Food and Drug
Administration (FDA)-approved fluoroquinolone antibiotics of nor-
floxacin (NOR), levofloxacin (LEV), and moxifloxacin hydrochloride
(MXF-HC]) are widely used for the treatment of multiple infections
because of their high efficiency, specificity, and biosafety. However,
compared with the number of studies on their drug activity, the inves-
tigation on their optical properties is limited.

In this work, the optical properties of a series of commercial fluo-
roquinolone antibiotics were examined. We excitingly found that they
possess the unique aggregation-induced emission (AIE) feature, a
concept coined in our group in 2001 [16-36]. Through the density
functional theory (DFT) calculation and single crystal structure inves-
tigation, we figured out the restriction of intramolecular motion (RIM) is
the cause for the AIE feature [37]. By taking advantage of this feature,
we were able to visualize these antibiotics in situ and observe their
concentration changes in cells. Moreover, after a systematical
structure-activity relationship study, we found an ideal site of MXF to be
modified with a triphenylphosphonium without sacrifice of its phar-
maceutical activity, and an antibiotic derivative MXF-P was prepared.
Notably, MXF-P could specifically differentiate bacterial species after
only 10 min of treatment. Therefore, this work not only identified and
explained the AIE feature of fluoroquinolone antibiotics, but also found
ideal sites for modification to realize multifunctional drugs, which
provides an innovative strategy for new multifunctional drug discovery.

2. Materials and methods
2.1. Chemicals and biological samples

Norfloxacin and Levofloxacin were purchased from Energy Chemi-
cal. Moxifloxacin Hydrochloride was purchased from TCI. Ltd. PBS
buffer, DMEM (Dulbecco’s modified Eagle medium) and fetal bovine
serum (FBS) were purchased from Termo Fisher Scientific (Shanghai,
China). MCF-7 cells and HeLa cells were obtained from cell culture
center of Institute of Basic Medical Sciences, Chinese Academy of
Medical Science (Beijing, China). S. aureus ATCC 6538 and Candida
albicans (C. albicans) ATCC 10231 were obtained from China General
Microbiological Culture Collection Center. The Amp Escherichia coli
(E. coli) TOP 10 was purchased from Beijing Bio-Med Technology
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Development Co.
2.2. Synthesis of EFODC and MXF-P

The synthetic route to EFODC is shown in Scheme 1. FODC (0.5
mmol, 103.5 mg) and K,CO3 (1.0 mmol, 138 mg) were placed into a 50
mL two-necked round bottom flask and then DMF (10 mL), ethyl bro-
mide (2.0 mmol, 218 mg) were added under stirring. After the reaction
was stirred for 12 h at 85 °C (the progress of the reaction was monitored
by TLC), DMF was removed through vacuum evaporation to obtain in-
termediates. These intermediates were added to EtOH (6 mL) followed
by addition of 2.0 M aq. NaOH solution (0.3 mL) dropwise. The reaction
mixture was heated at 70 °C for 16 h. Subsequently, HCI (6 mL, 1 M) was
added and the precipitate was filtered to afford a white solid EFODC in
72% yield. 'H NMR (400 MHz, DMSO-dg) § 15.01 (s, 1H), 9.08 (s, 1H),
8.17 (dd, J = 9.6, 4.4 Hz, 1H), 8.05 (dd, J = 8.8, 3.2 Hz, 1H), 7.90 (m, J
=9.6, 8.0, 3.2 Hz, 1H), 4.63 (q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H).
13¢ NMR (125 MHz, DMSO-dg) 6 177.4, 166.3, 161.0, 149.6, 136.4,
127.8,123.3,121.9, 110.9, 107.9, 49.8, 15.1. HRMS (MALDI-TOF) m/z
[M-+Na]™ caled for C;oH19gFNO3sNa™ 258.0537, found 258.0536.

The synthetic route to MXF-P is shown in Scheme 2. Compound 1
(304 mg, 0.6 mmol) and antibiotic MXF-HCI (219 mg, 0.5 mmol) were
dissolved in a mixed solution (10 mL, MeCN/DMF = 9:1). Afterward,
KHCO3 (84 mg, 1.0 mmol) was added. The reaction mixture was heated
at 90 °C for 12 h. After the solvent was removed under reduced pressure,
water was added, and the mixture was extracted with DCM (30 mL x 3).
The combined organic layer was dried with anhydrous NazSOa,
concentrated and purified through silica gel column chromatography
(eluent: DCM/MeOH = 20:1, v/v) to afford the yellow solid MXF-P in
58% yield. 'H NMR (500 MHz, CDCl3) 6 15.16 (s, 1H), 8.37 (s, 1H),
7.84-7.75 (m, 9H), 7.71-7.65 (m, 7H), 4.02-3.99 (m, 1H), 3.80-3.71
(m, 3H), 3.65-3.55 (m, 5H), 3.17 (s, 1H), 2.76 (s, 1H), 2.53 (s, 1H),
2.39-2.23 (m, 3H), 1.82-1.41 (m, 10H), 1.37-1.17 (m, 5H), 0.99-0.92
(m, 2H). 3C NMR (125 MHz, CDCls) § 176.7, 167.2, 153.8, 149.5,
140.8, 135.0, 134.5, 133.8, 133.7, 133.6, 130.6, 130.5, 130.4, 118.8,
117.9, 107.7107.4, 61.4, 61.3, 55.4, 54.4, 49.1, 40.6, 37.0, 30.2, 29.7,
26.9, 23.8, 22.9, 22.6, 22.4, 14.1, 9.51, HRMS (MALDI-TOF) m/z [M] "
caled for C45H50FN304P™ 746.3517, found 746.3509.

2.3. Cell imaging

MCF-7 or HelLa cells were cultured overnight in a Petri dish with a
coverslip. The cells were stained with 10 pM LEV, MXF-HCI or MXF-P for
different time followed by MitoTracker Red (100 nM) or LysoTracker
Red (100 nM) for 30 min. The cells were observed by a laser scanning
confocal microscope (LSM710, ZEISS) with a 5% laser power. Excitation
filter: 405 nm for LEV, MXF-HCI or MXF-P, 543 nm for MitoTracker Red,
543 nm for LysoTracker Red; emission filter: 410-580 nm for LEV,
420-580 nm for MXF-HCl and MXF-P, 600-650 nm for MitoTracker Red,
600-650 nm for LysoTracker Red.

2.4. Bacteria imaging in cells

HelLa cells were cultured overnight in a Petri dish. Then, bacterial
solution (20 pL, ODggo = 1.0) was added into DMEM of HeLa cells. After
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Scheme 1. Synthetic route to EFODC.
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the mixture was incubated at 37 °C for 10 min, the blended solution was
stained with 10 pM MXF-P. The infected cells were imaged by a laser
scanning confocal microscope (LSM710, ZEISS) with 5% laser power.
Excitation filter: 405 nm for MXF-P, emission filter: 420-600 nm for

MXF-P.
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Scheme 2. The synthetic route to MXF-P.
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and then washed with PBS 3 times. Dead E.coli or C. albicans solution
(100 pL, ODgoo = 1.0) was added into 900 pL PBS solution with MXF-P
(10 pM) and PI (3 pg/mL). Then, the mixture was incubated at 37 °C for
10 min the E. coli or C. albicans was harvested by centrifuging (7100 rpm

for 2 min) and re-suspended in 15 pL of PBS. The stained mixture so-
lution of 5 pL was added on glass slides, and then covered with a
coverslip to fix bacteria. The samples were then imaged by confocal laser
scanning microscopy.

The E. coli and C. albicans were treated with 75% EtOH for 20 min
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Fig. 1. (A) Chemical structures of the investigated fluoroquinolone antibiotics. (B) Normalized absorption spectra of NOR, LEV and MXF-HCI in DMSO solution. (C)
Normalized photoluminescence (PL) spectra of the three antibiotics in DMSO solution. (D) Normalized PL spectra of LEV in different solvents. (E) PL spectra of NOR
in DMSO mixtures with different volume fractions of water (f). Inset: Fluorescent photographs of NOR in DMSO with 0% and 90% water fraction. (F) Plots of I/I
versus the composition of the DMSO/water mixture, where I is the lowest value of fluorescence intensity. (G) Zeta potentials of LEV, NOR, and MXF-HCI in aqueous
solutions with 1% DMSO. The concentrations of antibiotics are all 10 pM in the photophysical property measurement. Excitation wavelength: 320 nm for NOR, 330
nm for LEV, 365 nm for MXF-HCI.
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3. Results and discussion
3.1. Photophysical properties

The photophysical properties of the commercially available antibi-
otics of NOR, LEV and MXF-HCl were studied. Their structures and
spectral information are shown in Fig. 1, and their photophysical data
are summarized in Table S1. MXF-HCI showed a longer absorption peak
at 362 nm than NOR (320 nm) and LEV (330 nm) in dilute DMSO so-
lutions (Fig. 1B). Similarly, the emission peak of MXF-HCI (491 nm) is
red-shifted compared with LEV (482 nm) and NOR (440 nm) in DMSO
solutions (Fig. 1C and Table S1). Furthermore, a longer emission peak
(473 nm) of MXF-HCI than those of NOR (396 nm) and LEV (457 nm)
was clearly observed in the solid states (Fig. S1). These photophysical
property could be ascribed to their donor-m-accepter structures by
combining their distinct solvatochromism in the solvents of 1,4-dioxane,
acetonitrile (MeCN), methanol (MeOH), and dimethyl sulfoxide (DMSO)
with different polarity (Fig. 1D and S2). The red-shifted peaks of MXF-
HCl is owing to its stronger electron-donating ability of the methoxyl
group and (S,S)-2,8-diazabicyclo[4,3,0]noane moiety than the other
antibiotics.

Next, we studied the photoluminescence (PL) properties of these
antibiotics in different solvent mixtures (Fig. S3). As shown in Fig. 1E,
since NOR has much better solubility in DMSO than in water, the PL
intensity of NOR in DMSO solution strengthened with an increasing in
water fraction (fy,) because of the formation of aggregates, unambigu-
ously demonstrating that NOR is AIE active.

Similar AIE feature was observed for LEV (Fig. 1F and S3A). Because
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MXF-HCIl has good solubility in DMSO and water, the DMSO/water
system is not suitable for characterizing its AIE properties, Therefore, we
changed the solvent mixture to water/1,4-dioxane. When 1,4-dioxane
was gradually added to its aqueous solution, the PL intensity of MXF-
HCl was also progressively increased, exhibiting an aggregation-
enhanced emission (AEE) characteristic. In addition, the absolute PL
quantum yield (®p) measurement showed that LEV, NOR, and MXF-HCl
showed lower ®f values in DMSO solutions than in their solid states
(Table S1), further confirming their AIE feature. Interestingly, the zeta
potential experiments of the drug aggregates showed that LEV had a
more negative potential value (—7.11 mV) than NOR (—3.84 mV),
whereas MXF-HCI showed a positive value (1.4 mV) (Fig. 1G). This zeta
potential reversal is owing to the protonation of MXF-HCI.

3.2. Mechanism of aggregation-induced emission

As shown in Fig. 1F, NOR displays the most distinct AIE feature. We
thus took it as a model to investigate the underneath mechanism. For
comparison, we purchased its intermediate FODC and synthesized
EFODC (Scheme 1 and Fig. 2A, and S4-S6, the experimental details are
provided in the Supporting Information). The photophysical property
study showed that the absorption spectra of FODC and EFODC are quite
similar in their DMSO solutions, and FODC and EFODC showed longer
emission in the solid states than that in DMSO solutions (Fig. S7 and
Table S2). Next, the emission behaviors of FODC and EFODC were
studied in DMSO/water mixtures. The PL intensity of FODC decreased
when large amounts of water was added into its DMSO solution
(Fig. 2B), and its ®g in DMSO solution (4.9%) is higher than that in solid
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Fig. 2. (A) Molecular structures of FODC and EFODC. (B) PL spectra of FODC and (C) EFODC in DMSO mixtures with different volume fractions of water (f,,).
Concentration: 10 pM. Excitation wavelength: 330 nm. (D) Plots of I/I; values versus the composition of the DMSO/water mixture where I is the lowest value of

fluorescence intensity.
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state (2.5%), displaying a typical aggregation-caused quenching (ACQ)
effect. Whereas EFODC shows an AIE effect under the same conditions
(Fig. 2C) and it gives a lower @ (0.8%) in DMSO solution than in the
solid state (2.1%). This low ® of EFODC in DMSO solution might be
related to the ethyl groups, the active motion from which might dissi-
pate the excited state energy, while this motion was greatly restricted in
the solid state, resulting in an increased ®p. Notably, when the f,,
increased from 0% to 90%, NOR also exhibits more obvious AIE effect
than EFODC (Figs. 2D and 1F). From these data and according to the
structural characteristics of these antibiotics, we proposed that their AIE
effect was caused by RIM.

3.3. Theoretical calculation

To better understand the discrepancies in the AIE properties of LEV,
NOR, and MXF-HCI, we tried to employ DFT calculations to study these
antibiotics. The calculation result could not be obtained for MXF-HCI
due to the convergence failure during the optimization process. There-
fore, the theoretical calculation for NOR and LEV are performed and the
results are presented in Fig. 3. The optimal geometries of them show that
the angles between the donor piperazine ring and the acceptor fluo-
roquinolone (6 = 12.5° for NOR, and 30.5° for LEV) are small in the
ground state. While, in the excited state, the larger 6 values (78.1° for
NOR, and 80.1° for LEV) suggest that they show a twisted intra-
molecular charge transfer (TICT) process. In addition, the molecular
orbital distribution results show that in the ground state, holes of NOR
and LEV are mostly distributed around whole molecule, and electrons
are essentially localized on the fluoroquinolone moiety. Whereas, in the
excited state, the holes are mainly distributed around the piperazine
rings, and the electrons were localized on the fluoroquinolone moieties,
which resulted in a negligible oscillator strength (f = 0.000). The
separated distributions of the holes and electrons suggested that they
showed distinct charge separation. Thus, in the solution states, the TICT
process of the molecule might quench their emissions, and the motions
of the donor piperazine were limited in the aggregate state, recovering

Geometries. r

(]
Electron

6=78.1°

Ground state Excited state
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the bright fluorescence.

To further understand the luminescent behavior of the antibiotics in
the aggregate state, we retrieved the single crystal structures of NOR,
LEV, and MXF-HCI from the literature [38-40]. As shown in Fig. 4, the
intermolecular C-H.--O, C-H---C, and C-H.--F interaction distances in
NOR are in the range of 1.992-2.891 A, well rigidifying its conformation
at the molecular level and limiting the motion of both the piperazine
rings and ethyl groups. In addition, the intermolecular center distance
between O; and O of the benzene ring is 4.324 10\, and the vertical
distance from O, to the plane of the quinoline ring is 3.517 A, which is
not conducive to forming the intermolecular n-n interactions that
commonly quench emission. Therefore, the weak emission of NOR in
DMSO solution might be that the active motion of the piperazine ring
and ethyl group dissipates the excited state energy. However, in the solid
or aggregate state, nonradiative decay was greatly inhibited, resulting in
increased PL intensity.

Similarly, we found that these intermolecular C-H-.-O, C-H-:-C in-
teractions are also present in LEV and MXF-HCI and that the distance
between the adjacent benzene ring centers (3.990 A for LEV and 4.460 A
or 3.829 A for MXF-HC) is further far compared with that of NOR. In
addition, because of the introduction of the lateral resistance ethyl and
cyclopropyl groups to the fluoroquinolone moiety, the intramolecular
n-n interaction was disrupted (Fig. S8). These data well explain why
these antibiotic molecules display enhanced PL in their solid or aggre-
gate states.

3.4. pH-dependent fluorescence response of LEV

When a drug is administered, pH value should be studied because it
will affect its solubility, absorption, metabolism, and pharmaceutical
effects. To investigate how pH differences affect drug luminescence, we
selected LEV, with a long emission wavelength and no protonation, as
the model antibiotic. As shown in Fig. S9, under an ultraviolet light
irradiation, LEV in PBS solution displayed green fluorescence with a pH
value lower than 6.0 and blue fluorescence when the pH value increases

2 T SNV T S
e gl ity
F ‘9 “‘.JJ',‘ J‘..‘J?;/ N
L N | L .

., 0

6 =30.5°

6 =80.1°

Ground state Excited state

Fig. 3. The molecular geometries and the distributions of electron and hole natural transition orbitals (NTOs) for (A) NOR and (B) LEV in their optimized ground
states and excited states calculated at the B3LYP/6-31g** level. 6 and f are the angle between the piperazine ring and the fluoroquinolone and the oscillator strength,

respectively.
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Fig. 4. Single crystal stacking diagram of NOR. (A) Intermolecular interactions. (B) The central distance of adjacent molecules. (C) The central and vertical distances

of adjacent molecules.

to 7.0. Next, the absorption and PL spectra of LEV with different pH
values were systematically investigated (Figs. S9B and S9C). The ab-
sorption spectra of LEV showed slight changes when the pH values
increased from 1 to 13, however, its PL intensity and the maximum
emission peaks changed drastically. From pH 1 to 5, the PL intensity
gradually increased, and the emission peaks are at approximately 500
nm, whereas from pH 7 to 13, the PL intensity declined constantly, and
the emission peaks exhibited an obvious blue-shift to about 460 nm
(Figs. S9C and S9D). The fluctuation in PL intensity is because of the
aggregate formation. In the strongly acidic or basic environments, the
positively and negatively charged ionic LEV molecules that are formed
through ionization have good solubility, leading to a weak PL intensity.
Under neutral conditions, LEV formed aggregates because of its poor
solubility in PBS solution, resulting in enhanced fluorescence.

To understand the pH-dependent PL response of LEV, we further
studied the structural influences at different pH values by 'H NMR
spectroscopy (Fig. S10). After addition of trifluoroacetic acid (TFA),
both the position and peak profile of the protons on the piperazine ring
changed significantly, and a new peak appeared at § 9.82 (Fig. S11),
suggesting that the nitrogen atom of the piperazine ring was protonated.
In addition, the carboxylic acids in LEV readily converted to carboxylic
anions under basic conditions. Thus, the PL variation of LEV was caused
by the changes in the molecular structure under different pH conditions.

3.5. In situ visualization of the drugs in cells

In situ visualization of drugs is important to understand their con-
centration, distribution, and metabolism in cells, and will help to reduce
side effects and achieve precision therapy. Thanks to the AIE effect of
LEV, NOR and MXF-HCI, we chose LEV and MXF-HCI as representative
antibiotics to study the visualization process in cells because they
possess longer emission wavelengths and higher ®f values. First, to
study the change of antibiotic concentration over time in cells, we added

228

LEV to MCF-7 cells for cultivation. After 10 h, fluorescent images were
acquired by confocal laser scanning microscopy (CLSM), but no signal
was observed. Extension the incubation time to 24 h leads to a weak
fluorescent signal near the nuclei of the MCF-7 cells, which was
continuously enhanced with further elongation of time. This phenome-
non was probably due to the slow entry and accumulation of LEV into
the cells (Fig. 5A and B). Notably, thanks to its better water solubility,
the fluorescent signal of MXF-HCI could be observed in cells after 24 h,
which is faster than that of LEV. To determine the intracellular locations
of LEV and MXF-HCI, colocalization experiments were performed with
LysoTracker Red (LTR), a commercial lysosomal dye. The signals from
LEV and MXF-HCI overlapped well with that of the LTR (Fig. 5C and D).
Thus, these results revealed that LEV and MXF-HCI accumulated in ly-
sosomes after entering the cells.

3.6. Modifying antibiotics for rapid identification and bacteria killing

To improve the pharmacological activities and develop novel func-
tions of antibiotics, modification becomes an attractive strategy. Herein,
we further investigated the antibacterial activities of NOR and its pre-
cursors of FODC and EFODC against Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) to acquire their structure-activity relation-
ship and the right modification site. As shown in Fig. 6, compared with
NOR, FODC and EFODC displayed notably decreased antibacterial ac-
tivity against S. aureus and E. coli, suggesting that the introduction of the
piperazine ring significantly improves the antibacterial activity. More-
over, EFODC and NOR showed stronger killing activity against E. coli
than against S. aureus, while FODC did not exhibit antibacterial effect.
These results suggest that the introduction of an ethyl group and
piperazine ring on the fluoroquinolone ring could readily enhance the
antibacterial activity.

According to a structure-activity relationship study on antibiotics
[41,42], and above antibacterial activities of FODC, EFODC, and NOR, it
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Fig. 5. (A-B) In situ visualization of LEV after incubation for different time by fluorescence imaging. (A1—A4) Fluorescent images of MCF-7 cells incubated with LEV
for different time. (B1-B4) Bright field images. (C-D) Colocalization imaging of MCF-7 cells incubated with LysoTracker Red and antibiotics. (C1, D1) Bright field

images. Fluorescent images of MCF-7 cells incubated with (C2) LEV for 72 h, (D2) MXF-HCI for 24 h, and (C3, D3) LysoTracker Red for 30 min (C4, D4) Merged

images and the pearson’s correlation coefficients were 0.75 and 0.70, respectively. Concentration: 10 uM for LEV and MXF-HCl, 100 nM for LysoTracker Red. Scale
bar: 20 pm.
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Fig. 6. Antibacterial tests of FODC, EFODC and NOR against S. aureus (A) and E. coli (B).
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was suggested that the modification of secondary amine of MXF-HCl
could maintain the antibacterial activity, but the derivation from car-
boxylic acid greatly affects its activity. In addition, the introduction of
positively charged ionic groups would further enhance the solubility of
the antibiotic and promote interaction with microorganisms with a
negative membrane potential via electrostatic interactions [43,44].
Therefore, we covalently attached a triphenylphosphonium to MXF and
generated a new multifunctional antibiotic of MXF-P (Scheme 2 and
Fig. 7A).

After confirming the molecular structure of MXF-P (Fig. 7A and S12-
S14), its photophysical properties were investigated. The MXF-P gave
absorption and PL peaks at 364 nm and 470 nm in DMSO solution,
respectively. Moreover, the emission was slightly red-shifted in the solid
state (481 nm) (Fig. S15) and its ®f value in the solid state (7.4%) is
higher than that in DMSO solution (1.3%), demonstrating that MXF-P is
also AIE-active. The AIE feature of MXF-P was also confirmed by the
enhanced PL intensity upon adding water into its DMSO solution
(Fig. S16 and Table S3). Similar with MXF-HCl, MXF-P showed obvious
solvatochromic effect because of its donor-n-acceptor structure. These
results confirmed that the modified antibiotic retained the AIE feature.

To determine whether MXF-P have the same intracellular distribu-
tion as MXF-HCI, its colocalization experiment with LTR was conducted.
The results indicated that the signals from MXF-P and LTR overlapped
poorly (Fig. S17). Instead, MXF-P showed a quite similar regional dis-
tribution with MitoTracker Red (MTR), a commercial mitochondrial
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Bacterial viability (%)

0 025 05 1 2
Concentration (uM)
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dye. This was ascribed to the electrostatic interaction between the
positively charged MXF-P and the negatively charged mitochondria [45,
46].

Thanks to its unique structure and AIE feature that enable a rapid
identification of species and long-term bacterial tracking [47-56],
MXF-P was chosen to distinguish the types of microorganisms. Gener-
ally, traditional Gram-staining method is difficult to track and monitor
live bacteria over a long period of time, and the Gram-staining process is
quite complicated, requiring multiple washes and a variety of reagents.
As shown in Fig. 7B, MXF-P and MXF-HCl were used for the staining of
S. aureus, and MXF-P showed a uniform S. aureus staining even after as
short as 10 min while MXF-HCI did not. This is because the triphenyl-
phosphonium group of MXF-P exhibits a stronger binding affinity than
MXF-HCI toward the negatively charged S. aureus. Next, the negatively
charged bacteria E. coli and the fungus Candida albicans (C. albicans)
were incubated with MXF-P under the same experimental conditions,
but no signals were observed. To verify the ability to distinguish
different species in complex mixtures of microorganisms, these three
species were mixed, and a staining experiment was carried out. It was
found that MXF-P could rapidly and specifically identify and stain
S. aureus (Fig. 7B), which showed excellent specific staining behavior
among the reported cationic AIE luminogens (Table S4).

This phenomenon of specific staining was also speculated to be
related to the outer membrane structures and permeability of the mi-
croorganisms. To verify this hypothesis, E. coli and C. albicans were

o Antibiotic Pl

Merged

Mixing

MXF-HCI

[ ,FJ S.aureus

Control

2 uM-24h

Fig. 7. (A) Synthetic route to MXF-P. (B) CLSM images of (B1) MXF-HCI and (B2-B5) MXF-P for the different microorganism strains. The mixed microorganisms
included S. aureus, E. coli, and C. albicans. Scale bar: 10 pm. (C) Fluorescence and merged images of a) ethanol-treated E. coli, b) normal E. coli incubated with MXF-P
and PI, and c) normal E. coli incubated with MXF-HCI and PI for 10 min. Scale bar: 10 pm. (D) Antibacterial activity against S. aureus and E. coli in nutrient broth
culture with different concentrations of MXF-P. E) Antibacterial effect comparison diagram between the control group and 2 pM MXF-P treatment for 24 h. F)
Morphological changes in bacteria treated with 10 pm MXF-P for different time using SEM.
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killed by treatment with 75% ethanol for 20 min. The following staining
results showed that the dead E. coli and C. albicans could be thoroughly
stained with MXF-P because the membranes of dead microorganisms are
more permeable than those of living ones (Fig. 7C and S18). It is worth
noting that MXF-HCI could not identify dead microorganisms, demon-
strating the powerfulness and advantage of MXF-P over MXF-HCL In
addition, thanks to the rapid staining ability of gram-positive bacteria,
MXEF-P was applied to quickly identify the bacteria in S. aureus-infected
cells. The results of real-time and in situ fluorescence imaging showed
that the positively charged MXF-P could quickly interact with S. aureus
to show a signal and rapidly visualize the bacteria in cells (Fig. S19).

3.7. Antimicrobial activity of MXF-P

After proving that MXF-P possesses better luminescence and staining
effect toward microorganisms than its parent antibiotic of MXF-HCI, we
investigate its pharmacological activity and cytotoxicity because
modified drugs generally will lose their pharmacological activity and
may cause cytotoxicity problems. The cytotoxicity of MXF-P in NIH3T3
and HelLa cells was tested with a standard MTT assay. The viabilities of
these cells were over 90% after treatment with 16 pM MXF-P (Fig. S20),
thereby revealing its excellent biocompatibility. Then, we determined
the minimum inhibitory concentrations (MICs) of MXF-P against
S. aureus and E. coli. The MIC values of MXF-P for these two bacteria
were approximately 1 pM, which is lower than that of related AIE
luminogens and higher than that of known antibiotics (Table S5), and
the antibacterial activity of MXF-P against E. coli was distinctly superior
over that against S. aureus (Fig. 7D). Moreover, the bacteria lost their
reproductive capacity after they were incubated with 2 pM MXF-P for
24 h, suggesting that MXF-P retained admirable antibacterial activity
(Fig. 7E).

To better explore the antibacterial mechanism of MXF-P towards
bacteria, the morphology of the treated bacteria was characterized using
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scanning electron microscopy (SEM). As shown in Fig. 7F, when
S. aureus and E. coli were treated with MXF-P for 10 min, their mem-
brane surface and sizes did not change significantly, whereas when the
treatment was elongated to 24 h, notably different effects were
observed. The membrane structure of S. aureus became folded and
contracted, which might be caused by the binding of the triphenyl
phosphine salt of MXF-P to its membrane. Whereas, the membrane
structure of E. coli remained intact but its size increased, which was
attributed to the pharmaceutical activity of bacterial division inhibition
[571.

In addition, MXF-P could produce reactive oxygen species (ROS) in
bacteria (Fig. S21), which will further promote the antibacterial process
[58]. We therefore could conclude that the antibacterial activity of
MXEF-P originated from the inhibition of bacterial division and destruc-
tion of the membrane structure.

3.8. In vivo antimicrobial activity of MXF-P

After confirming the superior antibacterial activity of MXF-P, we
applied it to treat S. aureus-infected wounds in mice. As shown in Fig. 8,
after PBS, MXF-HCI, or MXF-P sprayed on the infected wound areas of
the mice and observed for 11 days, it was found that MXF-HCI and MXF-
P showed similar wound recovery effects, which were superior over that
of the PBS control group (Fig. 8A and B and 522). Notably, the weights of
mice in the treatment groups increased faster than that in the PBS
control group (Fig. 8C). Moreover, to further investigate the biosafety of
MXEF-P, the levels of the liver biomarkers ALT, AST, ALP and ALB and the
kidney biomarkers CREA and BUN were tested from blood samples
(Fig. 8D and E). The results suggested that no significant differences
between treatments was found and they remain at normal levels [59]. In
addition, the hematoxylin and eosin (H&E) staining experiments of or-
gans of heart, kidney, liver, lung and spleen suggested that no organ
damage or inflammatory lesions was observed (Fig. S23). These results
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Fig. 8. (A) Photographs of the S. aureus-infected mouse wounds after different treatments. Scale bar: 1 cm. (B) The changes in the relative wound areas and (C) body
weights of the mice over time. (D) Levels of ALT, AST, ALP and ALB and (E) CREA and BUN in blood samples taken from mice after different treatments.
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well revealed that MXF-P could be used as a therapeutic reagent to treat
clinical bacterial infections.

4. Conclusion

The commercially available fluoroquinolone antibiotics NOR, LEV,
and MXF-HCl were found to be AIE active. By comparing the photo-
physical properties and single crystal structures of NOR and its de-
rivatives, we confirmed that their AIE feature was caused by the RIM.
Thanks to their AIE feature, the drugs could be used to visualize their
position in cells and the results show that they were accumulated in the
lysosomes of cells. It is worth noting that the modified antibiotic of MXF-
P could specifically stain gram-positive bacteria and distinguish be-
tween dead and live gram-negative bacteria via fluorescence imaging. In
addition, MXF-P possesses effective broad-spectrum antibacterial ac-
tivity as a result of its ability to inhibit bacterial division and cause outer
membrane damage, showing excellent therapeutic effects and biosafety
during S. aureus-infected wound recovery in mice. This work not only
discovers the AIE feature to fluorescently visualize the positions in cells
of fluoroquinolone antibiotics besides the well-known pharmaceutical
activity but also provides a promising strategy to furnish the drugs with
addition functions.
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