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The discovery of aggregation-induced emission (AIE) effect provides opportunities for the rapid
development of fluorescence imaging-guided photodynamic therapy (PDT). In this work, a boron
dipyrromethene (BODIPY)-based photosensitizer (ET-BDP-O) with AIE characteristics was
developed, in which the two linear arms of BODIPY group were linked with triphenylamine to
form an electron Donor—Acceptor—Donor (D—A-D) architecture while side chain was equipped
with triethylene glycol group. ET-BDP-O was able to directly self-assemble into nanoparticles
(NPs) without supplement of any other matrices or stabilizers due to its amphiphilic property.
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The as-prepared ET-BDP-O NPs had an excellent colloid stability with the size of 125 nm.
Benefiting from the AIE property, ET-BDP-O NPs could generate strong fluorescence and
reactive oxygen species under light-emitting diode light irradiation (60 mW /cm?). After inter-
nalized in cancer cells, ET-BDP-O NPs were able to emit bright red fluorescence signal for
bioimaging. In addition, the cell viability assay demonstrated that the ET-BDP-O NPs exhibited
excellent photo-cytotoxicity against cancer cells, while negligible cytotoxicity under dark envi-
ronment. Thus, ET-BDP-O NPs might be regarded as a promising photosensitizer for fluores-

cence imaging-guided PDT in future.

Keywords: BODIPY-based
fluorescence imaging; photodynamic therapy.

1. Introduction

As a minimally invasive therapeutic modality,
photodynamic therapy (PDT) has been extensively
studied in cancers owing to the high specificity,
enhanced controllability and low side effects.!? The
therapeutic effect of PDT mainly depends on the
production of reactive oxygen species (ROS) from
photosensitizer (PS). In brief, the molecular
mechanisms of PDT mainly consist of two process-
es: (i) PS molecules exposed under the light sources
(lasers and incandescent light sources) undergo a
transition from the ground state (S;) to the excited
singlet state (S;), and then to the triplet state (T)
via intersystem crossing; (i) PS in the triplet state
would interact with its surrounding molecules, es-
pecially O, molecules, to generate various types of
ROS, which can cause irreversible damages of DNA
and proteins to induce cancer cell apoptosis or ne-
crosis, thereby achieving favorable therapeutic
effects.>””

As one of the key elements, PS plays a crucial
role in PDT and even determines the outcomes of
treatment. PS used in PDT first appeared in 1970s,
mainly classified in porphyrins and their deriva-
tives.>® Porphyrin derivatives are a class of het-
erocyclic organic molecules with excellent 'O,
generation efficiency, fluorescence property and
special affinity for cancer cells that have been widely
studied and used as PS for clinical treatment.’-'"
For example, the first-generation PS (Photofrin®, a
porphyrin derivative) approved by FDA has been
widely applied in the treatment of esophageal can-
cer, bladder cancer, gastric cancer, etc."»?'! In order
to surmount the disadvantages of Photofrin® dur-
ing PDT, including cumbersome synthesis steps,
poor aqueous solubility, long residence time in
normal tissue, severe photosensitivity of the skin

nano-photosensitizer;

aggregation-induced emission (AIE);

and low accumulation of target site, researchers
have successively developed the second-generation
porphyrin PS of Hemoporfin® (chlorin, bacterio-
chlorin and phthalocyanine) and the third-genera-
tion PS.%'? The so-called third-generation PS was
designed with specific recognition and target func-
tion rely on the modification of second-generation
PS with peptides, monoclonal antibodies, lipo-
somes, polysaccharides and folic acid.'®!'* However,
porphyrin PSs are always plagued by photobleach-
ing and poor photostability, leading to severely
compromised photosensitization and unsatisfactory
PDT effect.”10:1?

Recently, boron dipyrromethene (BODIPY) and
its derivatives have drawn increasing attention as
PDT agents with advantages of large molar ex-
tinction coefficients, enhanced photophysical sta-
bility and high quantum yields.'®'® Moreover,
BODIPY can be modified with different moieties to
realize active targeting or responsive imaging and
therapy.?’?! Unfortunately, PSs with planar
structures, including BODIPY and porphyrin PSs,
usually suffer from the aggregation-caused quench-
ing (ACQ) effect due to strong 77 interaction,
whereas the extended delocalized aromatic 7 elec-
tron in PSs is necessary.’> The ACQ effect of PSs
not only has an adverse influence on ROS produc-
tion, but also reduces the intensity of fluorescence
signal when PSs accumulate at the lesions with a
high concentration or aggregate states.?*>* Besides,
most BODIPY derivatives can be effectively excited
to S;, but subsequently have the poor ability of
intersystem crossing to T;, which also hinder the
potential of ROS production and impair the ther-
apeutic effect of PDT.?® Therefore, the develop-
ment of BODIPY-based PSs with excellent
fluorescence property and enhanced intersystem
crossing capability is enormously helpful for the
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improvement  of  PDT-related  therapeutic
paradigm.

Aggregation-induced emission (AIE) fluorogens
provide a new insight for the development of PSs.
ATE-based PSs are able to achieve intensified fluo-
rescence properties and ROS generation capability
in the aggregate state due to the prohibition of en-
ergy dissipation and restriction of intramolecular
motion.”® Additionally, introducing an D-A-D ar-
chitecture to the AIE-based PSs can not only ef-
fectively reduce the S;—T; energy gap to boost
intersystem crossing for photosensitization im-
provement, but also redshift the absorption and
fluorescence emission wavelength for improved
penetration depth, contributing to the imaging and
therapy of deep tissue tumors.”

In this work, we introduced 4-ethynyl tripheny-
lamine (ET, a derivative of triphenylamine (TPA))
as the electron donor into BODIPY core with trie-
thylene glycol modification to develop a novel AIE-
based PS (denoted as ET-BDP-O) with D-A-D
structure. The ET-BDP-O not only exhibited ex-
cellent photophysical properties, but also can
self-assemble into nanoparticles (NPs) relying on
the introduction of triethylene glycol group via
nanoprecipitation method. Further characteriza-
tions and in vitro experiments demonstrated that
the ET-BDP-O NPs with good colloidal stability,
bright fluorescence emission, excellent ROS gener-
ation and killing effect, have considerable potential
for fluorescence imaging-guided PDT therapy as a
novel AIE-based PS agent.

2. Materials and Methods

2.1. Materials

Triethylene glycol monoethyl ether, toluenesulfonyl
chloride, 4-hydroxybenzaldehyde, 2,4-dimethylpyr-
role, 4,6-diamidino-2-phenylindole (DAPI) were
purchased from Aladdin (Shanghai, China).
4-Fthynyl triarylamine (E-TPA) was purchased
from Achem-block (Beijing, China). Singlet oxygen
sensor green (SOSG) reagent was acquired from
Meilunbio (Dalian, China). Cell Counting Kit-8
(CCK-8) was acquired from Dojindo Molecular
Technologies (Tokyo, Japan). 2,7-Dichlorodihy-
drofluorescein diacetate (DCFH-DA) and Calcein-
AM were obtained from J&K Scientific. Deionized
water (18.2MSQ cm) was obtained using a Milli-Q
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Gradient System (Millipore Corporation, Bedford,
MA, USA) and used for all the experiments. All
other chemicals, if not specified, were commercially
available and used as received.

2.2. Cell lines and culture

The murine breast cancer line 4T1 cells were
obtained from ATCC (Manassas, VA), and cul-
tured in Dulbecco’s modified FEagle medium
(DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin solution in a
5% CO, humidity incubator at 37°C.

2.3. Synthesis of compounds 1 and 2

Triethylene glycol monoethyl ether (5.00g,
28.06 mmol) in tetrahydrofuran (THF, 10 mL) and
NaOH (6.25 mmol) in water (9.2mL) were mixed
and stirred at 0°C. After 15min, toluenesulfonyl
chloride (6.90g, 36.20mmol) in THF was added
dropwise and stirred for another 2 h. After removing
THF under reduced pressure, the resulting mixture
was dissolved in dichloromethane (DCM) and
washed with ice water for three times. The
solvent was then dried with anhydrous Na,SO,
and removed under reduced pressure to afford
colorless oil (defined as compound 1). 'H NMR
(400 MHz, CDCl): 6 (ppm) 7.78 (d, J = 8.4Hz,
2H), 7.32 (d, J = 8.4Hz, 2H), 4.14 (t, J = 4.8 Hz,
2H), 3.66 (t, J = 4.8Hz, 2H), 3.61-3.53 (m, 8H),
349 (q, J=6.9Hz, 2H), 2.42 (s, 3H), 1.18
(t, J = 7Hz, 3H).

Compound 1 (25.0 mmol) was reacted with 4-
hydroxybenzaldehyde (25.0mmol) in 70mL of
N,N-dimethylformamide containing 6.9 g of KoCO3
(50 mmol) under stirring in a nitrogen atmosphere
at 90°C for 18 h. Next, the solvent was removed
under reduced pressure, and the resulting mixture
was dissolved in DCM and washed with ice water
for three times. The organic layer was then dried
with anhydrous Na,SO4 and evaporated in vacuum.
The crude product was purified by silica gel column
chromatography (ethylacetate/petroleum ether =
2:3) to give compound 2 as a light yellow oil.

'H NMR (400MHz, CDCl;): 6 (ppm) 7.80
(d, J = 8.7Hz, 2H), 6.99 (d, J = 8.7Hz, 2H), 4.19
(t, 2H), 3.87 (t, J=4.0Hz, 2H), 3.71 (m,

J = 3.4Hz, 2H), 3.68-3.60 (m, 4H), 3.56 (m, 2H),
3.49 (t, J = 7.0Hz, 2H), 1.18 (t, J = 7Hz, 3H).
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2.4. Synthesis of ET-BDP-0O

ET-BDP-O was synthesized according to the previ-
ously reported method.?”*® Briefly, compound 2
(Immol) and 2,4-dimethylpyrrole (2.5mol) were
dissolved in 40 mL of anhydrous DCM (40 mL). After
stirred for 30 min. trifluoroacetic acid (10 uL) and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ)
were successively added into the mixture under stir-
ring for another 12 h or 2 h, respectively. Afterwards,
trimethylamine (10 mmol) was added to quench the
reaction for 30 min. Then, boron trifluoride diethyl
etherate (BF3-OEty, 10 mmol) was added dropwise
into the solution for another 3 h of reaction. The de-
sired product (BDP-O) was purified from silica gel
column chromatography (DCM/CH3;0H = 90:1).

BDP-O (250 mg, 0.5 mmol) and N-iodosuccini-
mide (NIS, 450 mg, 2 mmol) were dissolved in 15 mL
of anhydrous DCM (15mL). After stirred at room
temperature for 1h, the mixture was washed with
saturated Na,SO3 aqueous solution and dried over
anhydrous Nay,SO,. The crude product was purified
by silica gel column chromatography (DCM/
CH3;0H = 120:1) to yield the product of II-BDP-
O. Finally, II-BDP-O (200 mg, 0.266 mmol) and E-
TPA (179 mg, 0.665 mmol) were added to a 50 mL
double-necked flask. Under a N, atmosphere,
PdCl,y(PPhy), (18.7mg, 0.027 mmol), Cul (5.1 mg,
0.027 mmol) and THF/Et3N (3:1) were added and
stirred for 12h at 80°C, followed by evaporation
under reduced pressure. The crude product was
purified by silica gel column chromatography
(CH,Cly/CH30H = 90:1) to give the final product
of ET-BDP-O as dark blue solid.

2.5. Preparation of ET-BDP-0O NPs

ET-BDP-O (4mg) dissolved in 1.5 mL of THF was
added dropwise into 15 mL of ddH,O under a water
bath sonicator. After sonication for 2 min, the mix-
ture was stirred overnight to evaporate THF
completely. The ET-BDP-O NPs were obtained di-
rectly and stored at 4°C for further usage. The con-
centration of ET-BDP-O NPs solution was 81.78 ug/
ml, as measured by its absorbance at 600 nm.

2.6. Characterization of ET-BDP-0O
NPs

The morphology of ET-BDP-O NPs was charac-
terized by transmission electron microscopy

(TEM, FEI Company, Hillsboro, OR). Dynamic
light scattering (DLS) measurements were executed
on a Zetasizer Nano ZS90 equipment (Malvern
Instruments, Southborough, MA). The UV-Vis
absorbance and fluorescence spectrum were mea-
sured by a SpectraMax M5 microplate reader
(Molecular Devices, USA) and a Cary Eclipse fluo-
rescence spectrophotometer (Agilent Technologies,
Malaysia), respectively.

2.7. ROS generation

2,2,6,6-Tetramethylpiperidine (TEMP) and 5,5-di-
methyl-1-pyrroline N-oxide (DMPO) were, respec-
tively, used to spin trap 'O, and -OH, and the
corresponding electron paramagnetic resonance
(EPR) spectra were recorded to monitor the ROS
generation of ET-BDP-O treated with 592 nm light-
emitting diode (LED) lamp (60 mW/cm?) for
10 min.

Besides, SOSG was also used to assess ROS
generation of ET-BDP-O NPs. 1ul of SOSG
(5mM) in methanol was added into ET-BDP-O
NPs (1 mL in water) at different concentrations (0,
1, 3, 5 and 7 ug/mL). Next, the mixture was irra-
diated under a 592 nm LED lamp at a power density
of 60 mW /cm? for different times (0, 2, 4, 6, 8 and
10min). The fluorescence spectra of the mixtures
between 500 nm and 650 nm were recorded using a
Cary Eclipse fluorescence spectrophotometer at
488 nm wavelength excitation. The value of F}/F
at 527nm was further calculated to evaluate the
ROS generation efficiency (Fj: initial fluorescence
intensity; F;: fluorescence intensity after irradiation
for different times).

2.8.

4T1 cells were seeded in confocal dishes at a
density of 1.5 x 10° cells and cultured for 12h.
Then, the original medium was replaced with
fresh medium containing ET-BDP-O NPs (15 ug/
mL). After further incubation for a certain time
period (6, 12 or 24h), the cells in confocal
dishes were washed with phosphate-buffered sa-
line (PBS) for three times, fixed with 4% para-
formaldehyde solution for 30min, stained with
DAPI for 15 min and final observed under a con-
focal laser scanning microscope (CLSM, Zeiss
LSMT780).

Cellular uptake
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2.9. In vitro cytotoxicity assay

The cytotoxicity of ET-BDP-O NPs to 4T1 cells
was determined by the CCK-8 assay. Briefly, 4T1
cells (1 x 10* cells/well) were inoculated in a 96-
well plate and cultured for 12 h. Next, the cells were
incubated with different concentrations of ET-
BDP-O NPs (0, 5, 15, 25 and 35 pg/mL) for another
24 h. Then, the cells were exposed under a 592nm
LED lamp (60 mW /cm?) for 10 min. After another
24 h of incubation, the cell viability was measured
by CCK-8 assay and calculated from the following
formula:

Cell viability (%)

- (Al - Ablank)/(AO - Ablank) X 100% (1)

Herein, Ay, is the absorbance value of the CCK-8
medium solution itself at 450 nm. A; is the absor-
bance value of the cells treated with different con-
centrations of ET-BDP-O NPs. A, is the
absorbance value of cells without treatment. All
samples were performed in five parallel repeats.
Besides, Calcein-AM /propidium iodide (PI)
staining was conducted to further investigate PDT
effect of ET-BDP-O NPs. The 4T1 cells with afore-
mentioned treatments were stained with Calcein-AM
and PT for 30 min. After washing twice with PBS, the
cells were observed and imaged by a fluorescence
microscope (Zeiss Axio Vert.Al, Germany).

2.10. Intracellular ROS detection

ROS in 4T1 cells was detected by the DCFH-DA
detection probe. 4T1 cells were seeded in a 96-well
plate at the density of 1 x 104 cells and cultured for
12h. Then, the cells were treated with ET-BDP-O
NPs for another 24 h. After washed with PBS, the
cells were incubated with DCFH-DA (100 M) for
30 min. Subsequently, the cells were washed twice
with PBS, replenished with fresh DMEM medium,
and irradiated with a 592nm LED lamp (60 mW/
cm?, 10 min). Finally, the cells were visualized and
imaged by a fluorescence microscope (Zeiss Axio
Vert.Al, Germany).

3. Results and Discussion
3.1. Synthesis and characterization

The synthetic route of ET-BDP-O is schematically
illustrated in Fig. 1(a). Triethylene glycol

A novel BODIPY-based nano-PS with AIE for cancer PDT

monoethyl ether was grafted in the side chain of
BODIPY to increase its water solubility. Mean-
while, the two linear arms were modified with TPA
to form a D—A-D structure which could help the
compound to decrease the energy bandgap and
endow it with AIE property. In detail, compound 2
and pyrrole were mixed at room temperature, oxi-
dized with DDQ and chelated with boron to obtain
BODIPY host molecules (BDP-O) with side chain
substituted with triethylene glycol chains. After
iodinated reaction with NIS, the expected ET-BDP-
O was obtained by Sonogashira coupling reaction
between iodized BDP-O and E-TPA, using
PdCly(PPhy); and Cul as catalysts. The chemical
structures of ET-BDP-O were characterized by 'H
NMR (Fig. 1(b)), verifying the successful synthesis
of this molecule.

3.2. Preparation and characterization
of ET-BDP-0O NPs

The ET-BDP-O NPs were prepared by self-assem-
bly of ET-BDP-O via a nanoprecipitation method.
TEM image demonstrated the formation of nano-
scaled aggregates, which was in line with the results
of DLS, as depicted in Figs. 2(a) and 2(b). The
average hydrodynamic size (Dg) of ET-BDP-O
NPs was 125 + 0.9nm with a small polydispersity
index (PDI) value about 0.17, indicating a good
dispersion of these NPs. Meanwhile, the zeta po-
tential of ET-BDP-O NPs was measured to be
—27.4mV (Fig. 2(c)), contributing to stable colloid
system via electrostatic repulsion among ET-BDP-
O NPs. To further verify the stability, ET-BDP-O
NPs were stored in aqueous solution for 6 days, the
Dy values and corresponding PDI value of ET-
BDP-O NPs were monitored and recorded by
DLS. As displayed in Fig. 2(d), both of the Dy and
PDI values do not have significant changes com-
pared to the initial values, demonstrating a good
colloidal stability of ET-BDP-O NPs in aqueous
solution.

3.3. Photophysical properties

Optical characteristics are the fundamental prop-
erties of PSs. Then, we next investigated the ab-
sorption and fluorescence spectra of ET-BDP-O and
ET-BDP-O NPs. As shown in Fig. 3(a), the UV-Vis
absorption spectra of ET-BDP-O and ET-BDP-O
NPs in aqueous solution were measured from
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Fig. 1. Synthesis of ET-BDP-O. (a) Synthesis route of ET-BDP-O. (b) 'H NMR spectra of ET-BDP-O in CDCls. Ar—H refers to H
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Fig. 2. Characterization of ET-BDP-O NPs. (a) TEM image of ET-BDP-O NPs. (b) DLS profile of ET-BDP-O NPs. (c) Zeta
potential of ET-BDP-O NPs. (d) Size and PDI of ET-BDP-O NPs in aqueous solution.
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Fig. 3. The optical characteristics of ET-BDP-O and ET-BDP-O NPs. (a) UV-Vis absorption spectra of ET-BDP-O and
ET-BDP-O NPs. (b) Fluorescence spectra of ET-BDP-O and ET-BDP-O NPs. (¢) UV-Vis absorption of ET-BDP-O NPs stored in
water for different days. (d) Plot of absorbance intensity of ET-BDP-O NPs at 592 nm, with storage in water for different days. (e)
Fluorescence spectra of ET-BDP-O in THF/H,0 mixture with different water fractions (0-90% v/v). (f) Plot of relative peak
intensity versus the composition of the THF /H,O mixtures of ET-BDP-O.

300nm to 800nm. The ET-BDP-O displayed two
characteristic absorption peaks at 351nm and
592 nm. Although assembling into aggregate struc-
ture, the ET-BDP-O NPs in water still exhibited a
similar absorption pattern compared with free ET-
BDP-O in aqueous solution. For the fluorescence
spectra, both of the ET-BDP-O and ET-BDP-O
NPs revealed the same characteristic emission peak
at 667nm with excitation wavelength of 600nm
(Fig. 3(b)). These results indicated that the aggre-
gation of ET-BDP-O had no obvious influence on
its UV—Vis absorption and fluorescence spectra. In
addition, we also monitored the UV—-Vis absorption
spectra of ET-BDP-O NPs in aqueous solution at
different time intervals. As depicted in Figs. 3(c)
and 3(d), the absorption spectrum of ET-BDP-O
NPs storied for 6 days had no significant decline,
which further demonstrated the good stability of
ET-BDP-O NPs that was consistent with the Dy
analysis in Fig. 2(d).

Furthermore, we investigated the AIE perfor-
mance of ET-BDP-O by monitoring its fluorescence
emission spectra from 600 nm to 800 nm upon ad-
dition of different amounts of water in THF. The
relative fluorescence intensity at 667nm with a
varying water fraction was also calculated and
profiled. As shown in Figs. 3(e) and 3(f), the fluo-
rescence intensity decreased gradually along with
the rise of water fraction from 0% to 40%, which
was attributed to the twisted intramolecular charge
transfer effect.?” When the water fraction increased
to 50-70% that causes the aggregation of ET-BDP-
O molecules, the restricted intramolecular rotation
movement could induce intensified fluorescence
emission signal, exhibiting a typical AIE charac-
teristic.?’ However, the fluorescence intensity be-
came weakened obviously when the water fraction
was over 70%, which can be explained as the si-
multaneous formation of crystalline particles and
amorphous particles in the solution. The crystalline
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particles would contribute to the enhanced fluores-
cence intensity, but the amorphous particles do
not.*"3? QOverall, these results demonstrated that
ET-BDP-O had an excellent AIE performance with
a huge potential for bioluminescence imaging.

3.4. ROS generation

EPR was conducted to detect the 'O, generation
via spin trap TEMP. As shown in Fig. 4(a), the

characteristic signal of spin adduct TEMPO
(specially generated from the oxidation of '0,) with
a peak intensity ratio of 1:1:1 increased significantly
when the ET-BDP-O NPs dispersed in water (ag-
gregated state) were irradiated under 592 nm LED
light, demonstrating the excellent light-activated
'0, generation capacity. However, when the ET-
BDP-0O was molecularly dissolved in THF solution
(molecular state), the intensity of characteristic
peaks only had moderate increase. Besides, we also
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Fig. 4. (a) EPR spectra of 'O, trapped by TEMP. (b) EPR spectra of hydroxyl radical trapped by DMPO. (c) Fluorescence

spectra of SOSG in the presence ET-BDP-O NPs with different concentrations under 592 nm LED light (60 mW /cm?) for 10 min.
(d) The relative fluorescence intensity of SOSG at 527 nm corresponding to (c). (e) and (f) Fluorescence spectra of SOSG in the
absence or presence of ET-BDP-O NPs under 592 nm LED light (60 mW/cm?) for different times. (g) The relative fluorescence
intensity of SOSG at 527 nm corresponding to (e) and (f).
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monitored the hydroxyl radical (-OH) production of
ET-BDP-O using EPR spectra via spin trap DMPO
(Fig. 4(b)). The enhanced characteristic 1:2:2:1
four-line signal of DMPO/-OH adduct indicated
that ET-BDP-O could also produce -OH in the
process of photoactivation. Especially, the aggre-
gated state of ET-BDP-O had a stronger increase in
the characteristic peaks as the same trend as the 'O,
generation in Fig. 4(a), both providing direct evi-
dence that ET-BDP-O in aggregated state pos-
sessed enhanced ROS generation ability.

To further evaluate the photodynamic effect of
ET-BDP-O NPs, SOSG agent as a detection probe
was also utilized to monitor the generation of singlet
oxygen.”? After irradiation under 592 nm LED light
(60 mW /cm?) for 10 min, the fluorescence spectra of
SOSG in the solution containing different con-
centrations of ET-BDP-O NPs were measured and
the relative fluorescence intensity (F;/F;) was cal-
culated. As depicted in Figs. 4(c) and 4(d), a
striking increase of fluorescence intensity of SOSG
could be observed along with the concentration of

Control

NPs

DAPI

Merged

Fig. 5.

6h

Cellular uptake of ET-BDP-O NPs by 4T1 cells. CLSM images of 4T1 cells incubated with ET-BDP-O NPs for 6, 12 and
24 h. Cell nuclei stained with DAPI were indicated as the blue fluorescence, while ET-BDP-O NPs indicated as red fluorescence.
Scale bars: 50 pm.

A novel BODIPY-based nano-PS with AIE for cancer PDT

ET-BDP-O NPs. Meanwhile, we also found that
the ET-BDP-O NPs (7 ug/mL) exhibited a time--
dependent trend of 'O, generation reflected by
the increase of fluorescence intensity (Figs. 4(e)
and 4(f)). Besides, the relative fluorescence intensity
at 527 nm increased more than five times with the
irradiation for 10 min (Fig. 4(g)), and the pattern
showed a nearly linear dependence on the irradia-
tion time, demonstrating outstanding photo-
stability for continuous 'O, production. Taken
together, these results illustrate ET-BDP-O NPs
have an excellent 'O, generation ability for poten-
tial PDT usage.

3.5. Cellular uptake and fluorescence
imaging in vitro

The cellular uptake of ET-BDP-O NPs was evalu-

ated prior to phototherapy in witro. The cellular

uptake behavior of ET-BDP-O NPs could be clearly

observed and imaged under a CLSM rely on the
excellent AIE characteristic. As shown in Fig. 5

2240009-9
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Fig. 6. The in vitro ROS generation and photodynamic killing efficacy of ET-BDP-O NPs. (a) Fluorescence images of ROS
detection probe of DCFH-DA in 4T1 cells with different treatments. Scale bar: 100 um. (b) The cell viability of 4T1 cells treated
with ET-BDP-O NPs at different concentrations without light irradiation. (c) The cell viability of 4T1 cells treated with ET-BDP-O
NPs at different concentrations with light irradiation (60 mW/cm?, 10 min). (d) Fluorescence images of Calcein-AM /PI-stained 4T1

cells with different treatments. Scale bar: 200 pm.

with the extension of co-incubation time, the red
fluorescence of ET-BDP-O NPs increasingly
accumulated at the cytoplasm and perinuclear re-
gion of 4T1 cells, which showed the strongest red
fluorescence signal at 24h of incubation. These
results not only demonstrated the efficient inter-
nalization of ET-BDP-O NPs into 4T1 cells, but
also showed a bright fluorescence imaging of cells
benefited from the AIE characteristics.

3.6. Intracellular ROS detection

Intracellular ROS generation of ET-BDP-O NPs
was assessed via DCFH-DA probe, which can emit
intense green fluorescent signal in the present of
intracellular ROS.** As shown in Fig. 6(a), there
was almost negligible green fluorescence signal when
the cells treated with only light irradiation. How-
ever, a small amount of green fluorescence could be
observed in the cells incubated with ET-BDP-O

2240009-10



NPs alone, ascribing to the stimulation of ET-BDP-
O NPs by external natural light. Most significantly,
when the cells were treated with ET-BDP-O NPs
and followed LED light irradiation (60 mW/cm?)
for 10 min, amount of ROS production in 4T1 cells
indicated by the strongest green fluorescence signal,
illustrating the excellent ROS generation perfor-
mance of ET-BDP-O NPs upon light irradiation.

3.7. Photodynamic effect in vitro

Subsequently, we explored the photodynamic
killing effect of ET-BDP-O NPs against 4T1 cells
in vitro using CCK-8 assay. As shown in Figs. 6(b)
and 6(c), 4T1 cells still maintained over 95%
survival rate after incubation with ET-BDP-O NPs
at a high concentration of 35 ug/mL for 24 h under
dark conditions, suggesting the negligibly dark cy-
totoxicity. Once exposed to the light irradiation
(60 mW /cm?, 10 min) after ET-BDP-O NPs treat-
ment, the cell viability of 4T1 cells was negatively
correlated with the concentration of ET-BDP-O
NPs, and only 15% of 4T1 cells survived when the
concentration of NPs reached 35 pug/mL.

Additionally, the killing effect of ET-BDP-O NPs
was further investigated using live/death cell
staining assay. The 4T1 cells treated with different
conditions (control, ET-BDP-O NPs, light irradia-
tion and ET-BDP-O NPs + light irradiation) were
stained with Calcein-AM and PI, then imaged
under a fluorescence microscope, where the green
fluorescence represented viable cells and the red
fluorescence represented dead cells (Fig. 6(d)).
When the cells treated with ET-BDP-O NPs and
light irradiation, the viable cells sharply decreased
along with a significant increase of dead cells com-
pared with control group, while either only incu-
bated with ET-BDP-O NPs or only light irradiation
had little influence on cell survival. These results
were consistent with the CCK-8 assay, both dem-
onstrating the as-prepared ET-BDP-O NPs pos-
sessed excellent photo-triggered cytotoxicity and
could serve as a photodynamic agent with great
potential for further bio-application.

4. Conclusions

In summary, we have successfully designed and
synthesized a novel AlIE-based PS (ET-BDP-O)
with D—A-D molecular structure by linking the two

A novel BODIPY-based nano-PS with AIE for cancer PDT

liner arms of BODIPY core with TPA units. The
further formed ET-BDP-O NPs via direct self-as-
sembly without any other ingredients boasted ex-
cellent colloid stability, photostability and AIE
photophysical characteristics. After internalized by
4T1 cancer cells, ET-BDP-O NPs were found to
emit bright fluorescence for imaging and elevate
intracellular ROS level to effectively kill cancer cells
for PDT under LED light irradiation. This work
proved the great potential of ET-BDP-O NPs as an
AlE-based photodynamic agent for fluorescence
imaging-guided PDT and deserve for further ex-
ploration in wvivo. However, light activated PDT
against deep tumor is always hindered by the
shallow penetration. To resolve this problem, recent
literatures report that other stimulation sources like
microwave and X-ray with deep tissue penetration
can be also used to trigger sensitizers for ROS
generation,?* % which might be also incorporated in
ET-BDP-O NPs in our future work.
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