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As an effective and noninvasive treatment of various diseases,
photodynamic therapy (PTD) relies on the combination of light, a
photosensitizer, and oxygen to generate cytotoxic reactive oxygen
species that can damage malignant tissue. Much attention has been
paid to covalent modifications of the photosensitizers to improve
their photophysical properties and to optimize the pathway of the
photosensitizers interacting with cells within the target tissue. Herein
we report the design and synthesis of a supramolecular heterome-
tallic Ru–Pt metallacycle via coordination-driven self-assembly. While
inheriting the excellent photostability and two-photon absorption
characteristics of the Ru(II) polypyridyl precursor, the metallacycle also
exhibits red-shifted luminescence to the near-infrared region, a larger
two-photon absorption cross-section, and higher singlet oxygen gen-
eration efficiency, making it an excellent candidate as a photosensi-
tizer for PTD. Cellular studies reveal that the metallacycle selectively
accumulates in mitochondria and nuclei upon internalization. As a
result, singlet oxygen generated by photoexcitation of the metalla-
cycle can efficiently trigger cell death via the simultaneous damage to
mitochondrial function and intranuclear DNA. In vivo studies on
tumor-bearing mice show that the metallacycle can efficiently inhibit
tumor growth under a low light dose with minimal side effects. The
supramolecular approach presented in this work provides a paradigm
for the development of PDT agents with high efficacy.

supramolecular coordination complex | two-photon absorption |
photodynamic therapy | mitochondria | nucleus

Noncovalent interactions are widely employed in natural
systems for the construction of complex and functional

biomolecules that perform various biological processes. Inspired
by nature, chemists utilize dative metal−ligand bonds between
Lewis basic organic donors and Lewis acidic metal acceptors to
guide the organization of molecular precursors. Due to the good
directionality and reversibility of metal−ligand coordination in-
teraction, various discrete supramolecular coordination complexes
(SCCs) with well-defined sizes and shapes have been rationally
designed and synthesized in high efficiency via coordination-driven
self-assembly (1–3). New functionalities that are not observed in an
individual precursor may arise from the formation of SCC systems.
For example, SCCs can accommodate guest molecules (4–6) or
catalyze reactions (7, 8) due to the formation of large inner cavities.
Highly emissive SCCs can be obtained by restricting the intra-
molecular motions of fluorophores with aggregation-induced emis-
sion character within the rigid framework (9). The macrocyclic
structure of SCCs can enhance their cellular uptake compared with
their corresponding small-molecule precursor and allow binding to
biomolecules with high affinity (10–12).
Photodynamic therapy (PDT) is a medical procedure that

requires a combination of a photosensitizer and light in an ox-
ygenated environment (13, 14). Reactive oxygen species (ROS)
are generated through excited-state energy transfer from a light-
excited photosensitizer to oxygen and other molecules in the
tissue, which induces cellular and tissue damage. PDT can in-
duce localized damage to malignant tissues via local exposure to
light, resulting in significantly reduced side effects to healthy
tissues relative to traditional chemotherapy and radiotherapy. As

a result, PDT has been adopted to treat a range of cancers, in-
fections, and skin diseases in recent years (13, 14). Ru(II) com-
plexes are an emerging class of photosensitizers featuring good
water solubility, good photostability, and facile synthetic tun-
ability (14, 15). Moreover, some Ru(II) polypyridyl complexes
exhibit two-photon absorption (TPA) properties (14–16). Com-
pared with one-photon photosensitizers, two-photon photosen-
sitizers provide red-shifted, lower-energy wavelengths for
therapeutic activation, which results in less damage to healthy
tissue, enhanced spatial resolution, and a significant increase in
penetration depth (14, 15). In recent years, considerable effort
has been devoted to modifying the auxiliary ligands to obtain
Ru(II) polypyridyl complexes with the desired photophysical
and biological properties for PDT (stability, cellular uptake,
subcellular distribution, and toxicity) (14, 15, 17, 18).
Combining the attractive properties of Ru(II) polypyridyl

complexes with the versatility of coordination-driven self-assembly,
we designed a heterometallic Ru–Pt metallacycle as a two-photon
PDT agent. The incorporation of an Ru(II) polypyridyl complex
into a Pt(II)-based SCC would result in several improvements. First,
Pt(II) may endow the ensemble with favorable photophysical
properties for biomedical applications, such as red-shifted emission
and enhanced TPA activities compared with analogous small mol-
ecules (19, 20). Second, as a heavy atom, the Pt would also promote
intersystem crossing, which results in more efficient ROS genera-
tion (21, 22). Third, the rigid, planar macrocyclic structure of 1 may
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be beneficial for increasing the TPA behavior due to the enhanced
strain-induced charge polarization of the Ru(II) polypyridyl donor 2
(23). Finally, the highly charged nature of the resultant SCC may
facilitate its internalization (10) and selective accumulation in sub-
cellular organelles that are hypersensitive to PDT-mediated dam-
age, such as mitochondria (16, 24) and nuclei (25). Based on this
design, a heterometallic Ru–Pt metallacycle 1 was synthesized
via coordination-driven self-assembly between a Ru(II) poly-
pyridyl donor 2 and a tetramethylammonium-decorated Pt(II)
acceptor 3, as shown in Fig. 1. We investigated the photophysical
properties, singlet oxygen quantum yield, cellular uptake, and in-
tracellular localization of 1. In vitro and in vivo studies on two-
photon PDT efficacy were then conducted, which demonstrate
that 1 is a potent two-photon PDT agent with low side effects.

Results and Discussion
Synthesis and Characterization of the Metallacycle. The synthesis of
the heterometallic Ru–Pt metallacycle 1 is depicted in Fig. 1.
Mixing equimolar amounts of Ru(II) 4,4′:2′,2″:4″,4‴-quaterpyr-
idine (qpy) complex 2 and bis(phosphine) Pt(II) acceptor 3 resul-
ted in the formation of a [2 + 2] metallacycle. Counterion exchange
was then conducted by addition of a saturated solution of tetra-
methylammonium nitrate in dichloromethane to the reaction
mixture to afford 1 as a deep-red solid. The product 1 was char-
acterized by multinuclear NMR (1H, 31P) and electrospray ioni-
zation time-of-flight MS. The 31P{1H} NMR spectrum of 1 shows
a sharp singlet at 13.38 ppm with concomitant 195Pt satellites
(1JPt-P = 2,647.5 Hz) (SI Appendix, Fig. S14), indicative of the
formation of a discrete, highly symmetric metallacycle. In the
mass spectrum of 1, three peaks corresponding to the intact
metallacycle with the loss of nitrate anions are observed at
m/z = 1,301.28, 960.36, and 756.05, consistent with [1−3NO3]

3+,

[1−4NO3]
4+, and [1−5NO3]

5+, respectively (SI Appendix, Fig.
S15). The peaks were isotopically resolved and in good agreement
with theoretical distributions, which confirmed the stoichiometry of
the formation of 1.

Photophysical Properties of the Metallacycle. The electronic ab-
sorption and emission spectra of the metallacycle 1 were recorded
in nondeoxygenated aqueous solution (Fig. 2A and SI Appendix,
Fig. S16). Several absorption bands are observed in the UV-visible
(UV-Vis) region. The strong absorption band centered at 488 nm is
attributed to a d(RuII) → π*(qpy) metal-to-ligand charge transfer
transition (14, 15). The emission spectra of 1 exhibit a non-
structured band centered at 696 nm, which is red-shifted compared
with the donor 2 (SI Appendix, Fig. S17) by 30 nm due to the
stabilization of the π* orbitals of the qpy ligand upon complexation
with the Pt(II) acceptor (19). Similar to other Ru(II) polypyridyl
complexes (15), a large Stokes shift of 208 nm is observed for 1.
The luminescence quantum yield of 1 was determined to be 2.8%
in aerated methanol solution, and the luminescence lifetime for 1 is
319 ns, indicating the phosphorescence nature of the emission.
These two values are comparable to other Ru(II) polypyridyl
complexes (14, 15). The near-infrared emission and long lumi-
nescence lifetime of 1 allow for ready characterization of its cel-
lular uptake and intracellular distribution properties with less
damage to healthy tissues, less scattering interference, and low
autofluorescence background.
The TPA efficiency of 1 is quantified by the TPA cross-section

(σ2), which was measured in methanol from 780 to 880 nm at
10-nm intervals. The results are shown in Fig. 2B. The largest
TPA cross-section was found to be around 800 nm with a σ2
value of 1,371 GM. This value is much higher than [Ru(bpy)3]

2+

(σ2 = 66 GM) and free donor 2 (σ2 = 83 GM) (20), as well as
tetraphenylporphyrin (σ2 = 2.2 GM) (26), a clinical photosensitizer

Fig. 1. Synthesis of heterometallic Ru–Pt metallacycle 1.

Fig. 2. Photophyscial properties of metallacycle 1. (A) Emission spectrum of 1. (B) Two-photon absorption cross-sections of 1 at different excitation
wavelengths from 780 to 880 nm.

Zhou et al. PNAS | May 29, 2018 | vol. 115 | no. 22 | 5665

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802012115/-/DCSupplemental


www.manaraa.com

and many two-photon bioactive organometallic compounds repor-
ted recently (14, 15, 23, 27). The increase in TPA activity is at-
tributed to the extension of the molecular orbital of Ru(II) donor 2
onto the Pt metal center upon self-assembly (19, 20) and rigidifi-
cation of the Ru(II) donor 2 upon formation of the macrocyclic
structure that enhances its polarization (23). Using an excitation
wavelength of 800 nm, the two-photon-induced emission spectrum
of 1 was recorded, which showed similar features to the linear
spectra (SI Appendix, Fig. S18). The two-photon-induced lumi-
nescence intensity of 1 displays quadratic dependence on the ex-
citation power, as depicted by the logarithmic figure in SI Appendix,
Fig. S18, Inset. The slope of the logarithmic plot is ∼2, confirming
that the metallacycle 1 is two-photon-active.
The photostability of 1 was examined by monitoring the UV-Vis

absorption spectrum of its aqueous solution under continuous
light irradiation for 20 min. No significant change was observed in
the absorption properties of 1 throughout the experiment (SI
Appendix, Fig. S19), indicating excellent photostability.

Singlet Oxygen (1O2) Quantum Yield (ΦΔ). Electron spin resonance
(ESR) spectroscopy was employed to investigate the type of ROS
produced by 1 upon light irradiation; 2,2,6,6-tetramethylpiperidine
and 5,5-dimethyl-1-pyrroline N-oxide were used to detect the for-
mation of singlet oxygen (1O2) and ·OH radical, respectively. A
characteristic 1O2-induced triplet signal was observed in the ESR
spectrum upon exposure to 450-nm light irradiation (SI Appendix,
Fig. S20). The intensity of the signal increased with continuous il-
lumination. In contrast, no signals corresponding to ·OH radical for-
mation were found. This study confirms that 1 generates 1O2 upon
light irradiation, analogous to many clinically applied PDT agents.
The 1O2 quantum yield (ΦΔ) is a crucial parameter for

evaluating the ability of a photosensitizer to generate 1O2. The
ΦΔ of 1 was assessed by directly measuring the luminescence of
1O2 at 1,270 nm following photoexcitation and compared with
[Ru(bpy)3]

2+ (ΦΔ = 81%) (SI Appendix, Fig. S21). The ΦΔ of 1
was determined to be 89%. Also, indirect ΦΔ assay was con-
ducted using 1,3-diphenyl-isobenzofuran (DPBF) as 1O2 scav-
enger (28). DPBF possesses a strong absorption band centered at
418 nm. As depicted in SI Appendix, Fig. S22, for the mixed
solution of 1 and DPBF, the intensity of the absorption band
centered at 418 nm exhibits a continuous decrease under prolonged
light irradiation, indicating 1O2 formation by excitation of 1

that decomposes the DPBF. The ΦΔ of 1 was calculated to be
88% using [Ru(bpy)3]

2+ as a reference. This result is in good
agreement with the direct method. The ΦΔ of 1 is considerably
higher than many organic and organometallic compounds in-
cluding [Ru(bpy)3]

2+ (14, 15, 27), presumably due to the en-
hanced intersystem crossing process by introduction of Pt (21,
22). The molecular ability to initiate the PDT process fol-
lowing two-photon excitation is often evaluated using a merit
parameter σ2 × ΦΔ (29). The σ2 × ΦΔ value of 1,220 GM in 1 is
much larger than that of tetraphenylporphyrin (1.5 GM) (29),
revealing that 1 is a highly efficient two-photon 1O2 sensitizer.

Cellular Uptake, Localization, and Imaging. The stability of complex
1 in aqueous media was assessed by monitoring the UV-Vis
absorption spectrum at acidic (pH = 5) and physiological pH
(pH = 7.4) conditions (SI Appendix, Fig. S23). In both condi-
tions, less than 5% decrease in the absorbance was observed
after 24 h, suggesting that 1 has a good stability.
The lipophilicity/hydrophilicity of a compound can significantly

influence its cellular uptake and accumulation (24, 30). The octa-
nol/water partition coefficient (log Po/w) of 1 was determined to
be −0.45, less hydrophilic than [Ru(bpy)3]

2+ (log Po/w = −1.26) (SI
Appendix, Fig. S24) due to the use of the hydrophobic bis(phos-
phine) Pt(II) building block. The lower hydrophilicity of 1 may
facilitate its cell uptake efficiency and its selective localization.
Cellular localization of metallacycle 1 was examined using

confocal laser scanning microscopy on human pulmonary carci-
noma cell line A549. As shown in Fig. 3, 1 can enter cells and
display strong deep-red intracellular luminescence under one-
photon excitation. Colocalization studies of 1 with commercial
lysosome dye LysoTracker Green (LTG), nuclear dye Hoechst
33342 (Hoechst), and mitochondrial dye MitoTracker Deep Red
(MTDR) were performed in A549 cells (Fig. 3). The lumines-
cence signal of 1 exhibited a good superimposition pattern with
MTDR, with a correlation coefficient of 0.80, while a smaller
amount of 1 is found to overlap with Hoechst, resulting in a
lower correlation coefficient of 0.33. A weak correlation co-
efficient was found for LTG. This result indicates that 1 selec-
tively localizes in mitochondria and nuclei.
The cellular uptake and the biodistribution of 1 were further

quantified using inductively coupled plasma MS (ICP-MS) analysis.
Time-dependent ICP-MS studies found that the total cellular

Fig. 3. Colocalization images of 1 with LTG, Hoechst, and MTDR with corresponding correlation coefficients. (Scale bars: 20 μm.)
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uptake of 1 reached a maximum after 12 h of incubation, with a
concentration of 114.82 ng and 451.37 ng per million cells for Ru
and Pt, respectively (SI Appendix, Fig. S25A). For precursor 2
under the same condition, a maximum cellular Ru concentration
is recorded at 2.32 ng per million cells (SI Appendix, Fig. S26A),
suggesting that macrocyclic assembly 1 has more favorable cel-
lular uptake properties compared with its small-molecule pre-
cursor 2. As for the subcellular distribution of 1, 67% of both Ru
and Pt contents were found in the mitochondria, whereas a
smaller proportion entered the nuclei, where 25% of the in-
tracellular Ru and Pt were found after incubation with 1 for 2 h
in the dark (5 μM) (Table 1). Notably, it was calculated that the
molar ratio of Ru:Pt is ∼1:2 in cells and within various organelles
throughout the experiments on 1, consistent with its stoichiom-
etry. Due to the distinct cellular uptake and subcellular distri-
bution behavior of 1 and the precursors (SI Appendix, Figs. S25–
S27), these results provide evidence for the uptake and localization
of 1 as an intact metallacycle.
Subcellular distribution is an important factor determining the

efficacy of a PDT agent due to the short lifetime and limited
diffusion range of ROS (31). Previous studies have shown that
lipophilic, charged metal complexes may accumulate in the mi-
tochondria because of the negative potential difference across
the mitochondrial membrane (16, 24, 28). The introduction of
tetramethylammonium-decorated Pt(II) acceptor 3 endows the
metallacycle with a +10 charge and enhanced lipophilicity
compared with small-molecule Ru(II) polypyridyl compounds,
which may lead to the accumulation in mitochondria. Mito-
chondria are crucial regulators of the intrinsic pathway of apo-
ptosis and multiple forms of nonapoptotic cell death (16).
Elevated intracellular ROS levels within mitochondria can trig-
ger caspase activation and apoptosis (32). Furthermore, mito-
chondria-targeting drugs interfere with mitochondrial redox
functions and can induce mitochondrial-dependent cell death
signaling pathway (16). Hence, the accumulation of 1 in mito-
chondria is favorable for its application as a PDT agent. In ad-
dition to mitochondria, 1 is also found to partly accumulate in
the nucleus, presumably due to its large planar structure and
overall positive charge that facilitates its interactions with DNA
(33). The nucleus is also an effective subcellular target for PDT
treatment because ROS produced in the nucleus can directly
damage intranuclear DNA and inhibit DNA repair processes
(25, 34). Furthermore, ROS generated in mitochondria and the
nucleus induce cellular damage in different pathways, which
could produce a synergistic effect, thus realizing a more efficient
PDT treatment regimen. The dual mode of action of 1 may also
minimize the potential resistance to PDT (35).
To determine the mechanism for the internalization of 1,

cellular uptake studies were conducted under lowered temper-
ature or in the presence of metabolic and endocytic inhibitors (SI
Appendix, Fig. S28). The energy dependency of cellular uptake of
1 was confirmed by a dramatic decrease in the uptake of 1 by
A549 cells at lower temperature or pretreated with metabolic
inhibitors 2-deoxy-D-glucose and oligomycin. Incubation of cells
with an organic cation transporter inhibitor triethylamine did not
influence the internalization of 1, suggesting the uptake of 1 does
not rely on active transport. Pretreatment of endocytic inhibitor
NH4Cl resulted in a decrease in intracellular luminescence
intensity compared with the control, indicating that 1 internalizes
into cancer cells by an energy-dependent endocytosis pathway.

Photoexcitation-Induced 1O2 Generation and (Photo)Cytotoxicity in
Cells. The cytotoxicity of 1 in the dark was investigated on vari-
ous cancer cell lines, including HeLa, human pulmonary carci-
noma cell line A549, cisplatin-resistant cell line A549R, multidrug-
resistant human oral floor carcinoma cell line KV, and human
prostate cancer cell line PC-3 using a 3-(4′,5′-dimethylthiazol-2′-
yl)-2,5-diphenyl tetrazolium bromide assay. 1 was found to be
weakly toxic toward the cells lines with IC50 values of 65.2–
80.9 μM (SI Appendix, Table S1) in the dark. When exposed to
light (450 nm, 21.8 mW/cm2, 5 min), 1 had a significant influence
on cell viability with IC50 values of 0.71–4.4 μM (SI Appendix,
Table S1), resulting photocytotoxicity index (PI) [PI = IC50(dark)/
IC50(light)] values of 11.6–114 (Table 2). Among the selected cells
lines, A549 cells displayed the lowest IC50 value of 0.71 μM and
114-fold enhancement in cytotoxicity when irradiated. As a result,
A549 cells were employed as the model cell line for the following
studies. Cisplatin was employed as the positive control of the
procedure, and its PI values were found to be ∼1 for all cells
lines due to its low photosensitization activity. Notably, under
the same conditions, 1 exhibited remarkably higher photo-
cytotoxicity and PI values on all selected cell lines compared
with cisplatin, Ru(bpy)3

2+ and clinically approved PDT agent 5-
aminolevulinic acid (5-ALA) (Table 2). In addition, the PI
values for 1 are comparable to or even better than those of
many Ru(II) polypyridyl photosensitizers under comparable
experimental conditions (14, 15).
To demonstrate the capability of 1 to generate 1O2 in vitro

with two-photon irradiation, 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) was employed as an intracellular ROS
indicator, which rapidly oxidized to yield highly fluorescent 2′,7′-
dichlorofluorescein in the presence of ROS (36). A549 cells were
incubated with 1 and DCFH-DA, and the confocal fluorescence
images of the cells before and after two-photon light exposure
were recorded. As illustrated in SI Appendix, Fig. S29, the
morphology of the cells remained unchanged, and no fluores-
cence was observed before light exposure, suggesting low cyto-
toxicity of 1. Marked green fluorescence was observed following
two-photon light irradiation, indicating that 1 is an efficient two-
photon photosensitizer in cells. The two-photon light used for
photoexcitation is safe for the cells, as cells treated with only
DCFH-DA exhibited normal morphology and no fluorescence
enhancement after irradiation.
The ability of 1 act as a two-photon PDT agent was confirmed

by calcein AM/ethidium homodimer-1 (EthD-1) costaining assay
(SI Appendix, Fig. S30). Nonemissive calcein AM can be con-
verted to green-emitting calcein by intracellular esterases in liv-
ing cells, whereas EthD-1 can only enter cells with damaged
membranes and emit red fluorescence upon binding to nucleic
acids (37). A549 cells incubated with 1 in the dark displayed
intense green fluorescence, implying most of the cancer cells
were alive. Parts of the cells were then subjected to two-photon
light irradiation, and cell death was found in the region irradi-
ated, as evidenced by the loss of green fluorescence and the
appearance of red fluorescence in the region. Moreover, cell
shrinkage observed in the irradiated area indicated that severe
cell damage occurred upon photoexcitation of 1. To further as-
sess the two-photon PDT efficacy of 1, an annexin V-FITC/
propidium iodide assay was performed (38) (SI Appendix, Fig.
S31). After two-photon irradiation, both green staining (FITC)

Table 1. ICP-MS quantification of the internalized Ru and Pt by
A549 cells incubated with 1 for 2 h

Metal
Distribution in
cytoplasm, %

Distribution in
mitochondria, %

Distribution in
nuclei, %

Ru 74.8 66.9 25.2
Pt 74.7 66.8 25.3

Table 2. PI values for 1, 5-ALA, Ru(bpy)3
2+ and cisplatin toward

various cancer cell lines

Compound A549 A549R HeLa KV PC-3

1 114 64.3 20.7 11.6 14.8
5-ALA >1.7 >1.37 >1.1 >1.1 n.d.
Ru(bpy)3

2+ 3.4 3.2 3.4 2.4 2.1
Cisplatin 0.97 0.97 1.0 1.0 1.0

n.d., not determined.
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on the cell surface and red staining (propidium iodide) throughout
the nucleus were observed, indicating that the cells were in necrosis
or late apoptosis.
The mechanism of cell death by photoexcitation of 1 was ex-

amined by measuring cellular caspase-3/7 activity via a lumi-
nescent assay (SI Appendix, Fig. S32). Caspases-3/7 are known
for their central role in the execution of apoptosis in mammalian
cells (39). In the absence of light, no enhancement in cellular
caspase-3/7 activity was found for cells incubated with 1 com-
pared with untreated cells, while increased caspase activity was
detected in cells treated with cisplatin, in agreement with the
cytotoxicity studies that show that 1 possesses weak toxicity.
Upon light irradiation, cells incubated with 1 displayed a sub-
stantially higher caspase-3/7 activity relative to the untreated
cells or cells treated with cisplatin, suggesting that PDT treat-
ment with 1 effectively induce cellular apoptosis.
Since the majority of 1 accumulates in mitochondria, we in-

vestigated whether the mitochondria were damaged during the
PDT treatment. Mitochondrial dysfunction was determined by
measuring the changes in the mitochondrial membrane potential
(MMP) before and after two-photon light irradiation with
5,5′,6,6′-tetrachloro-1,1′-3,3′-tetraethyl-benzimidazolylcarbocya-
nine iodide (JC-1). JC-1 is a mitochondria-selective dye that
emits red fluorescence at high MMP and a green fluorescence at
low MMP (40). As shown in SI Appendix, Fig. S33, cells treated
with 1 displayed a distinct green emission after light irradiation,
indicating loss of MMP and hence mitochondrial dysfunction
compared with the untreated group, suggesting that 1 can induce
cell apoptosis via mitochondria-mediated pathways.
The impact of the two-photon PDT on intranuclear DNA is

examined using a TUNEL assay. After exposure to two-photon
light irradiation, DNA fragmentation in the nuclei is observed

for cells pretreated with 1 (SI Appendix, Fig. S34), indicating that
the photoexcitation of 1 also lead to intranuclear DNA damage.

Two-Photon PDT in Vivo. The in vivo two-photon PDT efficacy of 1
was further evaluated using A549 tumor-bearing nude mice with
a xenograft tumor volume of 80 mm3. The mice were randomly
allocated into four groups (five mice per group) before the ex-
periments (day 0): physiological saline as control (group 1),
physiological saline and two-photon laser irradiation (group 2),
1-injected only (group 3), and 1-injected and subjected to two-
photon laser irradiation (group 4). The mice in group 4 were
intratumorally injected with metallacycle 1 (0.5 mg/kg body
weight). Two hours after the injection, the A549 tumor was ir-
radiated with a diode laser (800 nm, 50 mW, 20 s/mm). The same
laser dose and the same dose of 1 were employed in groups 2 and
3. On day 7, mice in group 2 and 4 were subjected to a second
course of light irradiation at the same light dose used previously.
The tumor volume and the body weight of the mice from each
group were measured daily for 14 d. As shown in Fig. 4A, for the
treatment group, the tumors shrank gradually, and were reduced
to 78% of the original size in day 14, while the tumors in other
groups showed more than 13-fold growth over the same period.
No noticeable body weight loss was found during the treatment
process (Fig. 4B), indicating the low level of side effects of the
treatment. After PDT treatment, a histological examination was
conducted on the tumors using H&E stain. The tumor tissues
from group 4 displayed irreversible pathological alterations and
degradation, suggesting necrosis or apoptosis of the tumor cells,
whereas the tumor tissues from the other groups were composed
of normal, tightly packed tumor cells (Fig. 4D). The system
toxicity of the treatment was further examined by examina-
tion of the histology of the organs including the liver, kidney,
spleen, heart, lung, brain, intestine, and ovary using H&E stain

Fig. 4. Two-photon PDT in vivo. The mice were randomly allocated into four different treatments: (i) physiological saline (control), (ii) physiological saline
and two-photon laser irradiation (light), (iii) 1-injected only (1), and (iv) 1-injected and subjected to two-photon laser irradiation (1 + Light). (A) In vivo tumor
growth inhibition curves for mice with four different treatments. (B) Average body weights of tumor-bearing mice with four different treatments. (C)
Representative photographs of A549 tumors in mice with four different treatments. (D) Histological examination of tumors with four treatments after PDT.
(Scale bars: 50 μm.)
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(SI Appendix, Fig. S35). Neither irreversible pathological alter-
ations nor injuries in the organs of mice of all four groups could
be found, indicating low systemic toxicity of 1. Therefore, the
metallacycle 1 is favorable for in vivo PDT treatment of cancer
with high efficacy and negligible toxicity to the healthy organs of
the treated mice.

Conclusion
In summary, we prepared a heterometallic Ru–Pt metallacycle as
a highly potent two-photon PDT agent via coordination-driven
self-assembly. Formation of the metallacycle enables the in-
teraction between the Ru(II) polypyridyl moiety and the Pt(II)
metal center, which endows the ensemble with near-infrared
emission, strong TPA, and high 1O2 generation efficiency. The
highly charged, large macrocyclic structure of the metallacycle
facilitates its internalization in cells and dual localization in mi-
tochondria and nuclei. The metallacycle exhibits weak cytotoxicity
in the dark, and intracellular 1O2 generated upon photoexcitation
of the metallacycle induces cell death by simultaneously damaging
mitochondria and nuclei, resulting in its high photocytotoxicity. In
vivo investigations demonstrated that 1 efficiently ablates cancer
tissues at low light doses with minimal system toxicity. We antici-
pate a promising future of this metallacycle as an agent for efficient

and safe two-photon PDT. The facile tunability of coordination-
driven self-assembly provides the possibility for future development
of SCC-based PDT agents with intriguing properties, such as cell-
specific uptake, overcoming the effects of hypoxia, and combination
with other therapeutic modalities (e.g., radiotherapy, photothermal
therapy, and chemotherapy). Furthermore, the supramolecular
approach in tuning the properties of the Ru(II) polypyridyl com-
plexes present herein may be of broad interest due to its diverse
applications (41, 42).

Materials and Methods
All reagents and kits were commercially available and used as supplied
without further purification. All experimental protocols involving live ani-
mals were approved by the Sun Yat-sen University Animal Care and Use
Committee. The details of the materials, methods including synthesis and
characterization of compounds, and in vitro and in vivo two-photon PDT
studies on metallacycle 1 are described in SI Appendix.
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