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Photodynamic therapy (PDT) is a promising cancer treatment method. Traditional small-molecule photo-
sensitizers (PSs) suffer from low intersystem crossing (ISC) ability and aggregation-caused quenching
(ACQ), which adversely affects the luminous efficiency and singlet oxygen (*O,) yield of PSs in the aggre-
gated state. Ir(n1) complexes are promising PSs with long excited-state lifetime, good photophysical and
photochemical properties and large Stokes shifts. Aggregation-induced emission (AIE) characteristics
could reduce the nonradiative recombination and improve the ISC ability of excited states through the
restriction of the intramolecular motions in aggregated states. Accordingly, two AlE-active Ir(1) complexes
Ir-1-N* and Ir-2-N* were successfully designed and obtained based on Schiff base ligands. Experimental
results showed that Ir-1-N* and Ir-2-N* have good photophysical properties and the corresponding
nanoparticles (NPs) have good water solubility and O, generation ability. Notably, Ir-2-N* NPs can be
efficiently taken up by mouse breast cancer cells (4T1 cells) with good biocompatibility, low dark toxicity
and excellent phototoxicity. This work demonstrates a versatile strategy for exploiting efficient transition

rsc.li/dalton

Introduction

Photodynamic therapy (PDT) is a new method of cancer treat-
ment that has attracted much attention in recent years. Its
main process is that photosensitizers (PSs) accumulated in the
tumor produce cytotoxic reactive oxygen species (ROS) to kill
cancer cells or microorganisms while irradiated by light of
specific wavelengths.' ™ Nevertheless, most of the current PSs,
such as boron dipyrromethene (BODIPY) and porphyrin
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metal PSs with a cationic ligand in PDT.

derivatives, need long irradiation times and large amount of
PSs to achieve the high generation of ROS owing to their low
singlet-to-triplet intersystem crossing (ISC) ability, which
limits their PDT efficacy.*”® The ISC rate depends upon the
spin-orbital coupling (SOC) interaction between the lowest
triplet and one or more singlet excited states. Because the SOC
constant generally increases with atomic number, large SOC
interactions are found in molecules comprising heavy atoms
and SOC is therefore quite large for Ir (3909 cm™').”®
Compared with organic small-molecule PSs, Ir(m) complexes
have the benefit of larger Stokes shifts that can reduce the
interference between excited and emitted states.”'" At the
same time, Ir(m) complexes also have high photochemical
stability, which effectively avoids the shortcoming of photo-
bleaching that organic small molecule PSs suffer from. In
addition, long excited-state lifetime, high luminescence
efficiency and tuneable emission color mean that Ir(m) com-
plexes attract extensive attention as PSs.>'* However, Ir(u)
complexes also have several disadvantages that severely limit
their efficacy in PDT such as poor water solubility, limited bio-
compatibility and aggregation-caused quenching (ACQ) of
emission.

Many available PSs have large n-electron systems and planar
molecular structures which result in ACQ.'* Meanwhile, the

Dalton Trans., 2022, 51, 16119-16125 | 16119


http://rsc.li/dalton
http://orcid.org/0000-0001-6830-3102
http://orcid.org/0000-0001-7223-1797
http://orcid.org/0000-0003-3002-0144
http://orcid.org/0000-0003-2097-7823
https://doi.org/10.1039/d2dt02960j
https://doi.org/10.1039/d2dt02960j
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt02960j&domain=pdf&date_stamp=2022-10-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt02960j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051042

Open Access Article. Published on 11 October 2022. Downloaded on 8/10/2025 4:07:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

molecules suffer from other problems such as complicated
synthetic and purification processes, poor solubility, low yield,
weak absorption and low quantum efficiency.'® However, the
phenomenon of aggregation-induced emission (AIE) based on
restricted intramolecular motion was promoted by Ben Zhong
Tang and his team in 2001"7 and has subsequently been
extensively discussed and developed as an important feature
in many types of luminescent molecules.'®>* PSs with AIE
characteristics circumvent the above problems of traditional
PSs in the aggregated state and have the following advantages:
(i) improved ISC ability of excited states, (ii) high photo-
luminescence quantum efficiency (PLQY), (iii) high ROS gene-
ration ability.>*>° Up till now there are only very few AIE Ir(im)
complexes reported as PSs, indicating that it is still a challenge
to realize their potential in cell and animal imaging, bacterial
therapy and anti-tumor applications.>”*®

Schiff bases have the advantages of easy modification,
simple and efficient synthesis method. Many Schiff bases with
different properties and variable structures can be derived by
changing the substituent groups.”*' The presence of the
imine bond makes Schiff bases one of the most widely used
ligands in coordination chemistry with good coordination
ability with most metal elements.**"** These ligands and their
complexes have a wide range of applications in the biological
field, including antioxidant, anti-cancer, antibacterial and
others.*>73” Therefore, Schiff bases have been used as versatile
building blocks to construct AIE molecules.*®*°

In this work, two AIE-active complexes Ir-1-N* and Ir-2-N*
were obtained by a straightforward synthetic method with easy
purification in high yields by using a chalcone Schiff base as
auxiliary ligand.*" The cationic quaternary amine functionality
in Ir-1-N* and Ir-2-N" was designed to enhance hydrophilicity,
cellular uptake and internalization of the PSs, by analogy with
other ionic transition metal complexes.**™** The introduction
of a quinolone-triphenylamine derivative as the cyclometalat-
ing ligand aims to increase the molar absorption and the
singlet oxygen ('0,) generation ability of Ir-2-N*. The corres-
ponding nanoparticles (NPs) Ir-1-N* NPs and Ir-2-N* NPs were
prepared by self-assembly process with poloxamer (F127) as
surfactant. Both Ir-1-N* NPs and Ir-2-N* NPs have good water
solubility and 'O, generation capacity. Spectroscopic studies
and in vitro experiments show that Ir-2-N* NPs have good bio-
compatibility, high photo-cytotoxicity that can be applied to
PDT effects in the future.

Experimental section
Materials and instruments

Materials for organic synthesis, poloxamer (F127) and indocya-
nine green (ICG) were purchased from Energy Chemical
Company. RPMI Medium 1640 was purchased from Solarbio
Life Science company. Fetal bovine serum (FBS) was purchased
from Sigma-Aldrich. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) was obtained from Aladdin. 2',7"-
Dichlorofluorescence diacetate (DCFH-DA) and the cell viabi-
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lity (live dead cell staining) assay kit were purchased from
Shanghai Beyotime Biotechnology Co. Ltd.

'H NMR spectra were recorded at 25 °C on a Varian
600 MHz spectrometer. The high resolution mass spectra
(HRMS) were obtained on a high-performance liquid chrom-
atography-high-resolution time of flight mass spectrometer
(MicroTOF II). UV-vis absorption spectra were recorded on a
Shimadzu  UV-3100  spectrophotometer. =~ The  photo-
luminescence spectra, excited state lifetimes (z) and photo-
luminescence quantum yields (®p;) were recorded on an
Edinburgh FLS920 spectrofluorimeter under air at room temp-
erature. Transmission electron microscopy (TEM) images were
taken by a TECNAI F20 microscope. Diameter and diameter
distribution of the nanoparticles were determined by a
Malvern Zetasizer Nano instrument for dynamic light scatter-
ing (DLS). Confocal laser scanning microscopy (CLSM) images
were taken using a ZeissLSM 700 (Zurich, Switzerland).

The structures of complexes Ir-1-N* and Ir-2-N" are shown
in Scheme 1 and the synthesis and characterization are
reported in the ESIf with *C{'H}NMR spectra (Fig. S1-S8)
and mass spectra (Fig. S9-S127).

Preparation of nanoparticles (NPs)

The water-soluble NPs were prepared by the solvent exchange
method. Firstly, metal iridium complex Ir-1-N"/Ir-2-N" (1 mg) and
the surfactant F127 were dissolved in THF (1 mL). The mixture
was dropped into deionized water (10 mL). The solution was
stirred at a constant speed to evaporate the THF; after the THF
was completely volatilized, the solution was put into a dialysis
bag to remove the residual THF. Further filtration was performed
with a 0.22 pm filter head to obtain uniformly dispersed nano-
particles. The concentration of nanoparticles was then calculated
using a standard curve. The hydrodynamic sizes and mor-
phologies of the NPs were analyzed by dynamic light scattering
(DLS) and transmission electron microscopy (TEM).
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Scheme 1 Structures of Ir-1-N* and Ir-2-N*.
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Test method for singlet oxygen generation in solution

The effect of PDT can be evaluated by the 'O, generation capacity
in the solution. In these experiments, ICG was used as an indi-
cator to evaluate the 'O, generation capacity of Ir-1-N* and Ir-2-
N' and the corresponding NPs in solution. Ir-1-N* and Ir-2-N*
solutions (15 pg mL™" in CH;CN-water (v/v) = 4/1) and their
corresponding NPs solutions (15 pg mL™" in water) were mixed
with ICG solution (5 pg mL™") as working solutions. The working
solution (3 mL) was transferred to a cuvette, and then was illumi-
nated with a 425 nm LED at 20 mW cm > for 300 s.

Cell culture method

Mouse breast cancer cells (4T1 cells) were selected as the cell
model for these experiments. The culture medium was pre-
pared by RPMI Medium 1640 containing 10% (v:v) FBS. The
cell culture flask was placed in an incubator at 37 °C and 5%
CO,. To ensure adequate nutrition for the cells, the culture
medium was changed every two days.

Cytotoxicity test method

The cytotoxicity of PSs was detected by MTT. 4T1 cells were
seeded in 96-well plates at a density of 10000 cells per well.
The cells were cultured in an incubator at 37 °C and 5% CO,
for 24 h. After aspirating the old culture medium, RPMI
Medium 1640 (100 pL) containing different concentration gra-
dient PSs (0-10 pg mL~") was added to each well. The original
culture medium was replaced by fresh RPMI Medium 1640
(100 pL) after 6 h. The light group was irradiated with 425 nm
LED at 20 mW cm™> for 30 min, while the dark group was not
illuminated. After irradiation, the cells were placed in an incu-
bator for 24 h. MTT (10 pL) with the concentration of 5 mg
mL~* was added to each well. The cells were placed in an incu-
bator for 4 h. After 4 h, DMSO (200 pL) was added to each well
to replace the original medium. The absorbance value of the
sample at 490 nm was detected by a microplate reader.

Live/dead staining test methods

4T1 cells were seeded in confocal dishes at the density of 50 000
cells per well and incubated for 24 h. After the culture medium
was aspirated, RPMI Medium 1640 containing PSs (10 pg mL™")
was added to the confocal dish. After culturing for 6 h, the culture
medium containing PSs was removed and fresh RPMI Medium
1640 was added. The light group was irradiated with 425 nm LED
at 20 mW cm™> for 30 min, and the dark group was treated the
same without illumination. After illumination, the confocal dish
was placed in the incubator and incubation was continued over-
night. PBS was used to wash the confocal dishes. Detection buffer
containing Calcein-AM and PI was added to the confocal dishes.
This was followed by incubation in the dark in the incubator for
30 min. The fluorescence image was observed under an inverted
fluorescence microscope to judge the cell survival state.

Evaluation of intracellular singlet oxygen production capacity

The ability of PSs to generate intracellular 10, was assessed by
DCFH-DA. 4T1 cells were seeded in confocal dishes at a
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density of 50000 cells per well and incubated for 24 h. The
next procedure was to aspirate the original medium and add
RPMI Medium 1640 (1 mL) containing PSs (10 pg mL™") to the
confocal dish. After continuing to culture in the incubator for
6 h, the supernatant was removed and RPMI 1640 was added.
The light group was irradiated with 425 nm LED at 20 mW
cm™? for 15 min, and the dark group was treated in the same
way without illumination. After light exposure, the original
medium was aspirated, washed twice with PBS, and then
DCFH-DA (1 pL) was dissolved in blank RPMI Medium 1640
without FBS and added to the confocal culture dish. After
treatment in the dark for 20 min, the medium containing
DCFH-DA was aspirated, washed twice with PBS (1 mL), and
PBS (1 mL) was added, followed by CLSM to observe the green
fluorescence intensity in the cells.

Test method for endocytic behavior

4T1 cells were seeded in confocal culture dishes at a density of
50000 cells per well. A cell suspension (1 mL) containing
RPMI Medium 1640 was added to each well. The cells were
then placed in an incubator at 37 °C and 5% CO, overnight.
The original medium was replaced by RPMI Medium 1640 con-
taining PSs (10 pg mL™"). The incubation time was 0.5 h, 2 h
and 6 h, respectively. After incubation, the supernatant was
withdrawn and the confocal culture dish was washed twice
with PBS, and the uptake of PSs by cells was observed by
CLSM.

Results and discussion
Photophysical properties

The photophysical properties of Ir-1-N* and Ir-2-N* were ana-
lyzed by UV-Vis absorption and emission spectroscopy. As
shown in Fig. 1, both Ir-1-N* and Ir-2-N* have two absorption
bands. The relatively strong absorption band in the range of
250-350 nm originates from the n-n* transition of the ligand
center. The relatively weak absorption band in the 350-500 nm
range can be attributed to spin-allowed metal-to-ligand charge-
transfer transition ("MLCT), spin-allowed ligand-to-ligand
charge-transfer transition (*LLCT), spin-forbidden metal-to-
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Fig. 1 The UV-vis absorption spectra in CH3CN (solid line) and the PL

spectra in the mixed solvent (CHsCN-H,O = 1:9) of Ir-1-N* and Ir-2-N*
(107° M) (dashed line).
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ligand charge-transfer transition (*MLCT) and spin-forbidden
ligand-to-ligand charge transfer transition (*LLCT).'"® From
Fig. 1, the absorbance of Ir-2-N* at 425 nm is significantly
enhanced due to the introduction of the extended
n-conjugated cyclometalated ligand (quinoline triphenylamine)
in Ir-2-N*.*> Both complexes exhibit red emission at excitation
wavelength 425 nm. The maximum emission peak of Ir-1-N* is
at 640 nm and Ir-2-N" is at 660 nm, with the red-shifted emis-
sion of Ir-2-N* ascribed to the n-extended ligand which is con-
sistent with the changing trends of the UV-Vis absorption
spectra of the two complexes. Compared with Ir-1-N*, Ir-2-N*
shows a larger Stokes shift (245 nm). This is important
because PSs with a large Stokes shift can improve the signal-
to-noise ratio of imaging by reducing the interference from the
background.*® The photoluminescence quantum yields
(PLQYs) and excited-state lifetimes of Ir-1-N* and Ir-2-N* were
determined, and their corresponding photophysical data are
summarized in Table S1.} The Ir(m) complexes exhibit high
PLQYs and relatively long excited-state lifetimes. The PLQYs of
Ir-1-N" and Ir-2-N" are 17% and 19%, respectively, and the
excited-state lifetimes are 542.2 ns and 551.3 ns, respectively.
Their excellent photophysical properties, especially the
enhanced absorption band and large Stokes shift and long
excited-state lifetime, endow the complexes with high potential
as PSs.

Research on AIE phenomenon

The AIE performance of Ir-1-N* and Ir-2-N* was analysed in
mixed solutions of CH;CN and water, while the water content
was varied in the range of 0-99%. As shown in Fig. 2, Ir-1-N*
and Ir-2-N* show weak emission in pure CH;CN, but emit
bright red phosphorescence when the water content gradually
increases to 80%, which is a typical AIE characteristic."”” The
AIE properties of Ir-1-N* and Ir-2-N* were further explored by
transmission electron microscopy (TEM) and UV-Vis absorp-
tion spectroscopy. The morphology and particle size are shown
in Fig. S14.F Only a very few small aggregates were observed in
pure CH;CN. When the water content is 99%, the agglomerates
increase significantly and become larger. From the UV-Vis
absorption spectra (Fig. S157) the tail of the absorption spec-
trum is enhanced with the gradual increase of the water
content, indicating the Mie scattering effect.”® Ir-1-N* and Ir-2-
N" possess excellent AIE characteristics according to the above
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Fig. 2 PL spectra of Ir-1-N* (a) and Ir-2-N* (b) in CHzCN-H,O mixtures
(complex concentration = 1.0 x 10~ M) with different water fractions
(0—95% v/v) at room temperature.
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results, originating from the effective restriction of non-
radiative transitions, and these properties are beneficial for
the ISC process and the generation of ROS.

Characterization of nanoparticles

Two water-soluble nanoparticles, Ir-1-N* NPs and Ir-2-N* NPs,
were prepared by a solvent exchange method. As shown in
Fig. S16,T the hydrated particle size of the NPs was measured
using DLS. The data showed that the average particle sizes of
Ir-1-N* NPs and Ir-2-N" NPs were 92 nm and 63 nm, respect-
ively. According to the TEM images (Fig. 3), the NPs are spheri-
cal and the particle size is <100 nm. These properties make
the NPs easily endocytosed by cells. Within a week, Ir-1-N* NPs
and Ir-2-N" NPs exhibited negligible change in size and poly-
dispersity indices (PDIs), indicating their good stability. The
high stability of NPs facilitates better circulation in the blood.
Therefore, Ir-1-N" NPs and Ir-2-N" NPs with good water solubi-
lity, suitable size and high stability are promising candidates
for use in living cells and animal experiments.*’

Evaluation of singlet oxygen generation capability in solution

The ability to generate 'O, is an important parameter to assess
the effect of PDT. The 0, generation capacity of Ir-1-N*, Ir-2-
N' and their corresponding NPs was evaluated by monitoring
the change in the absorbance of ICG at 790 nm. The data are
shown in Fig. 4 and S17-S20,} for (1) the unirradiated group
containing ICG and PSs; (2) the irradiated group containing
only PSs; and (3) the irradiated group containing only ICG.
The absorbance of ICG has no change within 300 s, indicating
that Ir-1-N* and Ir-2-N* and their corresponding NPs have
good photostability. Under irradiation conditions, the absor-
bance of ICG in the presence of Ir-1-N" and Ir-2-N* decreased.
This reveals that 'O, is generated in irradiation conditions
rather than in dark conditions. Compared with Ir-1-N*, Ir-2-N*
shows higher '0, generation ability, which could be because
the absorbance of Ir-2-N" at 425 nm is higher than that of Ir-1-
N*. After Ir-1-N* and Ir-2-N* were fabricated into NPs, their 0,
generation capacity was significantly higher than those of the
corresponding “free” complexes. The data suggests that the
ability to generate 'O, is increased in the aggregated state
(Fig. 4). The 'O, generation capacities of Ir-1-N* and Ir-2-N*

100
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l —e—1r-1-N NPs {08
z -
g oor 4 N a
4 Ir-1-N l‘i{s Ir-2-N*NPs {06 =
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o® 404
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20} Jo2
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Fig. 3 DLS data of Ir-1-N* NPs and Ir-2-N* NPs during 7 days. Inset:
TEM images of Ir-1-N* NPs and Ir-2-N* NPs.
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Fig. 4 The UV-vis absorption spectra of ICG (5 pg mL™%) with Ir-1-N*
(a), Ir-2-N" (b) Ir-1-N* NPs (c) and Ir-2-N* NPs (d). (e) The decay rates of
ICG in the presence of Ir-1-N and Ir-2-N and their NPs upon exposure
to light illumination (425 nm, 20 mW cm™2). (f) Time-dependent 'O,
generation kinetics. Ag = initial absorbance maximum of ICG. A = real-
time absorbance maximum of ICG with various light exposure times. An
enlarged inset table is shown as Table S2 in ESL.}

and their corresponding NPs conform to first-order kinetics,
with the slope Ir-2-N" NPs > Ir-2-N* > Ir-1-N" NPs > Ir-1-N". The
larger the slope, the faster the degradation rate of ICG, indicat-
ing the greater ability to generate '0,. Obviously, Ir-2-N* NPs
exhibited improved singlet oxygen generation ability and they
have a high potential as PSs for clinical applications in the
future. The above experiments establish that charged Ir(m)
complexes with AIE properties based on a rational molecular
design strategy demonstrate improved 'O, generation ability
for such kind of PSs.

Cytotoxicity studies

The cytotoxicity of Ir-2-N* NPs in 4T1 cells was analyzed by
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay,”® which is a quantitative colorimetric
method. MTT is converted into purple formazan crystals by meta-
bolizing the mitochondrial dehydrogenase of living cells, then
dimethyl sulfoxide can dissolve the generated formazan. As
shown in Fig. 5a, after the 4T1 cells were incubated overnight,
they were treated with Ir-2-N* NPs and had a viability of more
than 90%, showing good biocompatibility and low dark toxicity.
When irradiated by a 425 nm LED at 20 mW cm 2, the cell viabi-
lity decreased gradually with the increasing concentration of Ir-2-
N' NPs, showing a concentration-dependent cellular phototoxi-
city. When the concentration of Ir-2-N* NPs reached 10 pg mL™,

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Relative viability of 4T1 cells after 24 h co-incubation with Ir-

2-N* NPs under darkness and under irradiation (425 nm, 20 mW cm™2).

(b) Confocal fluorescence images of 4T1 cells co-stained with Calcein-
AM (live cells, green fluorescence) and propidium iodide (dead cells, red
fluorescence) after treatment with Ir-2-N* NPs (10 ug mL™?).

the cell viability was only 10% under irradiation. The MTT experi-
ments therefore showed that Ir-2-N* NPs exhibited good photo-
toxicity and low dark toxicity in cell experiments.

Live/dead cell staining experimental study

We used the Calcein-AM and propidium iodide (PI) double
fluorescence staining method to detect the PDT effect of Ir-2-
N* NPs in 4T1 cells.>® Calcein-AM is a cell-permeable dye that
is widely used to detect viability in most eukaryotic cells. PI
cannot pass through the cell membrane of living cells and
only can enter damaged cells, where it binds to nucleic acids
and emits red fluorescence. Calcein-AM and PI were used sim-
ultaneously to detect live/dead cells. As shown in Fig. 5b, a
strong green fluorescence signal and a very weak red fluo-
rescence signal were observed in the dark for the blank control
group and Ir-2-N* NPs, indicating that Ir-2-N" NPs have lower
dark toxicity and good biocompatibility. However, strong red
fluorescence signals and negligible green fluorescence signals
were observed in 4T1 cells pre-treated with Ir-2-N* NPs under
irradiation, indicating that almost all 4T1 cells were killed.
Both live/dead cell staining experiments and MTT experiments
showed that the conversion of AIE iridium complexes into the
corresponding NPs can effectively improve the biocompatibil-
ity and PDT effect of the complexes.

Evaluation of intracellular singlet oxygen production capacity

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) does not
emit light. However, when it enters cells, it is hydrolyzed by
intracellular esterase and converted to 2,7-dichlorodihydro-
fluorescein (DCFH) which can react with 'O, to generate the
green fluorescent molecule 2,7-dichlorofluorescein (DCF).>*
The greater the amount of singlet oxygen, the stronger the
fluorescent signal generated. The intensity of the green fluo-
rescence can be used to judge the ability of the PSs to generate
10, in the cell. Therefore, we used DCFH-DA to detect the for-
mation of 'O, in 4T1 cells after illumination. As shown in
Fig. 6, no green fluorescence was produced in the blank
control and Ir-2-N* NPs under dark conditions. After 15 min of
illumination, the cells in the Ir-2-N* NPs group showed
obvious green fluorescence, while the blank control group still
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Fig. 6 Confocal fluorescence images for the detection of 'O, gene-
ration in 4T1 cells treated with Ir-2-N* NPs under darkness and under
irradiation (425 nm, 20 mW cm™3).
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Fig. 7 Cellular uptake of Ir-2-N* NPs (10 pg mL™) detected by CLSM at
different periods of time.

had no fluorescence. The result shows that Ir-2-N" NPs cannot
produce 'O, under dark conditions, but they can effectively
generate 'O, in the cells after illumination. The good 'O, gene-
ration ability of Ir-2-N" NPs indicates that Ir-2-N* NPs have
good application potential as PSs in PDT.

Endocytosis studies

We further characterized the cellular uptake behavior of Ir-2-N*
NPs using CLSM (Fig. 7). Since the particle size of Ir-2-N* NPs is
<100 nm, they can readily enter cells. The phosphorescence
signal generated in the cells gradually increased with the exten-
sion of the culture time, indicating that the cellular uptake was
time-dependent. At 6 h, 4T1 cells incubated with Ir-2-N" NPs had
a strong red phosphorescence signal due to the large Stokes shift
of Ir-2-N*, which gives a good imaging effect. Endocytosis experi-
ments demonstrated that Ir-2-N" NPs could be efficiently taken
up by 4T1 cells and had good biocompatibility. The efficient
uptake of PSs by cells is a premise for good PDT.

Conclusions

In summary, two Ir(u) complexes with a pendant quaternary
ammonium cation and their NPs with AIE properties were

16124 | Dalton Trans., 2022, 51, 16119-16125
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designed and synthesized utilizing a Schiff base ligand. The
synthetic routes to Ir-1-N* and Ir-2-N" are simple and high
yielding. The complexes were successfully used as PSs in the
study of PDT. The introduction of quinoline triphenylamine as
the cyclometalated ligands enhances the absorption of Ir-2-N*;
the emission is red-shifted and the ability to generate 'O, is
significantly improved relative to the phenylpyridine analogue
Ir-1-N". Owing to the AIE features of the Ir(m) complexes, the
Ir-1-N* NPs and Ir-2-N* NPs, which are in the aggregated state
of Ir-1-N* and Ir-2-N*, exhibit higher 'O, generation capacity
than their corresponding small molecules. Among them, Ir-2-
N* NPs which exhibit bright red emission, efficient 0, gene-
ration ability, good water solubility, excellent phototoxicity,
and negligible dark toxicity are shown to be good PSs in vitro
for PDT. This work provides a meaningful design strategy for
obtaining AIE self-assembled cationic transition metal
complex NPs with red light emission as efficient PSs for PDT.
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