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ABSTRACT: Pt(II) photosensitizers are emerging as novel Pt
anticancer agents for cancer photodynamic therapy (PDT) to
avoid uncontrollable toxicity of cisplatin. However, the application
of Pt(II) photosensitizers is limited by tumor hypoxia and the poor
penetration depth of excitation light. To overcome these
drawbacks, exploiting the next generation of Pt anticancer agents
is of urgent need. According to theoretical calculations, novel near-
infrared (NIR)-absorbing Pt(II)-chelated azadipyrromethene dyes
(PtDP-X, where X = N, C, and S) were designed. Importantly,
spin−orbit coupling of the Pt atom could promote the intersystem
crossing of a singlet-to-triplet transition for converting oxygen to singlet oxygen (1O2), and the azadipyrromethene skeleton could
provide a strong photothermal effect. As expected, PtDP-X exhibited intense NIR absorption and synergistic PDT and photothermal
effects with low dark cytotoxicity. Furthermore, water-soluble and biocompatible PtDP-N nanoparticles (PtDP-N NPs) were
prepared that achieved effective tumor cell elimination with low side effects under 730 nm light irradiation in vitro and in vivo. This
pioneering work could push the exploitation of NIR-absorbing metal-chelated azadipyrromethene dyes, so as to promote the positive
evolution of phototherapy agents.

■ INTRODUCTION

Platinum (Pt) anticancer drugs, such as cisplatin and its
analogues, have long been utilized in the treatment of tumors.
Cisplatin has been extensively used to treat testicular, ovarian,
and bladder cancers, and the cure rates have significantly
improved, demonstrating its remarkable clinical importance.1,2

Despite their application in tumor treatment for over 40 years,
cisplatin and its analogues have remained essential anticancer
drugs.3 However, ototoxicity, nephrotoxicity, and neurotoxicity
of cisplatin always occur in the process of chemotherapy, which
may lead to uncontrollable toxic side effects in cancer patients.
Additionally, clinical issues pertaining to tumor resistance as
well as limited pharmacokinetic properties further restrict these
drugs from attaining their total efficacy.4−6 In order to
overcome these drawbacks, phototherapy has emerged as a
noninvasive and controllable strategy for precise tumor
ablation.7,8 Photodynamic therapy (PDT), as an emerging
phototherapy modality with low systemic toxicity and minimal
invasiveness, has become an ideal platform for cancer therapy.
During PDT, the photosensitizer that accumulated at the
tumor location could transform the surrounding oxygen to
cytotoxic singlet oxygen (1O2) upon irradiation with a certain
wavelength of light, causing the destruction of organelles and
leading to cancer cell death.9−12 As a new type of Pt anticancer
agent, Pt(II) photosensitizers have showcased promising

potential in cancer phototherapy.5,13−16 Many efforts have
been made to improve the 1O2 yield of Pt(II) photosensitizers
to promote the therapeutic efficacy of tumor PDT. Although
some reported Pt(II) photosensitizers exhibited good 1O2

generation ability, the absorption located at the visible region
still limited the penetration depth of the excitation light,
restricting the reachable depth of PDT.17−19 The poor
penetration depth of conventional Pt(II) photosensitizers has
become a serious barrier in treating deep-seated tumors.
Consequently, expanding the absorption wavelength of Pt(II)
photosensitizers to the near-infrared (NIR) range may serve as
a breakthrough in increasing its penetration depth in biological
tissues, although this would be a huge challenge. Fortunately,
the chemical structure of a Pt(II) photosensitizer is easily
modifiable. Thus, its rational design would provide significant
opportunities in exploiting the next generation of Pt anticancer
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agents with the hope of realizing long-wavelength absorption
and even multimode cancer phototherapy.20,21

To develop novel Pt(II)-based phototherapy agents with a
deep PDT effect, the integration of Pt(II) ions and NIR
organic dyes is a promising method.22,23 In this regard,
azadipyrromethene has been successfully used to develop the
well-known NIR dye aza-BODIPYs by chelating with BF2,
which has often shown intense NIR absorption and high
photostability in cancer photothermal therapy (PTT) since
first being reported in 1943.22,23 Considering the typical
chelated moiety of N^NH in azadipyrromethene, a Pt(II) ion
could directly replace the boron ion to acquire NIR-absorbing
Pt(II)-chelated azadipyrromethene dyes.24,25 Spin−orbit cou-
pling of the Pt atom could promote the intersystem crossing of
a singlet-to-triplet transition for converting oxygen to 1O2.
Accordingly, its direct chelation with azadipyrromethene could
provide a PDT effect. Meanwhile, the azadipyrromethene
skeleton could provide a strong photothermal effect. It is well-
known that the hypoxic environment existing in the tumor
region leads to a severely reduced anticancer efficacy of PDT.
The photothermal effect of this dye is helpful in boosting
blood flow in tumor regions and subsequently improving the
oxygen concentration, so as to enhance the PDT efficacy.26−29

Moreover, the PDT effect could eliminate the protective effect
of heat shock protein 70 for tumor cells under photothermally
induced heat stress.30−32 Consequently, the complementary
integration of PDT and PTT is achieved in one small-molecule
dye, which is significant in developing synergistic therapy
agents. Compared with other Pt-based synergistic photo-
therapy agents, the designed small-molecule dye could
overcome complicated synthetic procedures and unbalanced
integration of functional units.33−35 In addition, the PDT effect
and photothermal conversion efficiency of the designed dye
could be easily adjusted by the modification of special
functional groups to control their radiative or nonradiative
transition.36−38 As far as we know, the present study is the first
to report the rational design of a NIR-absorbing Pt(II)-
chelated azadipyrromethene dye for the evolution of Pt
anticancer agents.
Under the guidance of time-dependent density functional

theory (DFT) calculations, a novel series of NIR-absorbing
Pt(II)-chelated azadipyrromethene dyes (PtDP-X, where X =
N, C, and S) were successfully synthesized. As shown in
Scheme 1a, dimethylamine-substituted azadipyrromethene was
used as a skeleton for Pt(II) ion chelation to elongate the
absorption wavelength. As expected, the absorption peak of
PtDP-X was at about 700 nm, which was located at the
biological spectral window (600−900 nm). Among PtDP-X,
PtDP-N showed the best effects in PDT and PTT. In order to
assess the anticancer performance of PtDP-N in vitro and in
vivo, amphiphilic polymer DSPE-mPEG5000 was used to
encapsulate PtDP-N to acquire hydrophilic nanoparticles
(PtDP-N NPs), so as to improve the water solubility,
biocompatibility, and photostability. PtDP-N NPs possessed
excellent synergistic PTT and PDT effects on both HeLa cells
and HeLa tumor-bearing mice. Hence, the designed PtDP-X
has shown great promise in becoming the next generation of Pt
anticancer agents for tumor therapy. More than that, the ideas
proposed in this study could be expanded into the rational
design of NIR-absorbing metal-chelated azadipyrromethene
dyes by changing the metal centers. The efforts made in this
study may also provide a highly efficient and convenient
solution for the positive evolution of phototherapy agents.

■ RESULTS AND DISCUSSION
DFT Calculation of PtDP-X. To exploit NIR-absorbing

Pt(II)-chelated azadipyrromethene dyes, DFT was used to
predict the photopysical properties of PtDP-X.39,40 BF2-
chelated azadipyrromethenes (BDP-X; Scheme 1a) were
calculated as control groups by replacing the Pt(II) ion of
PtDP-X with BF2. As shown in Table S1, the calculated
absorption peaks of PtDP-X and BDP-X were all intense and at
about 700 nm, which should be attributed to a π−π* transition
of the azadipyrromethene skeleton. The energy-minimized
calculated structures of PtDP-X and BDP-X were illustrated in
Figures S1 and S2, respectively. There were obvious differences
in the molecular orbitals of BDP-X and PtDP-X. The highest
occupied molecular orbital (HOMO) of BDP-X was mainly
located at the π orbital of the azadipyrromethene skeleton and
N,N-dimethylaniline moieties, and the lowest unoccupied
molecular orbital (LUMO) of BDP-X was mainly located at
the π* orbital of the N atom at the meso position of BDP-X
and the azadipyrromethene skeleton with no electronic
communications with the B atom, leading to the nonradiative
transition for generating heat. The HOMO of PtDP-X was
located on the dx2−y2 orbital of the Pt atom and the π orbital of
the azadipyrromethene skeleton and N,N-dimethylaniline
moieties. The LUMO of PtDP-X was mainly located on the
π* orbital of the azadipyrromethene skeleton. The π−π*
transition could allow nonradiative decay for producing heat.

Scheme 1. (a) Chemical Structures of PtDP-N, PtDP-C,
PtDP-S, BDP-N, BDP-C, and BDP-S, (b) Schematic
Illustration of the Formation of PtDP-X NPs, and (c)
Schematic Illustration of the Process of Tumor Ablation
under a NIR Laser (730 nm) via Synergistic Phototherapy
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The metal-to-ligand charge transfer between the Pt atom and
azadipyrromethene skeleton could allow the radiative tran-
sition. However, the large spin−orbit coupling of the Pt atom
could promote the intersystem crossing of a singlet-to-triplet
transition, which is able to convert oxygen to 1O2. Hence, we
predict that PtDP-X would possess PDT and PTT effects
simultaneously.
Synthesis and Characterization of PtDP-X. In this

study, the designed PtDP-X (X = N, C, and S) was successfully
synthesized through a facile and feasible approach. There are
two main steps: (i) a series of azadipyrromethene derivatives
functionalized with carbazole, fluorene, and benzothiophene,
respectively, were synthesized as the ligands; (ii) under an
atmosphere of N2, the ligands, together with 0.5 equiv of Pt(II)
chloro-bridged dimers and 5 equiv of Na2CO3, were refluxed at
110 °C in 2-ethoxyethanol for 4 h. BDP-X were synthesized as
control groups. The details of the synthetic procedures are
shown in Scheme S1. The chemical structures of all
compounds were characterized by 1H NMR and matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry.

Photophysical Properties of PtDP-X. The photophysical
properties of PtDP-X in tetrahydrofuran (THF) solution were
summarized in Table S2. As shown in Figure 1a, the NIR
absorption peaks of PtDP-N, PtDP-C, and PtDP-S were at
717, 710, and 693 nm, respectively. Besides, compared with
PtDP-C and PtDP-S, the maximal absorption peak of PtDP-N
was red-shifted because of the stronger electron-donating
ability of carbazole than that of fluorene and benzothiophene.
Their molar absorption coefficients at the maximum peaks
were 0.500 × 105, 0.464 × 105, and 0.450 × 105 M−1 cm−1,
respectively. As summarized in Table S2, the emission peaks
with maximum intensity were at 811, 810, and 807 nm for
PtDP-N, PtDP-C, and PtDP-S, respectively. Compared with
BDP-X, PtDP-X showed lower fluorescence quantum yields,
indicating that chelation of the Pt atom could promote the
intersystem crossing of a singlet-to-triplet transition, and the
triplet state of PtDP-X could relax to the ground state via
nonradiative decay. In this nonradiative decay process, the
triplet-state energy of PtDP-X could be transferred to oxygen
to produce 1O2.

Photothermal and Photodynamic Properties of PtDP-
X. Considering that PtDP-X exhibited similar absorption

Figure 1. (a) Absorption spectra of PtDP-X (X = N, C, and S) in THF. (b) Temperature elevation of PtDP-X (X = N, C, and S; 30 μM) in DMF
(5% THF). (c) Absorption of DPBF in the solution of PtDP-X at 414 nm versus irradiation time (690 nm laser irradiation 500 mW cm−2).

Figure 2. (a) TEM image of PtDP-N NPs (bar = 200 nm). The inset is the enlarged TEM image of PtDP-N NPs (bar = 10 nm). (b) XPS pattern
of PtDP-N NPs. (c) Absorption spectra of PtDP-N NPs in water. (d) Absorption of DPBF in a solution of PtDP-N NPs (60 μM) and DPBF only
at 414 nm versus irradiation time (730 nm laser irradiation; 500 mW cm−2). (e) Temperature elevation of PtDP-N NPs at different concentrations
and 7-N NPs (30 μM) under a 730 nm laser (500 mW cm−2) irradiation. (f) Photothermal conversion efficiency calculation of PtDP-N NPs (30
μM) under a 730 nm laser (500 mW cm−2) irradiation.
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abilities at 690 nm, we evaluated their photothermal properties
with a 690 nm laser (500 mW cm−2). The PtDP-X solution in
N,N-dimethylformamide (DMF; 5% THF) was prepared in
different concentrations (10, 20, and 30 μM). All of them were
irradiated with the above selected laser for 5 min. Their
temperature changes were recorded by a thermal infrared
imager (FLIR E40). As shown in Figures 1b and S3a,b, PtDP-
N exhibited the highest temperature change at every
concentration. Especially, the temperature change of PtDP-N
was 20.0 °C at 30 μM, which was 2.7 and 3.4 °C higher than
those of PtDP-C and PtDP-S, respectively, demonstrating that
PtDP-N possessed the most excellent photothermal effect
among PtDP-X. Also, the slight temperature change of a blank
DMF (5% THF) solution indicated that the solvent had no
influence on the photothermal effect of PtDP-X (Figure S3c).
Importantly, the temperature change of PtDP-N at 30 μM was
similar to that of BDP-N (Figure S3d), which further indicated
the good photothermal effect of PtDP-N.
The PDT effect of PtDP-X was evaluated by the reactive

oxygen species (ROS) indicator diphenylisobenzofuran
(DPBF).41 As shown in Figures 1c and S4, the 414 nm
absorption peak of the DPBF solution showed a negligible
decrease when it was irradiated by a 690 nm laser (500 mW

cm−2). Also, the absorption peak at 414 nm of mixed solutions
of DPBF and PtDP-X decreased dramatically, which confirmed
its good ROS generation ability. The result indicated that
PtDP-X can be applied as a good PDT agent. The PDT effect
of PtDP-X under the same conditions was similar, demonstrat-
ing that the substituent groups (carbazole, fluorene, and
benzothiophene) of PtDP-X cannot influence their PDT
effect. In addition, the 414 nm absorption peak of a mixed
DPBF and BDP-N solution did not change, which demon-
strated that the ROS cannot be generated from the excited
state of BDP-N because of the absence of a heavy-atom effect.
The results presumably indicated that the heavy atom Pt with a
large spin−orbit coupling constant could promote the
intersystem crossing of a singlet-to-triplet transition for
increasing the 1O2 generation ability. In this work, NIR-
absorbing PtDP-N with the best PTT effect and a good PDT
effect was selected as the phototherapy agent to perform the
following experiments.

Preparation and Characterization of PtDP-N NPs. In
order to improve the water solubility, biocompatibility, and
photostability of PtDP-N, the amphiphilic polymer DSPE-
mPEG5000 was used to encapsulate PtDP-N to acquire
hydrophilic nanoparticles (PtDP-N NPs), and the obtained

Figure 3. (a) Confocal fluorescence images of 1O2 generation in HeLa cells (bar = 50 μm). (b) Relative viability of HeLa cells treated with PtDP-N
NPs at various doses at 24 h after 5 min of 730 nm laser (500 mW cm−2) irradiation. (c) Flow cytometry of HeLa cells treated with PtDP-N NPs
at the dose of 20 μM for 12 h of incubation under 5 min of irradiation or not (730 nm, 500 mW cm−2) using an Annexin V-FITC/PI apoptosis
detection kit. (d) Confocal fluorescence images of HeLa cells (cultured with PBS, PtDP-N NPs, and PtDP-N NPs + NAC) before and after
irradiation, which were stained by both Calcein AM and PI (bar = 500 μm).
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PtDP-N NPs could disperse in water uniformly. The loading
content of PtDP-N NPs was calculated by the standard curve
method (Figure S5). The details of the synthetic procedures
and test methods are shown in the Supporting Information. As
shown in Figure 2a, PtDP-N NPs have uniform sizes with
diameters of around 50 nm, which were measured by
transmission electron microscopy (TEM). As shown in Figure
S7, the hydrodynamic size measured by dynamic light
scattering was 92 nm, which was very suitable for
bioapplication. Also, the hydrodynamic size changed negligibly
at 72 h, indicating the excellent stability of PtDP-N NPs in
water. In addition, the energy-dispersive X-ray spectrum of
PtDP-N NPs verifies the presence of the Pt atom (Figure S8).
The presence of Pt(II) ions in the obtained nanoparticles was
further confirmed by X-ray photoelectron spectroscopy (XPS).
As shown in Figure 2b, there were two peaks at 71.1 and 74.5
eV, indicating the existence of Pt(4f) in PtDP-N NPs. In
addition, the maximal absorption peak of PtDP-N NPs was at
732 nm. As shown in Figure 2c, the absorption band of PtDP-
N NPs in the NIR region was broadened and red-shifted
compared with free PtDP-N, which was caused by π−π
stacking of PtDP-N in the micellar cores. As shown in Figure
S9, the PtDP-N NPs aqueous solution showed weak
luminescence because of their low luminescent quantum
efficiencies and aggregation-induced quenching.
Photothermal and Photodynamic Properties of PtDP-

N NPs. At first, the photothermal effect of PtDP-N NPs was
investigated. The temperature changes of the PtDP-N NPs
aqueous solution with different concentrations were measured
under continuous irradiation of a 730 nm laser (500 mW
cm−2) for 5 min. As shown in Figure 2e, a quick elevation of
the temperature was observed in the PtDP-N NPs solution at
every concentration, while the temperature of pure water
showed no obvious change. On the basis of the data in Figure
2f and the reported method,42−46 the photothermal conversion
efficiency of PtDP-N NPs was calculated as 27.9%. This value
is significantly higher than that of commercial dye ICG
(15.1%), which has been approved by the Federal Drug
Administration for NIR photothermal agents.47 Importantly,
the temperature change of azadipyrromethene nanoparticles
(7-N NPs) at 30 μM was 15.7 °C (Figure 2e). The results
confirmed that the photothermal effect of PtDP-N was
produced by the azadipyrromethene skeleton. Furthermore,
to assess the photothermal stability of PtDP-N NPs, a
thermocycling test was performed. As shown in Figure S10,
PtDP-N NPs exhibited a negligible temperature change after
five repeated cycles, suggesting the excellent photothermal
stability of PtDP-N NPs. Hence, PtDP-N still retained
excellent photothermal effect and stability after being
encapsulated in PtDP-N NPs.
Next, the photostability test of PtDP-N NPs was carried out

by monitoring the maximal absorption under long-time
irradiation of a 730 nm laser. As shown in Figure S11, the
intensity of the maximal absorption peak of PtDP-N NPs
exhibited almost no change even under irradiation for 30 min,
suggesting the excellent photostability of PtDP-N NPs. The
1O2 generation of PtDP-N NPs was confirmed by monitoring
the 414 nm absorption changes of DPBF, when the mixed
DPBF, superoxide dismutase, catalase, and PtDP-N NPs
solution was irradiated by a 730 nm laser (500 mW cm−2). As
shown in Figures 2d and S12, the absorption intensity of DPBF
decreased about 40% after 2 min of irradiation. In contrast, a
slight decrease was observed in the DPBF-only group. The

results demonstrated that the PtDP-N NPs have good 1O2
generation ability for realizing a PDT effect.

In Vitro Photothermal and Photodynamic Properties
of PtDP-N NPs.With the purpose of exploring the biomedical
applications of PtDP-N NPs, their PDT and PTT effects were
detected in vitro. First, 2′,7′-dichlorofluorescin diacetate
(DCFH-DA, a ROS indicator) was used to detect ROS
generation of PtDP-N NPs in HeLa cells.48 As shown in
Figure 3a, the green fluorescence was observed in PtDP-N
NPs-treated cells after 5 min of light irradiation (730 nm, 500
mW cm−2), while no or weak fluorescence could be seen in the
control groups. The result confirmed the effective ROS
generation ability of PtDP-N NPs in HeLa cells. Next, the
cytotoxicity of PtDP-N NPs was investigated by MTT assays.
The HeLa cells were incubated with PtDP-N NPs at a series of
concentrations. The pretreated cells were irradiated with 730
nm light (500 mW cm−2) for 5 min or not to measure the light
or dark cytotoxicity of PtDP-N NPs. As shown in Figure 3b,
the viability of HeLa cells was more than 80% in the dark even
with concentrations of up to 100 μM, which indicated low dark
cytotoxicity and excellent biocompatibility. Under irradiation,
the viability of PtDP-N NPs-treated HeLa cells sharply
decreased with increasing PtDP-N NPs concentration. When
the concentration of PtDP-N NPs was 20 μM, the viability of
HeLa cells was about 50% of the original value. The results
demonstrated that PtDP-N NPs have a good phototherapy
effect for effectively killing cancer cells. In order to further
illustrate the phototherapy effect of PtDP-N NPs to cause cell
apoptosis and cell death, flow cytometry experiments were
completed via an Annexin V-FITC/propidium iodide (PI) cell
apoptosis kit to ensure the amounts of viable and dead cells of
different stages with the given conditions. As shown in Figure
3c, few HeLa cells were at the late apoptotic stage in the
groups of phosphate-buffered saline (PBS) only, PBS with a
laser, and PtDP-N NPs only. However, 20.8% HeLa cells at
the late apoptotic stage were detected when they were
incubated with PtDP-N NPs and treated with a laser.
Hence, PtDP-N NPs with an excellent phototherapy effect
could effectively inhibit the growth of cancer cells.
To evaluate the synergistic PDT and PTT effects of PtDP-N

NPs, a live−dead cell staining experiment was applied to HeLa
cells. The green fluorescence of Calcein AM and red
fluorescence of PI expressed live and dead cells, respectively.
N-Acetyl-L-cysteine (NAC) could react with ROS to inhibit
the PDT effect of PtDP-N NPs and leave the PTT effect only.
To rule out the fluorescence interference of PtDP-N NPs,
confocal fluorescence (PtDP-N NPs without AM, PI, and
HeLa cells) in green and red channels was performed. As
shown in Figure S13, no fluorescence was observed under 488
nm laser irradiation, indicating that PtDP-N NPs cannot affect
this test. As shown in Figure 3d, there was only green
fluorescence before laser irradiation in every group. However,
intense red fluorescence was observed in the PtDP-N NPs and
PtDP-N NPs + NAC groups. Also, the intensity of the green
fluorescence in the PtDP-N NPs group was obviously weaker
than that of the PtDP-N NPs + NAC group. The results
demonstrated that PtDP-N NPs exhibited good synergistic
PDT and PTT effects for killing cancer cells.

In Vivo Photothermal and Photodynamic Properties
of PtDP-N NPs. Considering the good synergistic PDT and
PTT effects of PtDP-N NPs in cells, the phototherapy effect
on HeLa tumor-bearing mice was further investigated. All
animal experiments conformed to the National Institutes of
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Health guidelines for care and use. Generally, local temper-
atures higher than 43 °C will harm tumors.18 As shown in
Figures 4a and S14, the temperature of the tumor sites injected

with PtDP-N NPs increased rapidly with prolongation of the
irradiation time. After 5 min of laser irradiation, the
temperature of the tumor sites increased up to 54 °C, which
could effectively eliminate tumors. In the control groups, the
temperature of the tumor sites without PtDP-N NPs elevated
to only 39.5 °C even after 5 min of laser irradiation, which
does no harm to cells. The results indicated the excellent PTT
effect of PtDP-N NPs in vivo.
In addition, DCFH-DA was used to detect the ROS

generation of PtDP-N NPs in tumor parts. The mice treated
with PtDP-N NPs, DCFH-DA, and a laser acted as
experimental groups. PtDP-N NPs- and DCFH-DA-treated
mice acted as control groups, while PtDP-N NPs-, DCFH-
DA-, NAC-, and laser-treated mice were used as additional
control groups. After 5 min of laser irradiation or not, tumors
were sliced and observed by a confocal laser scanning
microscope. As shown in Figure 4b, no fluorescence was
observed in all control groups. In contrast, the green
fluorescence was intense in the experimental groups. The
results indicated that PtDP-N NPs have effective ROS

generation ability and confirmed that they could possess a
PDT effect in vivo.

In Vivo Synergistic Phototherapy of PtDP-N NPs.
Inspired by both the PDT and PTT effects of PtDP-N NPs in
tumors, a synergistic phototherapy experiment was carried out
on HeLa tumor-bearing mice. When the volume of the tumors
reached about 100 mm3, the HeLa tumor-bearing mice were
divided into four groups, namely, PBS only, PBS with a laser
(730 nm, 500 mW cm−2), PtDP-N NPs only, and PtDP-N
NPs with a laser (730 nm, 500 mW cm−2). The mice treated
with PtDP-N NPs and a laser acted as the experimental
groups, while the remaining mice acted as the control group.
Furthermore, the synergistic PDT and PTT effects of PtDP-N
NPs in vivo were monitored by recording the change of the
tumor volume every day. As shown in Figure 4c,d, the tumors
became larger with the extension of time in the control groups,
and the volume of these tumors was about 13 times bigger
than that of the initial tumors after 21 days of care. In contrast,
the tumor volumes of mice in the experimental group
disappeared completely, with black scars after 6 days (5 min
of laser irradiation three times every 2 days) of phototherapy.
Then the phototherapy was stopped. The scars almost dropped
until 21 days later. The mice were dissected and no tumor was
found, indicating the excellent synergistic PDT and PTT
effects of PtDP-N NPs. Besides, the body weight of the mouse
is a very important index to evaluate the efficiency of tumor
phototherapy. The body weights of all mice in various groups
exhibited negligible fluctuation, indicating the low toxicity of
PtDP-N NPs (Figures S15 and S16). All of the results
collectively confirmed that PtDP-N NPs could effectively
eliminate the tumor in vivo with low side effects through the
synergistic PDT and PTT effects under a single NIR laser
irradiation.
To evaluate the possible toxicity of PtDP-N NPs in vivo,

hematoxylin and eosin (H&E) staining of the tumors was
completed to investigate their pathomorphology for one
mouse of each group after 20 days of treatment. As shown
in Figure S17, no obvious malignant necrosis was detected in
the control groups, while the tumors were completely
regressed in the experimental groups. Meanwhile, major organs
(heart, liver, spleen, lung, muscle, and kidneys) were harvested
from the control nd experimental groups after 20 days of
treatment. As shown in Figure S18, H&E staining of the major
organs from the experimental groups showed no obvious
pathological change compared with those from the control
groups. These results clearly demonstrated the negligible
toxicity of PtDP-N NPs in vivo. Therefore, the biocompatible
PtDP-N NPs with synergistic PDT and PTT effects were
promising for using in clinical tumor-related phototherapy.

■ CONCLUSION
In this work, a new generation of Pt phototherapy agents,
namely, NIR-absorbing Pt-chelated azadipyrromethene dyes,
were successfully designed and synthesized. The absorption
wavelength of these dyes was extended from the visible region
to the biological spectral window (600−900 nm), which would
effectively increase the reachable depth of PDT. Compared
with traditional aza-BODIPY dyes, the designed dyes showed
synergistic PDT and PTT effects. Furthermore, water-soluble
and biocompatible phototherapy agents based on these dyes
could achieve effective elimination of tumor cells with low side
effects through synergistic PDT and PTT under a single NIR
wavelength laser (730 nm, 500 mW cm−2) in vitro and in vivo.

Figure 4. (a) IR thermal images of a mouse injected with a PtDP-N
NPs solution and a mouse injected with a PBS solution under 730 nm
irradiation (500 mW cm−2) for 5 min. (b) Confocal fluorescence
images of DCFH-DA-stained tumor sections (bar = 150 μm). (c)
Relative tumor volume for different groups of mice (n = 3). (d)
Images of tumor-bearing mice at various time points after treatment
(PtDP-N NPs with a laser group and PBS with a laser group).
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Therefore, these dyes have promising potential for clinical
tumor-related applications. More importantly, on the basis of
the design strategy and synthetic methods proposed in this
work, the exploitation of other NIR-absorbing metal-chelated
azadipyrromethene dyes can be anticipated, which is underway
in our laboratory.
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