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Monofunctional platinum (Pt) complexes, which have single reactive site for binding to DNA, exhibit distinct
mechanisms of action compared to those of currently approved Pt-based chemotherapeutic drugs.
Although monofunctional Pt complexes offer a promising strategy for overcoming chemotherapeutic
resistance and reducing systemic toxicity, their antitumor effect is limited. Herein, we developed
a photoactive monofunctional Pt(i)—cyanine dye complex (denoted as Pt—CDPEN) for cellular nucleus
and mitochondria dual-targeted antitumor therapy. Due to the introduction of heavy atom Pt, Pt—
CDPEN showed a 2.1-fold higher singlet oxygen quantum yield than that of cyanine dye. The half-
maximal inhibitory concentration (ICsg) of photoactivated Pt—CDPEN is over 16-fold lower than that of
cisplatin. Pt—CDPEN exhibited the lysosomal escape property, enabling dual targeting of the cellular

nucleus and mitochondria, thus helping to mitigate the chemotherapeutic resistance of Pt drugs. After
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Accepted 17th June 2025 systemic administration, PEGylated Pt—CDPEN (named as LET-9) exhibited high tumor accumulation,

efficient antitumor therapy, and good biocompatibility. This Pt(i)—cyanine monofunctional complex

DOI: 10.1039/d55c016162 provides a new platform for dual-targeted antitumor therapy, through simultaneously improving the
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Introduction

Platinum (Pt)-based chemotherapeutics, prominently repre-
sented by cisplatin (Cis-Pt), have been widely used clinically for
over 50% of cancer patients. However, there are some potential
drawbacks, such as systemic toxicity and drug resistance.'*®
Interestingly, monofunctional Pt complexes offer an intriguing
alternative for Pt-based chemotherapeutics.”® Their unique
single reactive site capable of binding to DNA can reduce
toxicity by minimizing DNA damage to healthy cells. Moreover,
it was demonstrated that tolyl terpyridine-Pt complex, a type of
monofunctional Pt complex, effectively interacts with mito-
chondrial DNA (mtDNA) to form G-quadruplex structures,
leading to mitochondrial dysfunction.” Mitochondria serve as
the energy-producing organelles in eukaryotic cells and play an
essential role in tumor cell proliferation.* Unlike nuclear DNA,
mtDNA operates as an independent genetic system with
a weaker repair mechanism.”"* The different mechanism to that
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efficacy and safety of Pt-based therapies.

of traditional bifunctional Pt drugs promises a potential
breakthrough in overcoming drug resistance.’>'* As we know,
the non-specific mitochondrial dysfunction of Pt is associated
with substantial toxic side effects,*® thus targeting mtDNA
could be a potential therapeutic strategy for overcoming resis-
tance to Pt-based chemotherapeutics.'”*®* Monofunctional Pt
complexes have the potential to overcome chemotherapeutic
resistance and mitigate systemic toxicity. However, the anti-
tumor effect of these monofunctional Pt complexes is limited
due to their relatively lower potency compared to conventional
Pt-based drugs.” Therefore, there is an urgent need for the
development of monofunctional Pt complexes with high ther-
apeutic efficiency.

Photodynamic therapy (PDT) has emerged as a promising
strategy due to its unique spatiotemporal selectivity, minimal
invasiveness, and low systemic toxicity.**** The combination of
PDT and monofunctional Pt chemotherapy offers a promising
solution to address this issue,”>* through the design of
a hybrid system integrating a photosensitizer (PS) with a Pt
complex unit.**?** Guo et al. prepared a monofunctional Pt
complex incorporating a BODIPY chromophore.*® The complex
generated reactive oxygen species (ROS) to promote lysosomal
escape. Apart from this benefit, introducing heavy atoms could
promote intersystem crossing (ISC), thus increasing the singlet
oxygen ('0,) quantum yield (QY) of PSs.**3 For instance,
introducing halogen,**** chalcogen,*>* or other heavy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 An illustration of photoactive lysosomal escape of Pt(i)—cyanine dye (Pt—CDPEN) with enhanced intersystem crossing (ISC) for

cellular nucleus and mitochondria dual-targeted synergistic photodyna

atoms®>* into PS molecules can effectively improve their QY of
'0,. Among various PSs, cyanine-based PSs, with good
biocompatibility, strong absorption, and a large Stokes shift in
the near-infrared (NIR) region, offer potential for both fluores-
cence (FL)/photoacoustic (PA) imaging and PDT of tumors.****
Indocyanine green (ICG) is currently the only approved NIR FL
cyanine.*** However, ICG has a low QY of '0, (& = 0.077),
which limits its PDT application.***

Considering the aforementioned information, a monofunc-
tional Pt complex-modified cyanine dye is a good candidate,
which has the following advantages: (i) the integration of Pt and
cyanine could escalate the "0, QY of cyanine, (ii) the combi-
nation of chemotherapeutic drugs and cyanine can improve the
therapeutic effect of monofunctional Pt complexes. Therefore,
the development of monofunctional Pt(un)-cyanine complexes
holds promise for achieving photodynamic-chemo synergistic
therapy, thus simultaneously improving the efficiency of
cyanine-based PDT and overcoming the chemotherapeutic
resistance of Pt drugs. Here, we developed a monofunctional
Pt(n) complex-modified cyanine dye (denoted as Pt-CDPEN)
with enhanced ISC for FL/PA duplex imaging-guided nucleus/
mitochondria dual-targeted antitumor therapy (Scheme 1).
The versatile Pt-CDPEN serves as a FL/PA duplex imaging
contrast agent, a PS and a monofunctional Pt-based chemo-
therapeutic agent. The introduction of Pt in Pt-CDPEN
enhanced the ISC process, so the as-prepared Pt-CDPEN
exhibited enhanced 'O, generation compared to that of CDPEN.
Such abundant 'O, generation would induce the lysosomal
escape of Pt-CDPEN, which effectively targets the cellular
nucleus and mitochondria, thus causing abundant DNA
damage for overcoming the chemotherapeutic resistance of Pt

© 2025 The Author(s). Published by the Royal Society of Chemistry

mic-chemo antitumor therapy.

drugs and achieving self-augmented synergistic photodynamic-
chemo therapy. The PEGylation of Pt-CDPEN (named LET-9)
reduced the systemic toxicity of Pt drugs and enhanced tumor
accumulation through systemic administration. This work
provides a meaningful guide to address the issues of chemo-
therapeutic resistance and systemic toxicity associated with Pt-
based drugs, suggesting future directions towards efficient
synergistic antitumor therapy.

Results and discussion
Characterization of LET-9

The monofunctional Pt-CDPEN complex was synthesized via
one-step reaction of potassium tetrachloroplatinate and
dipicolylethylenediamine-modified cyanine dye (CDPEN)
(Fig. S1-S6t).*** Its chemical structure was well characterized by
'H NMR, **C NMR and "*>Pt NMR.**" To reduce the systematic
toxicity as well as to improve the feasibility of Pt-CDPEN for
biomedical applications, 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-{methoxy(polyethylene glycol)]-2000 (DSPE-
PEG,00) was employed to encapsulate Pt-CDPEN through
nanoprecipitation, thus obtaining PEGylated Pt~-CDPEN (deno-
ted as LET-9). To obtain a uniform size distribution, different
ratios of Pt—-CDPEN and DSPE-PEG, (1:2,1:4,1:6,and 1:8)
were investigated to prepare LET-9. Based on transmission
electron microscopy (TEM) observation and dynamic light scat-
tering (DLS) measurement, the LET-9 obtained from the ratio of
1:4 exhibited a well-defined spherical structure (Fig. 1a) with
a hydrodynamic diameter of 131 4+ 18 nm, polydispersity index
(PDI) of 0.116 (Fig. S71), and zeta potential of —24.46 mV
(Fig. S8t) and was used for further studies. As shown in Fig. 1b,
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Fig.1 Physicochemical properties of LET-9. (a) TEM image of LET-9. Scale bar: 200 nm. (b) Size change of LET-9 during 20 days of storage. (c)
UV-vis-NIR spectra for CDPEN, Pt—CDPEN, and LET-9. (d) The HOMO and LUMO distribution patterns for CDPEN and Pt—CDPEN calculated
using DFT (Gaussian 16/6-31G for C, H, N, and O; B3LYP/LanL2DZ for Pt). (e) The PA710 intensity and PA images (inset) of LET-9 solutions as
a function of concentration (0.02-1.6 mg mL™Y). (f) FL emission spectra of CDPEN, Pt—CDPEN, and LET-9.

the hydrodynamic diameter of LET-9 exhibited negligible change
after 20 days of storage, which indicated its good stability. After
introducing the Pt atom, the absorption bands for both Pt-
CDPEN and LET-9 showed a bathochromic shift from 630 to
700 nm, with significantly increased intensity (Fig. 1c). To better
understand the physicochemical properties, density functional
theory (DFT) calculations were conducted for CDPEN and Pt-
CDPEN. The results showed that the energy gaps (E,) between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of CDPEN narrowed from
2.584 to 2.070 eV after the introduction of Pt in CDPEN (Fig. 1d
and S9t), which results in the redshift phenomenon of the
absorption spectra.”** The HOMO distribution patterns of both
CDPEN and Pt-CDPEN in the ground state show electron delo-
calization over the whole m-conjugated system, while the LUMO
distribution pattern of Pt-CDPEN is located at the Pt moiety
acceptor side. The electron density concentrated on the donating
triphenylamine moiety of Pt-CDPEN showed more asymmetry,
which could cause the increased HOMO and the narrowed E,.*"*
The PA intensity at 710 nm (PA;,,) of LET-9 showed a good linear
relationship with its concentration in the range of 0.02-1.6 mg

" (Fig. 1e). The FL emission band of Pt~-CDPEN exhibited
a bathochromic shift from 785 to 805 nm, with significantly
increased intensity (Fig. 1f), which may be attributed to the
altered intramolecular charge transfer (ICT) effect.*-** However,
due to the aggregation-induced quenching effect, the FL inten-
sity of LET-9 was partly quenched compared with that of free Pt-
CDPEN.

15068 | Chem. Sci, 2025, 16, 15066-15074

10, QY of LET-9

The heavy atom introduced into the dye could enhance the 'O,
QY.* Therefore, the 'O, generation can be evaluated using the
1,3-diphenylisobenzofuran (DPBF) degradation reaction.® As
shown in Fig. 2a-c, the absorption intensity at 415 nm of DPBF
treated with Pt-CDPEN was significantly decreased compared
with that of DPBF treated with CDPEN under laser irradiation.
The "0, QY of Pt~CDPEN was determined to be 0.21 (Fig. 2d),***
which was 2.1-fold higher than that of CDPEN. Moreover, electron
spin resonance (ESR) spectra exhibited a strong 'O, signal of with
triplet peaks (1:1:1) using 2,2,6,6- tetramethylpiperidine (TEMP)
as a radical trapping agent in the presence of either Pt-CDPEN or
LET-9 (Fig. 2e). It was obvious that the absorption intensity of
LET-9 was decreased after 10 min of laser irradiation, and the
color of the LET-9 solution changed from green to pink (Fig. 2f),
indicating the severe photobleaching of cyanine.*® TEM images of
LET-9 showed that the nanostructures degraded into tiny dots
after 10 min of laser irradiation (Fig. 2g). Upon laser irradiation,
LET-9 was destroyed due to the C-C cleavage of the polyene chain
of the cyanine structure. The laser-triggered degradation of LET-9
was proved by high-resolution mass spectroscopy (HRMS). A new
peak at m/z 607 was observed after irradiation (Fig. 2h) compared
with that without laser irradiation (Fig. S107), corresponding to
the fragment of the cyanine moiety including the dipicolylethy-
lenediamine part. Hence, we propose a mechanism for the laser-
triggered release of the Pt moiety from LET-9 (Fig. 2i). Pt~CDPEN
was excited from the ground state to the lowest excited singlet
state (S1) and then moved to the lowest excited triplet state (T1) by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Laser-triggered degradation of LET-9. The UV spectra of (a) DPBF, (b) DPBF + CDPEN and (c) DPBF + Pt—CDPEN upon laser irradiation (Aex

=635nm, 0.2 W cm~2). (d) The corresponding absorption decay rates.

(e) ESR spectra of TEMP solution in the presence of Pt—CDPEN (1 uM) or

LET-9 (1 uM) irradiated with 635 nm laser for 1 min. (f) The UV-vis-NIR spectra and color (inset) change of LET-9 before and after laser irradiation.
(9) TEM images of LET-9 before and after irradiation. Scale bar: 200 nm. (h)The HRMS of LET-9 after irradiation. (i) Proposed photodegradation

mechanism of Pt—CDPEN.

the strong ISC process, followed by energy transfer to the
surrounding O, to produce '0,. The active 'O, cleaves the polyene
chain of Pt-CDPEN via the dioxetane intermediate to generate
carbonyl products.®® Due to the destruction of the molecular
skeleton, the strong -7 interactions of LET-9 were eliminated,
resulting in the dissociation of LET-9 and the decomposition of
Pt-CDPEN. More interestingly, an abundance of Pt fragments was
observed, indicating that the Pt drug moiety was not affected even
after laser irradiation. These results suggest that LET-9 could be
used for photoactivated chemotherapy.

Cytotoxicity of Pt-CDPEN and LET-9 against A549DDP

The cytotoxicity of Pt-CDPEN and LET-9 was assessed on
different cell lines, using Cis-Pt as a positive control. Compared

© 2025 The Author(s). Published by the Royal Society of Chemistry

with Cis-Pt-treated cells, cells treated with Pt-CDPEN exhibited
lower cell viability, suggesting that Pt-CDPEN is more cytotoxic
(Fig. Si11af). Compared with Pt-CDPEN-treated cells, cells
treated with LET-9 exhibited higher cell viability, suggesting

Table1 The ICsq values of compounds incubated with 4T1, A549 and
A549DDP cell lines

ICs in dark (uM) IC5, + laser (uM)

Cell lines Cis-Pt Pt-CDPEN LET-9 Cis-Pt Pt-CDPEN LET-9
4T1 1.298 1.130 >20 1.233  0.352 0.361
A549 2.293  1.380 4.251 >20 0.799 1.109
A549DDP  >20 1.144 2.107  >20 0.998 1.241

Chem. Sci., 2025, 16, 15066-15074 | 15069
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that PEGylation could reduce the cytotoxicity of Pt-CDPEN.
Furthermore, LET-9 exhibited similar cell viability toward
normal cells (Fig. S12t). For cells treated with Pt-CDPEN or
LET-9 plus laser irradiation (Fig. S11bf), the cell viability was
markedly decreased compared with the dark control. The half-
maximal inhibitory concentration (ICs,) values of Pt-CDPEN
were 1.130, 1.380, and 1.144 uM against 4T1, A549, and Cis-Pt-
resistant A549DDP cells in the dark, respectively (Table 1),
which were 1-, 1.7-, and 17.5-fold lower than those of Cis-Pt
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(Fig. S137%), indicating that Pt-CDPEN has a better chemother-
apeutic effect, even for drug-resistant cells. Notably, the A549
cells treated with Pt-CDPEN plus laser irradiation showed a 1.7-
fold lower ICs, value compared with non-laser irradiation,
indicating the synergistic effect of photodynamic-chemo ther-
apies. The ICs, values of LET-9 upon laser irradiation were
determined to be 0.361, 1.109, and 1.241 against 4T1, A549, and
A549DDP cell lines, respectively, which are 3.6-, 2.1-, and 16-fold
lower than those of Cis-Pt. The cell viability of LET-9 also
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Fig. 3 The cytotoxicity mechanism of LET-9. (a) The cell uptake of LET-9 detected by flow cytometry. (b) ROS generation FL images of 4T1 cells
incubated with LET-9 (20 uM) in the dark or under laser irradiation. (c) Confocal FL images of 4T1 cells incubated with LET-9 (20 uM) for 1 or 24 h,
then irradiated for 5 or 10 min, and their corresponding lysosomal colocalization curves. (d) The mitochondrial localization images of LET-9-
treated 4T1 cells with MitoTracker (red) and the corresponding scatter plot. (e) DNA damage marker immunofluorescence images of 4T1 and
A549DDP cells with different treatments. The corresponding FL intensity analysis of (f) 4T1 and (g) A549DDP cells. (h) The DNA platination in A549
cells after 6 h treatment with PBS, Cis-Pt, and LET-9, with or without laser irradiation. Scale bar: 20 um. **p < 0.01, ****p < 0.0001.
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showed laser-irradiation-time-dependence (Fig. S147}). All these
results indicate that LET-9 has higher cytotoxicity under laser
irradiation and lower cytotoxicity in the dark compared with
Cis-Pt.

ROS promoted Pt lysosome escape for dual nucleus and
mitochondria targeting

The action mechanism of monofunctional Pt(u) is distinctly
different from that of traditional Cis-Pt. Monofunctional Pt(i)
adducts on DNA cannot distort the duplex like Cis-Pt but
demonstrated faster binding kinetics than that of Cis-Pt,**%”
which inhibited transcription and prevented the DNA repair.”*
Some cationic Pt(n) complexes show the ability to impair the
structure and function of mitochondria.****® Thus, a series of
cell studies were conducted to investigate the mechanism of
action for LET-9. First, the cellular uptake of LET-9 was tested by
flow cytometry. An increase in the FL intensity was observed
over time, which indicated that LET-9 can be rapidly taken up by
cells (Fig. 3a and S15%). Afterwards, the laser-induced ROS
generation was evaluated by using 2’,7'-dichlorofluorescein
diacetate (DCFH-DA) as an indicator. As shown in Fig. 3b, the
4T1 cells incubated with LET-9 plus laser irradiation showed
a stronger green FL signal for DCFH-DA than other groups.
These results proved that LET-9 can generate ROS upon laser
irradiation. The generated ROS could help Pt drugs escape from
lysosomes, which is the main trap for most nanomedicines. The
lysosomal colocalization results showed that a red FL signal for
LET-9 appeared in the nucleus after laser irradiation, whereas it
was trapped in the periphery of the nucleus in the dark group
(Fig. 3c). The colocalization curves for the green/red FL signals

Fig. 4

View Article Online
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were well-matched even after 24 h incubation in the dark
groups, but were obviously separated in the laser irradiation
groups. Furthermore, compared to that in the 5 min laser-
treated group, the better colocalization of the red/blue FL
signals in the 10 min laser-treated group indicated the higher
ROS generation, which promoted the escape of more Pt moie-
ties from the lysosomes to the nucleus and mitochondria. The
positive charge of the monofunctional Pt complex means that it
preferentially accumulates in the mitochondria. The intracel-
lular distribution of LET-9 was investigated using MitoTracker.
The colocalization results showed that the Pearson's correlation
coefficient between the green FL signal of LET-9 and the red FL
signal of MitoTracker was about 0.86 (Fig. 3d), suggesting the
mitochondrial targeting capability of LET-9.

Furthermore, DNA damage assessment was also carried out
to evaluate the nucleus targeting. The phosphorylated histone
protein, y-histone 2AX (y-H2AX), an indicator of DNA double-
strand breaks, was used as the marker of DNA damage in
different treatments.®**> Upon laser irradiation, the green FL
signals of y-H2AX appeared in the LET-9-treated group (Fig. 3e).
Notably, the signal was observed across the whole nucleus
compared with the Cis-Pt- or LET-9-treated groups, which only
lit the periphery of the nucleus in 4T1 cells. Quantitative anal-
ysis showed that the green FL intensity was significantly higher
than that of other groups in both 4T1 (Fig. 3f) and A549DDP
(Fig. 3g) cells. This phenomenon further confirms that LET-9
can escape from the lysosomes to the nucleus and mitochon-
dria with the help of laser irradiation. Moreover, the Pt-species-
induced DNA platination was evaluated by quantitative analysis
of the Pt content in DNA (Fig. 3h). The LET-9 + laser-treated
groups contained much higher concentrations of Pt than the
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corresponding quantitative analysis of (a). (c) In vivo FL images of 4T1 tumor-bearing mice at 0, 2, 8, 12, 24, and 36 h post-injection with LET-9 or
Pt—CDPEN, and (d) corresponding relative FL intensity quantitative analysis of (c).
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Cis-Pt- and LET-9-treated groups, reaching 137.67 ng mg " of
DNA in the 10 min laser irradiation group. The longer the laser
irradiation, the higher the Pt content in the nucleus, which
strongly supports the proposed mechanism of photoactivated
lysosomal escape of Pt species.

In vivo PA and FL duplex imaging-guided therapy

Invivo PA and FL duplex imaging were conducted on 4T1 tumor-
bearing mice. As shown in Fig. 4a, the PA intensities of the
tumors gradually increased after the intravenous (i.v.) injection
of LET-9 and plateaued within 4-8 h (Fig. 4b). Based on PA
imaging, 4-8 h p.i. is the optimal time period for conducting
PDT. In vivo FL images showed the maximum FL intensity of
LET-9 at 24 h p.i. (Fig. 4c and d), which was attributed to the
recovery of the FL signal during nanostructure disassembly.
Conversely, no FL signal was observed for the tumor tissues in
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Edge Article

accumulation of Pt-CDPEN only. This may be mainly due to the
rapid elimination of small molecules from the body.®® The in
vivo tumor inhibition effect of LET-9 was further evaluated on
4T1 tumor-bearing mice. Guided by PA imaging, laser irradia-
tion (635 nm, 0.2 W cm ™2, two 10 min sessions) was initiated at
4-8 h p.i. of LET-9. The laser irradiation treatment was repeated
for the (LET-9 + L) x 2 group at day 7. As shown in Fig. 5a and b,
the (LET-9 + L) x 2 group achieved the best tumor suppression,
while the others showed limited tumor inhibition effects. All
mice treated with LET-9 + L survived for the full 30 days of the
observation period, whereas the other treated groups exhibited
greater mortality (Fig. 5c). The Cis-Pt-treated group showed
a certain degree of therapeutic efficacy, but the mice underwent
severe weight loss during the treatment (Fig. 5d), whereas no
obvious weight loss was observed in the other groups. Hema-
toxylin and eosin (H&E) staining images of the tumor sections
in the LET-9 + L group clearly showed apoptosis and damage

free Pt-CDPEN-treated mice, indicating low tumor compared with other treatments (Fig. 5¢). More importantly, the
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Fig. 5 The in vivo treatment evaluation of LET-9 on 4T1-tumor-bearing mice. (@) Tumor growth curves for all groups (PBS, Cis-Pt, Pt—CDPEN,
LET-9, LET-9 + L, and (LET-9 + L) x 2) after i.v. injection with a dose of 10 mg kg™, L: 635 nm laser. (b) Statistical results for tumor volume. *p <
0.05, ***p < 0.001. (c) Percent survival after different treatments. (d) Body weight changes of 4T1 tumor-bearing mice after different treatments.
(e) HEE staining images for all groups after treatment. Scale bar: 100 pm. (f) The blood biochemical analysis of LET-9.
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blood biochemical indicators (Fig. 5f), hemolysis assay
(Fig. S161) and H&E staining images of the major organs
(Fig. S171) showed no obvious changes. In short, all these
results demonstrate that LET-9 has good biocompatibility and
overcomes the toxicity limitations of other Pt drugs, exhibiting
better therapeutic effects in vivo.

Conclusions

We developed a photoactivated lysosomal escape monofunc-
tional modified Pt(u)-cyanine dye (Pt-CDPEN) for synergistic
cellular  nucleus and mitochondria dual-targeted
photodynamic-chemo antitumor therapy. The as-prepared Pt-
CDPEN exhibited enhanced 'O, generation due to the heavy
atom effect, which induced the lysosomal escape of Pt-CDPEN
under laser irradiation, thus accessing the cellular nucleus and
mitochondria effectively and causing DNA damage, overcoming
the chemotherapeutic resistance of traditional Pt drugs. Both in
vitro and in vivo experimental results suggested that the PEGy-
lated Pt-CDPEN further reduced the systemic toxicity of Pt
drugs and enhanced tumor accumulation after systemic
administration, thereby giving a good tumor suppression effect.
Our findings provide a new strategy to simultaneously improve
the therapeutic effect of monofunctional Pt complex-based
chemotherapy and cyanine-based PDT, showing great poten-
tial to alleviate the side effects of chemotherapy.
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