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The first aggregation induced emission (AIE) Ir(i)) complex bearing a
biotin-functionalized ligand, Ir-Bio, is reported. Ir-Bio generates
type | and type Il reactive oxygen species and has an excellent
photodynamic therapy effect in cancer cells.

Photodynamic therapy (PDT) is a non-invasive treatment that
uses photosensitizers (PSs), light and oxygen (O,) to selectively
combat malignant tumors, vascular diseases and microbial
infections.'™ PSs can operate through two main mechanisms:
type I and type IL. The type II mechanism involves sensitizing
singlet oxygen (0,) through an energy-transfer process from the
excited triplet state of the PS to molecular oxygen in the ground
state.” Regrettably, the highly hypoxic tumor microenviron-
ment significantly limits the effect of type II PDT against
tumors.® The type I PDT mechanism is based on electron
transfer reactions that generate a variety of reactive oxygen
species (ROS), such as superoxide (*O, ) and hydroxyl (*OH)
radicals.”® Type I PSs decrease reliance on O, and demonstrate
significant promise in addressing tumor hypoxia.’

One of the major challenges of PDT technology is how to
obtain sufficient quantities of the PSs in the target tissue for
effective treatment." There remains an urgent need for PSs with
specific targeting ability. Many Ir(m) complexes have attracted
attention as candidate drugs for anticancer therapy due to their
unique physiological properties and favorable photophysical attri-
butes, including easy synthesis, structural modifications, strong
photostability, and so on.""™ Iridium metal centers can be
coordinated with different bidentate ligands through rational
design strategies. Therefore, the auxiliary ligands and cyclometa-
lated ligands can be tuned to have different biological functions to
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enrich the role of Ir(m) complexes in biological research and
therapeutic applications. When the ligands are modified with
targeting molecules, the Ir(m) complex will accumulate in large
quantities in cancer cells, thus improving the antitumor proper-
ties. Cancer cells frequently exhibit high levels of tumor-specific
receptors, including biotin receptors that facilitate accelerated
growth, proliferation, and survival of the cells."**° Purushotha-
man et al®® conjugated biotin as a targeting agent to the
chlorophyll derivative TPP, which achieved selective targeting of
the breast cancer cell line MCF-7. However, TPP derivatives may
suffer aggregation-caused quenching (ACQ) of emission in aqu-
eous media, reducing the ROS production. Thus, leveraging the
excellent tumor-targeting ability of biotin and easy modifications
of Ir(m) complexes should be an effective strategy to enhance PDT
outcomes. However, to date the modification of Ir(ur) complexes
with biotin for this purpose has not been reported.

Most PSs for PDT are based on organic dyes, including
boron dipyrromethene (BODIPY), porphyrin, and their deriva-
tives which have a large planar n-electron system which favours
ACQ.>"** The opposite phenomenon, namely aggregation-
induced emission (AIE), can enhance fluorescence and ROS
generation in an aggregate state through restriction of intra-
molecular motion (RIM) which prohibits the dissipation of
energy.>* PSs with AIE characteristics overcome the ACQ pro-
blem of traditional PSs and have the following advantages: (i)
the intersystem crossing (ISC) ability of excited states is signifi-
cantly improved, (ii) the luminescent quantum efficiency is
enhanced, (m) there is high ROS generation. To date, a few AIE
Ir(m) complexes have been reported as PSs, and obtaining AIE
Ir(m) complexes as antitumor agents remains a challenge.*>*°

In the current work, biotin is linked to the auxiliary ligand to
construct the neutral AIE Ir(u) complex Ir-Bio with the follow-
ing desirable features: (i) the ability to generate type I ROS is
obtained, (ii) the generation of type II ROS is greatly improved,
(iii) the complex effectively accumulates in tumor cells. The PSs
Ir1 (Fig. 1(A)) and Ir-Bio (Scheme 1) were obtained by a simple
Schiff base reaction in high yields. With the introduction of the
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Fig. 1 (A) Ultraviolet (UV)-vis absorption spectra of Ir1/Ir-Bio (107> M) in
CHsCN/H,O (v:v =1:9); (B) fluorescence emission spectra, lex = 400 nm;
(C) fluorescence emission spectra of Ir-Bio in CHzCN/H,O mixed solution
(107> M), Aex = 400 nm:; (D) the change of the emission intensity of Ir-Bio in
CH3CN/H,0 with the change of the water concentration.

biotin-assisted ligand, the light absorption and singlet oxygen
production capacity of Ir-Bio are significantly enhanced com-
pared to Irl. Ir-Bio readily accumulates in cells and has high
ROS production capacity, which effectively improves the PDT
antitumor effect. The work provides a new perspective to
address the oxygen deficiency limitation of PSs in PDT, and
to improve the uptake of PSs into cancer cells.

The synthetic routes to the ligands L1, L2, and the com-
plexes Irl and Ir-Bio (Schemes S1-S5) and corresponding
characterization data are provided in the SI with '"H NMR and
mass spectra (Fig. S1-S6). The UV-Vis absorption spectra of Irl
and Ir-Bio at room temperature are shown in Fig. 1(A). Both
complexes show strong absorption peaks in the ultraviolet
region, and the bands in the range of 250-350 nm are attrib-
uted to the m — =* transition centered on the ligands. The
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Scheme 1 Structural formula of Ir-Bio and its PDT process.
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relatively weak absorption bands in the visible region can be
attributed to metal-to-ligand charge transfer transitions, spin-
permitted ligand-to-ligand charge transfer transitions, spin-
barred metal-to-ligand charge transfer transitions, and spin-
barred ligand-to-ligand charge transfer transitions. As shown in
Table S1, the absorptive capacity of Ir-Bio (¢ 58571 and
12063 m~ ' cm ') was significantly increased compared to Ir1
due to the introduction of biotin, indicating high efficiency in
photon absorption and utilization. The emission spectra of Irl
and Ir-Bio were similar, with A, at 610 nm (Fig. 1(B)).

The AIE properties of Irl and Ir-Bio were investigated in
CH;CN-H,0 mixtures, where the water content varied from 0 to
99%. As shown in Fig. 1(C), (D) and Fig. S7, Ir1 and Ir-Bio barely
emit in pure CH;CN due to the non-radiative transition process
enhanced by molecular vibrations and rotations. As the water
content increased to 95%, Irl shows a strong red emission (Fig.
S7). Ir-Bio showed strongest red emission when the water content
increased to 99%. These results establish that Irl and Ir-Bio have
typical AIE characteristics which will be beneficial to enhance ROS
production and therefore improve the effect of PDT.

Efficient 'O, generation is very important for PSs to improve
the PDT effect. The 'O, production of Ir1 and Ir-Bio in DMSO:
H,0 (v:v =1:99) was evaluated by monitoring the absorbance
changes of indocyanine green (ICG) at 790 nm. For ICG alone,
the absorption intensity basically did not change during 210 s
of illumination (Fig. 2(A)). Also, the spectra of ICG in the
presence of Irl or Ir-Bio showed little change without light
(Fig. S8). In the cell experiments, PSs need to be irradiated for a
relatively long time, and PSs with good light stability are therefore
advantageous for PDT. The UV-vis absorption spectra of Ir1 and Ir-
Bio did not change during 210 s of illumination which proved
their good photostability (Fig. S9). When irradiated with a 405 nm
LED lamp for 210 s, the ICG absorption at 790 nm significantly
decreased (by >80%) in the presence of Ir-Bio compared with Ir1
(only about 20%) (Fig. 2(B)-(D)). This data establishes the excel-
lent 0, generation ability of Ir-Bio. As shown in Fig. 2(E), these
data for Irl and Ir-Bio conform to the first-order kinetic equation.
The higher the slope of the straight line, the stronger the 'O,
generation capacity. The Ir-Bio slope (0.00757) is 8.5 times that of
Ir1 (0.000888). Using Rose Bengal (RB singlet oxygen production
efficiency of 73%) as a reference, the 'O, quantum yields of Ir1
and Ir-Bio were 17% and 88%, respectively.

Most PSs rely on oxygen to produce singlet oxygen, which is
cytotoxic, to achieve cell damage. The oxygen consumption
during PDT will further aggravate the oxygen deficiency in the
tumor. Therefore, type I PSs that can produce superoxide anion
radicals (*O, ") have a broad application in PDT. As shown in
Fig. 2(F), Ir1 (0.1 mM) and 2,2-dimethyl-1-oxido-3,4-dihydropyrrol-
1-ium (DMPO as a spin-trapping agent for free radicals) (100 mM)
showed no EPR signal in DMSO solution under either dark or
light conditions, indicating that Ir1 could not produce superoxide
anion radicals. In the dark, Ir-Bio (0.1 mM) and DMPO (100 mM)
also did not give any EPR signal. However, when the Ir-Bio and
DMPO solution was illuminated, the characteristic superoxide
anion radical signal was generated. Therefore, Ir-Bio can realize a
type I PDT process and effectively overcome the limitation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) UV absorption spectra of ICG at different illumination times

(405 nm, 20 mW cm~2); (B) ICG + IrL + light; (C) ICG + Ir-Bio + light; (D)
the attenuation curve of ICG at 790 nm when Irl or Ir-Bio (18 uM) is present
under different illumination times, data in DMSO : H,O (v:v = 1:99); (E) 'O,
kinetic generation curve of Irl/Ir-Bio; (F) EPR signals of Irl and Ir-Bio (0.1 mM)
and DMPO (100 mM) under light and dark conditions in DMSO.

photosensitizer oxygen deficiency in PDT, which opens a new
platform for the application of transition metal Ir(mr) complex PSs
in PDT. In DMSO: H,O solution (1:99 v:v) Ir1/DMPO and Ir-Bio/
DMPO gave no °OH EPR signal under light (405 nm,
20 mW cm ') or dark, indicating that *OH is not generated in
aqueous conditions.

Since Irl and Ir-Bio showed excellent ROS production ability
in solution, we studied their PDT in vitro by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. As shown in Fig. 3, HeLa cell survival exceeded 80% in
dark conditions, even with photosensitizer concentrations up
to 50 uM, indicating relatively low dark toxicity of Ir1 and Ir-Bio.
However, Ir1 and Ir-Bio showed concentration-dependent
phototoxicity with increasing concentration when irradiated
by an LED lamp with emission wavelength of 405 nm. When
Ir1 concentration reached 50 pM, the cell survival rate was only
about 20%. When the Ir-Bio concentration was only 25 uM, the
cell survival rate was already reduced to less than 10%. Since Ir1
does not produce superoxide anions, both the Ir1 dark group
and the Ir1 light group did not exhibit significant cytotoxicity
under hypoxic conditions. Therefore, the phototoxicity of Irl
under normoxic conditions should be primarily attributed to
the type II photodynamic process. The cell survival rate in the
irradiated group with Ir-Bio at concentration of 50 pM was less
than 40%. This result proved that Ir-Bio could still effectively
kill HeLa cells under hypoxic conditions (Fig. S10). Therefore,
Ir-Bio has better potential than Ir1 as a PS for cancer treatment.
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Fig. 3 Survival rate of (A) Irl and (B) Ir-Bio-pretreated Hela cells under
dark (D) and illuminated (L) conditions (405 nm, 20 mW cm™3).

We further detected and verified ROS production in HeLa
cells by using the indicator 2’,7'-dichlorofluorescein diacetate
(DCFH-DA). As shown in Fig. 4(A), (B) and Fig. S11 in the
presence of the PSs Ir1 and Ir-Bio, the intracellular cells showed
obvious green fluorescence after light exposure, indicating that
DCFH-DA was oxidized to green-emitting DCF by ROS produced
by the intracellular photosensitizers. According to the above
data Ir1 and Ir-Bio photosensitizers can effectively produce ROS
in cells under light.

To observe the live and dead states of cells after the PDT
treatment, calcein-AM (live cells, green fluorescence) and pro-
pidium iodide (PI) (dead cells, red fluorescence) were co-
stained with HeLa cells to determine the cell death through
different fluorescence changes. As shown in Fig. 4(C), (D) and
Fig. S12, in the absence of the photosensitizers, green fluores-
cence was emitted in the cells, and basically no red fluores-
cence was observed, indicating good cell growth. However,
upon illumination at Z.y, 405 nm, the cells showed strong red
fluorescence, and basically no green fluorescence. The HeLa
cells co-incubated with Ir-Bio emitted stronger red fluorescence
which indicated that Ir-Bio was more enriched in HeLa cells to
show better phototoxicity due to the presence of the biotin unit.
The results of the live/dead cell staining are consistent with the
MTT assay, indicating that Ir-Bio is highly enriched and has
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Fig. 4 The intercellular 'O, capacity was evaluated by DCFH-DA fluores-
cence intensity after (A) Irl and (B) Ir-Bio under darkness and illumination
(405 nm, 20 mW cm~2); (C) Irl was used:; (D) fluorescent images of Hela
cells incubated with Ir-Bio (50 pM).
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high ROS production ability in cancer cells, which provides a
new molecular strategy to solve the difficulty of transition metal
complex photosensitivities in hypoxic PDT.

The uptake of PSs in cells is an important factor affecting the
efficacy of tumor therapy. As shown in Fig. 5 and Fig. S13, both
Ir1 and Ir-Bio showed time-dependent enhancement of red
fluorescence in HeLa cells through confocal laser scanning
microscopy (CLSM), indicating that the uptake capacity of both
PSs increased gradually over time. In addition, compared with
Irl, it was obvious that HeLa cells incubated with Ir-Bio emitted
much stronger red fluorescence for the same incubation time.
Furthermore, the uptake ability of A549 cells for the two photo-
sensitizers (Irl and Ir-Bio) was measured (Fig. S14 and S15).

After 6 hours of co-incubation with Ir-Bio, red fluorescence was
emitted within the cells indicating that Ir-Bio was effectively
internalized by the cells due to stronger uptake of biotin-
conjugated ligands, compared with Ir1, which would contribute
to better PDT Kkilling of cancer cells by Ir-Bio. Furthermore, to
verify that the uptake is receptor-specifically mediated, we per-
formed a binding assay by incubating HeLa cells with free biotin.
After incubating with free biotin for one hour, Ir-Bio was added
for further incubation. It is notable that no red fluorescence was
observed even after 6 hours of co-incubation. This is attributed to
the complete binding of the free biotin to the over-expressed
biotin receptor on the surface of the HLIa cells (Fig. S16 and S17).

In summary, the significance of this work stems from the
rational design of an Ir(u) complex bearing biotin functionality
on the ancillary ligand. Specifically: (i) Ir-Bio has an excellent
AIE effect; (ii) Ir-Bio achieves type I and type II PDT, and (i) the
biotin ligand is beneficial to internalization of the Ir(m)
complex by HeLa cells. Overall, this work provides an effective
and versatile strategy for improving the PDT effect of Ir(m)
complex photosensitizers under hypoxic conditions. Future
work will address ligand design for obtaining longer wave-
length absorption in Ir-Bio complex PSs.
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