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Recently, molecules with aggregation-induced luminescence (AIE) characteristics have received more and
more attention due to the fluorescence of traditional dyes being easily quenched in the aggregated state.
AIE molecules have significant advantages, such as excellent light stability, bright fluorescence, high
contrast, and large Stokes shift. These characteristics have aroused wide interest of researchers and
opened up new applications in many fields, especially in the field of biological applications. However, AIE
molecules or their aggregates have certain limitations in multifunctional biological research due to their
low specific targeting ability, poor biocompatibility, and poor stability in physiological body fluids. In
order to overcome these problems, a novel nanoparticle, FFM1, was fabricated and characterized. FFM1
displayed good water solubility, biocompatibility, and AIE emission properties. It could target Hela cells

specifically by recognizing their folate receptor. Reactive oxygen triggered by light irradiation induced
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Accepted 29th January 2022 tumor cell apoptosis. Summarily, FFM1 displayed excellent capacity in target imaging and photodynamic

killing of Hela cells. It has shown potential application value in targeted diagnosis and photodynamic

DOI: 10.1039/d1ra09173e therapy of tumors, and has important guiding significance for the treatment of malignant tumors. It
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Introduction

In recent years, molecules with optical properties have been
rapidly developed in the field of disease diagnosis and treat-
ment. Fluorescence imaging (FI) has attracted widespread
attention in disease diagnosis because of its non-invasiveness,
good sensitivity, and convenient operation.”> Photodynamic
therapy (PDT) is one light-controllable, non-invasive and highly
effective anti-tumor strategy, which has attracted increasing
attention from researchers as well as doctors in the past few
decades. Photosensitizers (PSs) play the pivotal role in the
PDT.*” PSs could enable tumors to be visible by fluorescence
imaging (FLI), as well as kill the tumor cells by generating
reactive oxygen species (ROS) with light irradiation.®*™* Hence,
properties of PSs determine the efficacy of PDT in terms of
diagnosis and therapeutics of tumor.">* So far, many organic
fluorophores of PSs have been designed and developed for
bioimaging.**** However, most of them have aggregation-
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paves a way for the development of a novel strategy for tumor theranostics.

caused quenching (ACQ) properties and poor photostability
especially under high ROS environments,*~** which limits their
further application.

Aggregation-induced emission (AIE) bearing fluorescent
molecules show outstanding advantages such as excellent light
stability, strong fluorescence, large stokes shift, good photo-
physical stability and ROS generation ability.**-*¢ Therefore, PSs
with AIE properties are thought to be more feasible and efficient
in PDT.*”** But short emission wavelength, low signal-to-noise
ratio, low targeting efficiency, poor biocompatibility, water
solubility and anti-interference limit their
application.*>**

To overcome the above-mentioned obstacles, novel AIE PS
was designed and synthesized in this work (Fig. 1), which
showed high ROS generation efficiency and bright red fluores-
cence in the aggregated state. It was prepared by chemical
modification and physical encapsulation with good biocom-
patibility and targeting ability.

seriously

Results and discussion
Synthesis and characterization

Synthesis and characterization of M1. M1 were synthesized
by a Knoevenagel reaction, as depicted in synthetic route
(Fig. S17), and characterized using "H NMR and '*C NMR
(Fig. S2 and S37). They showed that M1 was successfully
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Fig.1 Schematic diagram of the fabrication and working mechanism
of FFML1.

synthesized. The UV-Vis and fluorescence spectra of M1 in
THF were characterized. The best absorption peak of M1 was
at 475 nm, and the optimum fluorescence peak was at 590 nm
(Fig. 2a). In addition, the fluorescence spectra of M1 with
different concentrations were tested in THF (Fig. S4%), it
could be seen that the fluorescence of M1 continues to
increase as the concentration increases. Furthermore, the
UV-Vis spectra of different concentrations of M1 were tested
in Fig. S5,7 the absorbance of M1 increases gradually with the
M1 concentration increases. In Fig. S6,1 a standard curve was
obtained according to Fig. S5, it could be seen that in the
range of 5-25 pM, M1 exhibited an excellent linear
relationship.

To confirm the AIE feature of M1, the AIE emission spec-
trum of M1 in H,O (as a poor solvent) and THF (as a good
solvent) mixture were tested. As shown in Fig. 2b and S7,f M1
emitted stronger fluorescence in pure THF solution, which was
due to that M1 remained locally excited (LE) state in THF. With
increase of water in the solution from 10% to 50% (fi, 10-50%),
the fluorescence signal gradually decreased, which was due to
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Fig.2 (a) Absorption and fluorescence spectrum of M1(20 pM) in THF.
(b) FL spectra of M1 in THF/H,O with different water fractions (f,,). (c)
FTIR spectra of FA, F127, and FA—-F127. (d) UV-Vis absorption spectra of
FA, F127, and FA-F127.
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that charge transfer (CT) states dominated the FL spectra.
When large amount of water (f,, > 50%) was added, the fluo-
rescent signal of M1 was restored due to aggregation limited
the solvation effect* and intramolecular rotation.***” And
Rhodamine 6G was selected standard (QY = 0.98), relative
fluorescence quantum yields of M1 (f,, 70%) and FFM1 were
0.74 and 0.43, respectively (as shown in Table S1}). Above
results indicated that M1 was endowed with obvious AIE
properties.

Synthesis and characterization of Pluronic F127-folic acid
complex (FA-PF127). In order to make it more suitable for
biological applications and targeting cancer cells, M1 was
encapsulated by Pluronic F127 modified with folic acid (FA). FA
was covalently modified onto F127 by an esterification reaction.
Firstly, the obtained FA-F127 was characterized by FTIR and
absorption spectroscopy (Fig. 2¢ and d). It showed that the
characteristic peak of ester bond stretching in FA-F127
appeared at 1703 cm™ ', and a successful chemical coupling was
achieved (Fig. 2c). As shown in Fig. 2d, an ultraviolet absorption
peak around 270 nm appeared in FA-F127, indicating that FA-
F127 was successfully synthesized.

Preparation and characterization of FFM1 NPs. Further-
more, in order to endow the hydrophobic AIE molecular with
water-soluble property, M1 was encapsulated to form FFM1
nanoparticles (FFM1 NPs) through ultrasound-assisted nano-
precipitation method by using FA-F127. The concentration of
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Fig. 3 Photophysical, stability and photodynamic properties of FFML1.
(a) Absorption and fluorescence spectrum in H,O. (b) Size distribution
of FFML1. Stability analysis for (c) fluorescence changes and (d) size
variations. FFM1 as a function of storage time at room temperature in
PBS or PBS + 10% FBS measured, respectively. (e) Fluorescence
stability of FFM1 (c(M1) = 20 uM in FFM1) with light irradiation for 5 min.
(f) ROS generation of M1 (THF/H,O = 1:95), FFM1 (M1, 1.0 uM) and
Ceb6 (1.0 uM) upon exposure to white light using DCFH (10 uM) as an
indicator.
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M1 in FFM1 was calculated from the standard curve (Fig. S67).
As shown in Fig. 3a, the UV-Vis absorption and fluorescence
emission of FFM1 were determined. Compared with M1, FFM1
did not show significant wavelength shift in optical properties.
However, in the polymerized state, FFM1 showed slight redshift
and stronger emission intensity than M1, which might be
attributed to enhanced polymerization when M1 forming
nanoparticles (Fig. S81). Next, size of FFM1 was assessed by
dynamic light scattering (DLS). As seen in Fig. 3b, it showed that
FFM1 had an average size of 104 nm, which was best for tumor
site enrichment by the enhanced permeability and retention
(EPR) effect.**** And the polydispersity index (PDI) for the
particle distribution of FFM1 was 0.114, indicating that uniform
particles for FFM1. To evaluate its stability, FFM1 was dispersed
in phosphate buffered saline (PBS) or 10% fetal bovine serum
(FBS) for one week. Fluorescence or particle size did not show
detectable change (Fig. 3¢ and d), indicating the excellent
stability of FFM1. Even with light irradiation for 5 min, fluo-
rescence of FFM1 remained stable (Fig. 3e).

In aggregated state, the intramolecular motion of AIE
molecular would be limited and prohibit energy dissipa-
tion.*>*%*%% Therefore, AIE molecules displayed ROS generation
ability in aggregate states.”* To evaluate the ROS generating
capacity of FFM1, commercial ROS probe, DCFH, was adopted.
Irradiated with white light for 5 min, FFM1 (1.0 uM) induced
significant fluorescence increase of DCFH, which was stronger
than that of Ce6 and M1 with same concentration (Fig. 3f),
indicating abundant ROS generating ability of FFM1. Moreover,
we employed one commercial singlet oxygen (*0,) probe, DPBF,
to verify the ROS type generated by FFM1. As showed Fig. S9,T
when incubated with FFM1, the absorbance of DPBF was
gradually decreased with irradiation, that could indicated the
ROS type generated by FFM1 was mainly 'O,. Above results
suggested that FFM1 could serve as the PSs for PDT.

Photodynamic therapy. The folate receptor (FR) was a glyco-
peptide that was over expressed on the surface of many tumor
cells. However, it has limited expression in normal cells.
Therefore, FR was considered as biomarkers for cancer.>>*® To
investigate the in vitro cell targeting ability and photodynamic
therapy performance of FFM1, HeLa cells (high FA expression),
A549 cells (low FA expression) and human normal cervical
epithelial cell-HcerEpic cells (hardly expression) were recruited.
After incubated with cells for 2, 4, and 6 h, the red fluorescence
of FFM1 was observed by confocal laser scanning microscopy
(CLSM), which indicated that NPs could be easily uptook by
cells (Fig. 4). Noteworthy, red fluorescence signal in HeLa cells
was significantly stronger than that of A549 cells (Fig. 4). Those
results suggested the cell targeting ability of FFM1 toward FR
high expression tumor cells (HeLa cells). Furthermore, to verify
the target mechanism of FFM1, HcerEpic cells, which had
neglectable FR expression, incubated with FFM1 for 6 h showed
invisible fluorescence signal. HeLa cells treated with FFM1
displayed strong fluorescence signal, while HeLa cells pre-
incubated with FA (1.0 mg mL™") only showed weak fluores-
cence (Fig. S107). To further confirm the FA targeting ability in
the NPs, we compared the uptaken of FFM1 and F127-M1 only
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Fig. 4 (a) Cellular internalization experiment of FFM1. CLSM images of

Hela cells and A 549 cell after incubation with FFM1 (c(M1) = 40 uM in
FFM1) for 2 h, 4 h, 6 h, respectively. Scale bar: 50 um. (b) Statistics graph
of red fluorescence intensity for (a) (** P < 0.01).

in HeLa cells. It showed that F127-M1 treated cells displayed
much weaker fluorescence (Fig. S117).

Subsequently, the ROS inducing ability of FFM1 in HeLa
cells was assessed with 2',7-dichlorodihydrofluorescein diac-
etate (DCFH-DA), which was one widely adopted assay for ROS.
Under white light irradiation for 10 min, HeLa cells treated with
FFM1 (40 uM) showed obvious fluorescence signal (Fig. 5a),
indicating high intracellular ROS induction. And with the
addition of scavenger of ROS, vitamin C, the FFM1 induced
fluorescence signal was diminished. Then, the anti-tumor
ability of FFM1 with light irradiation was quantitatively evalu-
ated by cells viability assay (MTT assay). In Fig. 5b, the FFM1 has
low toxicity to different cells even at high concentrations (72
uM). As shown in Fig. 5¢, FFM1 showed neglectable, moderate
and intensive cytotoxicity under the xenon lamp irradiation in
HcerEpic, A549 and HeLa cells respectively. Due to theirs
surfaces high expression FR, the HeLa cells were obviously kil-
led. To further confirm the tumor-killing ability of FFM1, three
cell lines were stained with live/dead cell indicator (Calcein-AM/
PI Double Stain; AM for live cells, PI for dead cells). As shown in
the Fig. 5d and S12,7 HeLa cells displayed the strongest red
fluorescence signal, weakest green signal, while HcerEpic and
A549 cells showed converse result to that of HeLa. Above results
suggested that FFM1 was endowed with excellent PDT ability,
strong targeted Kkilling of HeLa tumor cells. Based on our
results, FFM1 could specifically target HeLa cells with FR highly
expressed. In the tumor cells, FFM1 displayed excellent fluo-
rescence imaging ability. Moreover, with light irradiation, FFM1
triggered substantial HeLa cell apoptosis. So we proposed that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cellular tumoricidal effects of FFM1. (a) Intracellular ROS level
detection of Hela cells after various treatments. (b and c) Cell viability
of three different cell lines incubated with FFM1 without/with light
irradiation (d) live/dead staining assay of different cell lines after
incubation with FFM1 (c(M1) = 40 uM in FFM1) with light irradiation
10 min. Scale bar: 100 um.

FFM1 held great potential for image-guided cancer therapy in
vivo.

Materials and experiment methods

Materials

Pluronic-F127, vitamin C, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and 10-carbon-
yldiimidazole (CDI) were obtained from Sigma-Aldrich. Folic
acid was purchased from Aldrich (St. Louis, USA). Calcein AM
and DAPI (4',6-diamidino-2-phenylindole, dihydrochloride)
were purchased from Beyotime. Human lung cancer cell line
(A549), and human hepatoma cell (HeLa) were purchased from
the Cell Bank of Chinese Academy of Sciences. High purity
water was employed in all the experiments. Ultraviolet-visible
absorption spectrum was monitored on a UH-5300 spectro-
photometer (HITACHI, Japan). Fluorescence spectrum was
recorded with a Cary Eclipse spectrofluorimeter (HITACHI,
Japan). Fluorescence imaging of cells was implemented on an
Eclipse Ts 2 fluorescence microscope (Nikon, Japan). Laser
scanning confocal microscope (LSCM) imaging was imple-
mented on an FV 3100-IX83 confocal laser scanning microscope
(Olympus, Japan).
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Synthesis and characterization of M1 and Pluronic F127-folic
acid complex (FA-PF127)

According to the method reported in the literature,* M1 were
synthesized by a Knoevenagel reaction, as depicted in synthetic
route. 2-(4-(Diphenylamino) phenyl)-acetonitrile (0.57 g, 2.00
mmol) and 2,5-dipropoxyterephthalaldehyde (0.25 g, 1.00
mmol) in ethanol (HPLC, 40 mL) was stirred at room temper-
ature for 5 min. Then, a little NaOMe was added and stirred for
12 h. The resulting solution (M1) was filtered and washed
repeatedly with EtOH to obtain a dark red powder with a yield of
86%. '"H NMR (400 MHz, CDCl,) 6 (ppm): 7.93 (s, 2H), 7.87 (s,
2H), 7.53 (m, 4H), 7.32-7.28 (t, 8H), 7.15-7.13 (d, 8H), 7.10-7.07
(m, 8H), 4.09-4.06 (t, 4H), 1.89-1.84 (t, 4H), 1.09-1.05 (t, 6H).
3C NMR (100 MHz, CDCl;) 6 (ppm): 151.35, 148.83, 147.05,
133.41, 129.48, 125.16, 122.36, 118.57, 111.08, 111.01, 77.34,
77.02, 76.71, 70.75, 22.60, 10.73.

Then, according to the method reported in the literature,*
87.56 mg (0.20 mmol) FA were dissolved in dry DMSO (3 mL)
and added to the round bottom flask. Then, 35.34 mg (0.22
mmol) CDI was added, and the mixture was stirred at room
temperature in the dark for one day. 0.62 g (0.05 mmol) of
PF127 was added to the above solution, which had been dried
overnight in a vacuum. The reaction was allowed to proceed in
the dark at room temperature for 1 day. The reaction mixture
was dialyzed (MWCO: 1000 Da) with double deionized (DD)
water for 3 days, and the water was changed every 3-6 hours.
FA-PF127 is recovered by freeze-drying. The resulting product
was dried in a vacuum oven for 2 days, with a yield of 53%. The
product was stored in a desiccator for the next step.

Synthesis of FFM1 nanoparticles M1

(1.00 mg) and FA-F127 (8.00 mg) were dissolved in THF (1.00
mL) solvent to form a mixture solution under sonication. Then
the mixture was quickly dropped into deionized water (10 mL)
and sonicated for 5 min. Next, nitrogen was blown for 3-4 h to
remove THF. After that, the deionized water was dialyzed for 24
hours with a dialysis tube (MWCO: 3500 Da). During the dialysis
process, fresh deionized water was used to replace deionized
water approximately every 4 times to completely remove THF
and unencapsulated MTB-PCBZ molecules. The final solution
was concentrated by ultrafiltration before use. The concentra-
tion of FFM1 NPs is calculated based on the measured standard
curve of M1(Fig. S61).

In vitro photophysical and photodynamic properties of FFM1

The photodynamic properties of the nanoparticles were detec-
ted by the commercial reactive oxygen probe DCFH-DA. The
fluorescence of DCFH-DA at 530 nm was continuously
enhanced after the combination of DCFH-DA and reactive
oxygen species. Based on this, the photodynamic properties of
the nanoparticles were evaluated. First, activate DCFH-DA with
10 mM NaOH, added FFM1 NPs (1.00 uM) to the activated
DCFH-DA (1 nM), and then irradiated the reaction solution with
a xenon lamp (10 mW cm™?) for a certain period of time and
observed the fluorescence change at 530 nm.

RSC Adv, 2022, 12, 4484-4489 | 4487
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Confocal imaging of cells

Inoculated HeLa, A549, HcerEpic cells in a laser confocal dish
for culture, and incubated for 24 hours. Then, the culture
medium was removed and washed with PBS (pH 7.4). For
determining FA-mediated specific binding, cells were pre-
treated with 1.0 mg mL ™" FA solution for 30 min before adding
NPs. FFM1 NPs (40 uM) were added to each dish, and incubated
in a 37 °C, 5% CO, incubator 2, 4, 6 h, respectively. The nano-
particles were then removed and washed with PBS (pH 7.4), and
then treated with 1 mL of 3.7% formaldehyde in PBS solution,
and allowed to stand at room temperature for 30 min. After
washing 3 times with PBS, incubate with 0.5 mL/dish DAPI at
37 °C for 10 minutes. The specific imaging conditions are as
follows: the excitation wavelength is 488 nm, and the collection
range of emission wavelength is 600-700 nm.

Cell cytotoxicity

HeLa, A549, and HcerEpic cells were seeded in a 96-well plate at
a density of 8000-10 000 cells per well and added to DMEM
medium containing 10% FBS. After 24 h, wash with PBS for 2-3
times, then add FFM1 NPs of different concentrations (0-72
uM) to the wells according to the needs of the experiment. After
incubating for 24 hours, wash with PBS for 2-3 times, and then
100 pL MTT solution (0.5 mg mL™"') was added to each well,
continue to incubate for 4 h, then discarded MTT, wash 2-3
times with PBS, added 150 pL of DMSO, and measured the
absorbance at 490 nm with a microplate reader to evaluate
cytotoxicity.

AM/PI staining in cells

Inoculated HeLa cells in a six-well plate, added FFM1 NPs (40
uM) and incubated for 6 h after the cells adhere to the wall. After
washing with PBS, the illumination group was irradiated with
xenon lamp (100 mW em™?) for 10 min, and the control group
was not illuminated. Then, commercial Calcein-AM and PI
reagents were added separately, and continue to avoid light for
30 min, observed and took pictures under Nikon ECLIPSE Ts2.

Cell reactive oxygen detection

DCFH-DA, the commercial ROS probe, was used to evaluate the
level of ROS produced by FFM1 NPs at the cellular level. HeLa
cells were cultured in a six-well plate, 24 hours later cells were
incubated with FFM1 NPs (40 uM) for 6 hours. The medium was
removed and washed with PBS. Then, after irradiation with
xenon lamp (100 mW cm™?) for 10 min, DCFH-DA was added.
After 20 minutes, fluorescence pictures were obtained under
Nikon ECLIPSE Ts2. To clarify the DCFH-DA fluorescence signal
was derived from ROS, we added the ROS scavenger, VitC (10 ug
mL "), and pictures were took as before mentioned.

Conclusions

In summary, one novel PDT agent, FFM1, was designed and
synthesized. FFM1 had good stability and biocompatibility.
FFM1 could target FA receptor expression tumor cells and
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efficiently induced tumor cell apoptosis by generating ROS.
Present study paved ways for the development of multifunc-
tional PSs and improvement of efficacy of PDT especially in FA
receptor bearing tumor.
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