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ABSTRACT: Light-emitting supramolecular coordination complexes (SCCs) have been widely studied for applications in the
chemical and biological sciences. Herein, we report the coordination-driven self-assembly of two highly emissive platinum(II)
supramolecular triangles (1 and 2) containing BODIPY-based bridging ligands. The metallacycles exhibit favorable anticancer
activities against HeLa cells (IC50 of 6.41 and 2.11 μM). The characteristic ∼570 nm fluorescence of the boron dipyrromethene
(BODIPY) moieties in the metallacycles permits their intracellular visualization using confocal microscopy. Additionally, the
BODIPY fluorophore is an excellent photodynamic agent, making the metallacycles as ideal therapeutics for photodynamic
therapy (PDT) and chemotherapy. In vitro studies demonstrate that the combination indexes against HeLa cells are 0.56 and
0.48 for 1 and 2, respectively, confirming their synergistic anticancer effect. More importantly, these SCCs also exhibit superior
anticancer efficacy toward cisplatin-resistant A2780cis cell line by combining PDT and chemotherapy, showing promise in
overcoming drug resistance. This study exploits a multicomponent approach to self-assembled metallacages that enables design
of effective theranostic agents wherein the platinum acceptors are toxic chemotherapeutics and the BODIPY donors are imaging
probes and photosensitizers. Since each piece may be independently tuned, i.e., Pt(II) polypyridyl fragment swapped for Pt(II)
phosphine, the activity may be optimized without a total redesign of the system.

■ INTRODUCTION

Coordination-driven self-assembly is a powerful synthetic
methodology providing access to discrete supramolecular
coordination complexes (SCCs) with well-defined shapes and
sizes by the spontaneous formation of metal−ligand bonds.1

Owing to the wide range of metals and ligands that are
compatible with this strategy, an expansive library of
structurally complex two-dimensional (2D) metallacycles and
three-dimensional (3D) metallacages has emerged over the past
few decades.2 These metallosupramolecular architectures are of

particular interest not only for their aesthetic properties but
also because of their extensive applications in catalysis, sensors,
supramolecular polymers, amphiphilic self-assembly, host−
guest chemistry, and biomedicines.3 Due to the anticancer
activity of organometallic platinum (Pt) complexes and the
large number of metallacycles and cages constructed from
Pt(II) nodes, biologically active SCCs have emerged in recent
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years.4 Unlike mononuclear clinical drugs, such as cisplatin,
imaging capability can also be integrated into these SCC
platforms by simply choosing fluorescent ligands as compo-
nents of the building blocks.5

Boron dipyrromethene (BODIPY) dyes have been widely
used in photodynamic therapy, bioimaging, chemosensors, and
light harvesting.6 Collectively, BODIPY dyes exhibit numerous
favorable properties, including high fluorescence quantum
yields, large molar absorption coefficients, easy functionaliza-
tion, and excellent photostability. Although tetraphenylethene
(TPE) and other fluorescent molecules have been used as
imaging probes in SCCs,7 highly emissive SCCs based on
BODIPY-containing donors are rare and Pt(II)-BODIPY SCCs
have not been explored as theranostic agents.8 Herein, we
report the coordination-driven self-assembly of two novel
Pt(II) supramolecular triangles containing a pyridyl-function-
alized BODIPY ligand. The presence of Pt(II) ions serving as
the metal nodes of triangles provide a mechanism for anticancer
activity, resulting in biological activity. The BODIPY cores
within triangles enable their transport within cancer cells to be
visualized by confocal laser scanning microscopy. Moreover, the
BODIPY ligands also form the basis for use as a photosensitizer
for photodynamic therapy (PDT). The combination of PDT
and chemotherapy greatly enhances anticancer efficacy through
a synergistic therapeutic effect. More interestingly, these SCCs
exhibited high cytotoxicity against drug resistant cancer cells
due to their dual mechanism of action (PDT and chemo-
therapy), thereby obviating the ubiquitous problem of drug
resistance.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Triangular Metal-

lacycles. The BODIPY ligand 3 was synthesized by a
Sonogashira coupling following iodonation of the dye core
(Scheme S1). A single crystal of 3 suitable for X-ray diffraction
was obtained by slow diffusion of n-hexane into the
dichloromethane solution at room temperature (Figure 1). In
the BODIPY core, the central six-membered ring is almost
coplanar with the adjacent five-membered pyrrole rings with
the maximum deviations of all non-hydrogen atoms from the
mean plane of 0.079 Å, indicating strong π-electron

delocalization within the indacene plane.9 The phenyl ring at
the meso-position is twisted by 79.61° from the BODIPY plane.
The average bond lengths for B−N and B−F and the N−B−N
and F−B−F angles are 1.555(2), 1.387(2) Å, 106.8(1), and
109.7(1)°, respectively. The pyridyl rings are also twisted away
from the indacene plane. The dihedral angle between the
pyridine rings and the indacene plane is 15.66°. See Table S1
for complete crystallographic details. The nearly linear
directional nature of 3 makes it an excellent buliding block
for SCCs. Treatment of Pt(II) acceptors 4 or 5 with 3 in a 1:1
ratio in CH2Cl2/DMA at 60 °C for 24 h led to the formation of
self-assembled [3 + 3] triangular metallacycles 1 or 2,
respectively (Scheme 1).
The formation of two triangular metallacycles was supported

by multinuclear NMR spectroscopy (1H NMR and 31P{1H}
NMR), electrospray ionization mass spectroscopy (ESI-MS),
2D diffusion-ordered spectroscopy (DOSY), UV−vis spectros-
copy, and fluorescence spectroscopy. In the 1H NMR spectrum
of 1, the peak corresponding to pyridyl proton H3a (from 8.54
to 8.57 ppm) displayed a downfield shift as compared to that of
the free ligand 3. The peaks for bipyridyl protons H4a (from
8.65 to 8.87 ppm) and H4b (from 8.34 to 8.41 ppm) showed
downfield shifts relative to those of Pt(II) acceptor 4 (Figure
2b), consistent with coordination of the N atoms to Pt
centers.8b Similarly, in the 1H NMR spectrum of 2, the peak for
pyridyl proton H3a (from 8.54 to 8.62 ppm) displayed a
downfield shift compared with that of free ligand 3 (Figure 2d).
Additionally, the 31P{1H} NMR spectrum of 2 exhibited a lone
singlet at −3.04 ppm, consistent with a single phosphorus
environment (Figure 2g). This peak was shifted upfield relative
to that of Pt(II) acceptor 5 by 7.98 ppm. The well-defined
signals in both the 1H NMR and 31P{1H} NMR spectra
supported the formation of discrete, highly symmetric species.
Electrospray ionization mass spectrometry (ESI-MS) pro-

vided strong evidence for the stoichiometry of formation of
triangular metallacycles 1 and 2. In the mass spectrum of 1,
three peaks were found that were consistent with the
assignment of a [3 + 3] assembly (Figures S8 and S9).
Among these were a peak at m/z 623.62 corresponding to an
intact [M − 5OTf]5+ core (Figure 3a). For metallacycle 2, two
such peaks were found (Figures S12 and S13), including a peak
at m/z 600.82 corresponding to an intact [M − 5OTf]5+ core
(Figure 3b). All of these peaks correspond to intact triangular
metallacycles that become charged resulting from the loss of
triflate counterions. Furthermore, the isotropic distributions
were all in good agreement with those predicted from
simulation. In a 2D diffusion-ordered spectroscopy (DOSY)
experiment, the observation of a single band supports the
formation of a single product (Figures S14 and S15). The
measured diffusion coefficients of metallacycles 1 and 2 were
found to be 4.23 × 10−10 and 4.31 × 10−10 m2/s, respectively.

Photophysical Studies. The UV−vis absorption spectra of
the BODIPY ligand 3 and triangular metallacycles 1 and 2 were
recorded in solvents with different polarities (Figures S21a,
S22a, and S23a). The spectra showed similar absorption bands
at around 556 nm, which was attributed to the π−π* transition
of the BODIPY moieties.8c

The fluorescence properties of the BODIPY ligand 3 and
triangular metallacycles 1 and 2 were also studied in a range of
solvents (Figures S21b, S22b, and S23b). Metallacycles 1 and 2
were highly fluorescent when excited at 365 nm and showed an
emission peak at ∼577 nm, originating from the BODIPY cores
(Figure 4). Both triangles showed small shifts in their emission

Figure 1. Crystal structure of 3: (a) side view; (b) top view. Hydrogen
atoms are omitted for clarity. Thermal ellipsoid is drawn at 50%
probability level. CCDC Number 1569252.
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maxima depending on the solvent used (Figure S24). Using
Rhodamine B (ΦF = 31% in water) as a standard,10 the
quantum yields (ΦF) of ligand 3 and triangular metallacycles 1
and 2 were determined in different solvents (Table S2).
Although some variation was observed, we note that in all cases
the emission quantum yields remained high. It has been
observed that if the Pt(II) nodes are too close to the BODIPY

cores, emission may be quenched, presumably due to the
heavy-metal effect that populates dark triplet states. Introducing
ethynyl spacers to move the Pt(II) centers further away has
been observed to limit the attenuation of quantum yield.8a

Cell Imaging and in Vitro Anticancer Treatment.
Nanoparticles (NPs) containing metallacycle 1 or 2 were
prepared through nanoprecipitation.5a Solution of these NPs of
1 or 2 exhibited a clear Tyndall effect (Figure S27 insets),
supporting the existence of nanoaggregates. Transmission
electron microscopy (TEM) and dynamic light scattering
(DLS) techniques were used to reveal the morphology and size
of these nanostructures. Solid spherical structures with an
average diameter of ∼40 nm formed from 1 were observed in
the TEM image (Figure S26a). In DLS experiment, a unimodal
peak distribution with an effective average hydrodynamic
diameter of 42 nm was observed (Figure S27a), in good
agreement with the result obtained from TEM experiments.
Metallacycle 2 also formed spherical aggregates with diameters

Scheme 1a

a(Left) Structures of 3−5 and self-assembled triangular metallacycles 1 and 2. (Right) Cartoon illustration of the cellular uptake of nanoparticles
prepared from 1 and 2.

Figure 2. (a−e) 1H NMR and (f,g) 31P{1H} NMR spectra
(acetonitrile-d3, 293 K) of free building blocks 4 (a), 3 (c), and 5
(e,f) and triangular metallacycles 1 (b) and 2 (d,g).

Figure 3. Experimental (red) and calculated (blue) ESI-MS spectra of
(a) 1 [M − 5OTf]5+ and (b) 2 [M − 5OTf]5+.
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of ∼45 nm (Figure S26b). Similar DLS experiment showed an
average diameter of ∼48 nm (Figure S27b), consistent with the
TEM measurements. Furthermore, the in vitro stability of the
nanoparticles was evaluated in phosphate-buffered saline (PBS)
containing 10% fetal bovine serum (FBS) at 37 °C. No obvious
size variations were observed over 20 h, confirming the
excellent stability of these NPs under physiological conditions
(Figure S28).
Confocal laser scanning microscopic (CLSM) and flow

cytometry (FCM) investigations were carried out to confirm
that the NPs containing the metallacycles 1 or 2 were
internalized by human cervical cancer cells (HeLa).5a Cells
were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) or fluorescein isothiocyanate (FITC)-labeled phalloi-
din to differentiate the nuclear or cytoplasmic region. As shown
in Figure 5, the HeLa cells exhibited strong intracellular
fluorescence after incubation with the NPs containing the
metallacycles 1 or 2 for 8 h. The amount of the NPs containing
the metallacycles 1 or 2 internalized by HeLa cells was
quantified by FCM (Figure S31). The mean fluorescence
intensity arising from 1 or 2 was much higher than that of the
BODIPY ligand 3 under the same conditions, indicating that
HeLa cells had a faster uptake rate and higher intracellular
accumulation after incubation with the NPs containing
metallacycle 1 or 2. For example, HeLa cells ingested about
four times the amount of the NPs containing metallacycle 1 or
2 than the BODIPY ligand 3 after incubation for 4 h. The
reason was that the cationic nature of the NPs was favorable for
the cellular internalization because the potential of cell
membrane is negative (Figures S29 and S30).11

Inductively coupled plasma optical emission spectrometry
(ICP-OES) was performed to determine the amounts of Pt
internalized by HeLa cells after incubation with metallacycles 1
and 2.12 The amounts of Pt in cells treated with both SCCs
continued to increase over 24 h (Figures 5m and S33). For 1,
the accumulation of Pt in HeLa cells was determined to be 653
ng/106 cells after 24 h incubation. For 2, the accumulation of Pt
in HeLa cells was determined to be 713 ng/106 cells after 24 h
incubation, which was much higher than that of free Pt(II)
acceptor 5 (274 ng/106 cells). These observations indicated
that the cellular uptakes of Pt complexes were improved by
formation of metallacycles.

The cytotoxicities of Pt(II) acceptors 4 and 5 and
metallacycles 1 and 2 against HeLa cells were evaluated by a
3-(4′,5′-dimethylthiazol-2′-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay with different concentrations (Figure 5n and
Table S3). Cisplatin was used as a standard drug in killing HeLa
cancer cells with the 50% growth inhibitory concentration
(IC50) value (0.81 μM). Metallacycle 1 displayed potent
cytotoxicity, with the IC50 value (6.41 μM) comparable to that
of free Pt(II) acceptor 4 (3.60 μM). For metallacycle 2, the
IC50 value was 2.11 μM, which was also comparable to that of
free Pt(II) acceptor 5 (1.76 μM). For United States Food and
Drug Administration (FDA)-approved platinum-based anti-
cancer drugs, such as cisplatin, carboplatin, and oxaliplatin, their
nonfluorescent nature becomes an obstacle for tracking the
processes of translocation, drug release, and excretion of
anticancer agents. The introduction of BODIPY into the SCCs
introduces a fluorophore which is absent from traditional Pt-
based drugs, thereby enabling fluorescence imaging-guided
cancer therapy.

In Vitro Photodynamic Therapy. Benefiting from their
easy modifications, low dark toxicities, high photostability,
sharp fluorescence emissions with high fluorescence quantum
yields, and high extinction coefficients, BODIPY derivatives are
ideal photodynamic agents for cancer PDT.13 The generation
of singlet oxygen (1O2) by the metallacycles was monitored by
using singlet oxygen sensor green (SOSG) as a probe with
highly selectivity for 1O2. The fluorescence of SOSG is silent in
its intact form while becomes much brighter after reaction with
1O2. As shown in Figures 6c and S34, the fluorescence emission
at 532 nm increased rapidly upon light irradiation, confirming

Figure 4. Fluorescence emission spectra of metallacycles 1 (a) and 2
(b) in different solvents (λex = 556 nm, c = 1.00 μM). Photographs of
1 (c) and 2 (d) under UV lamp at 365 nm in different solvents (c =
1.00 μM). DMSO, dimethylsulfoxide; DMF, dimethylformamide;
DMA, dimethylacetamide.

Figure 5. CLSM images of HeLa cells after incubation with the ligand
3 and metallacycles 1 and 2 for 8 h: (a,e,i) stained with DAPI
(nucleus); (b,f,j) stained with FITC (β-actin); (c,g,k) fluorescent
image; (d) merged image from (a), (b), and (c); (h) merged image
from (e), (f), and (g); (l) merged image from (i), (j), and (k). (m)
Quantitative analysis of the Pt amounts in HeLa cells after incubation
with metallacycles 1 and 2 for 1, 4, 8, and 24 h, respectively. (n)
Cytotoxicity of metallacycles 1 and 2 toward HeLa cells after 24 h
incubation.
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the successful generation of 1O2. Anthracene-9,10-dipropionic
acid disodium (ADPA) was employed as an indicator to further
demonstrate the singlet oxygen generation. Negligible changes
in ADPA absorption was observed for the metallacycles without
light irradiation, while a gradual decrease in ADPA absorption
occurred upon irradiation of the aqueous solution containing
the photosensitizers (Figures 6d and S35), an indication of
singlet oxygen generation. In comparison, the relative changes
in ADPA absorbance of BODIPY ligand 3 was slower than
those of the metallacycles (Figures 6e and S36), suggesting
better 1O2 generation ability by the formation of metallacycles.
To assess the intracellular 1O2 generation by these SCCs

after internalization, dichlorofluorescein diacetate (DCF-DA)
was chosen as an oxidant-sensitive fluorescent dye to detect the
formed reactive oxygen species, which rapidly oxidized DCF-
DA into highly fluorescent dichlorofluorescein (DCF). For the
cells cultured with the SCCs, strong green fluorescence signal
from DCF was monitored inside the cells upon light irradiation
(Figures 6a and S37a), which was indicative of efficient 1O2

generation. In contrast, the fluorescence signal related to DCF
significantly decreased by pretreating the cells with reactive
oxygen species scavenger vitamin C (50 μM) (Figures 6b and
S37b), further verifying the intracellular 1O2 production in the
presence of light irradiation.
Encouraged by these observations, we evaluated the

synergistic anticancer effect of these SCCs against HeLa cells.
The IC50 value of 3 was determined to be 4.88 μM upon light
irradiation (Figure 6f). Excitingly, the IC50 values of 1 and 2
were decreased to 0.95 and 0.37 μM, respectively. Compared
with these data, we knew that 2 exhibited better anticancer
efficacy, possibly arising from its higher cytotoxicity and more
internalization efficiency. The combination indexes (CI) were
calculated to be 0.56 and 0.48, respectively. The CI values are
much lower than 1, suggesting excellent synergistic effect is
achieved for the SCCs integrating PDT and chemotherapy.
Drug resistance, both inherent and acquired, is the main

reason for the failure of platium-based anticancer drugs, greatly
limiting their utility in cancer treatments. In order to enhance

Figure 6. CLSM images of HeLa cells after incubation with 2 and DCF-DA in the (a) absence and (b) presence of vitamin C. (c) Fluorescence
enhancement of a SOSG solution by 1O2 generated by 2. (d) UV−vis spectra of APDA in the presence of 2 upon light irradiation (400−700 nm, 50
mW/cm2) for different times. (e) Relative absorbance changes of APDA at 378 nm with 500 nM 2 or 3 in the light and dark. (f) Cytotoxicity of 2
and 3 against HeLa cells with light irradiation. (g) Cytotoxicity of different formulations against drug resistant A2780cis cells. (h) Flow cytometric
analysis of Annexin-V/PI dual-staining of HeLa cells after different treatments (I, 2; II, 5; III, cisplatin; IV, 3 + light; V, 3 + 5 + light; VI, 2 + light).
The concentration of the formulations was 1.00 μM.
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the anticancer efficacy, combination therapy is widely employed
to combat drug resistance by “collecting” the merits of different
therapeutic modalities. PDT using the generated 1O2 to incude
cell apoptosis/necosis by oxidating DNA/proteins inside cells,
is an ideal complementary treatment to chemotherapy, thus
realizing synergetic anticancer efficacy to overcome drug
resistance through a multipronged assault. From MTT assay
shown in Figure 6g, the IC50 values against drug resistant
A2780cis cells were measured to be 12.9, 14.2, 18.1, 6.09, 4.43,
and 0.76 μM for cisplatin, 5, 2, 3 + light, 3 + 5 + light, and 2 +
light, respectively. In vitro toxicity studies demonstrated that
the combination of PDT and chemotherapy (2 + light) was up
to 1 order of magnitude more potent than the chemotherapy
alone (2), and its cytotoxicity was around 9-fold higher than
that of the FDA-approved cisplatin, confirming the outstanding
anticancer efficacy against drug-resistant cancer cell. Compared
with the metallacycle, the anticancer efficacy decreased
effectively by simply mixing the chemotherapeutic and
photosensitizer upon light irradiation (3 + 5 + light) because
of its relatively low internalization and photodynamic effect,
which emphasized that the formation of metallacycle played a
vital role in enhancing its anticancer performance. Moreover,
the CI value of 2 + light was calculated to be 0.84, which
verified its remarkable synergistic effect.
In order to provide more information of the synergetic

efficacy of PDT and chemotherapy, Annexin-V FITC and
propidium iodide (PI) dual-staining assay was conducted to
quantitatively distinguish viable cells from dead cells by flow
cytometry. Due to their low anticancer efficacy against
A2780cis cells, chemotherapy alone (cisplatin, 5, or 2) rarely
induced cell apoptosis (Figure 6h). For PDT alone, a total of
26.7% A2780cis cells showed apoptosis/necrosis after irradi-
ation for 5 min with the power of 50 mW/cm2. Additionally,
the apoptotic/necrotic percentage increased to 33.6% for the
cells treated with the mixture of 3 and 5 followed by irradiation.
Notably, the population of apoptotic and necrotic cells treated
with 2 + light was 46.9%, much higher than the other
formulations, in good agreement with the results obtained from
MTT assay. Similarly, metallacycle 1 also exhibited superior
anticancer efficacy and synergistic effect against A2780cis cells
(Figures S38 and S39). Together, these studies demonstrated
that these metallacycles 1 and 2 exhibited potential applications
in imaging-guided cancer therapy, endowing the platinum-
based chemotherapeutic agents with diagnostic/imaging
capability, which could be used to trace their delivery, release,
and efficacy.

■ CONCLUSIONS
In summary, we report here the first examples of highly
emissive Pt(II) supramolecular triangles bearing a pyridine-
functionalized BODIPY ligand via coordination-driven self-
assembly for theranostic studies. The formation of two
triangular metallacycles was fully characterized by multinuclear
NMR (1H and 31P), ESI-MS, 2D DOSY, UV−vis spectroscopy,
and fluorescence spectroscopy. These triangles possessed
promising potential applications in cancer theranostics, in
which the platinum acceptors were toxic chemotherapeutics
and the BODIPY donor was imaging probe and photo-
sensitizer. In vitro studies demonstrated that the formation of
metallacycles improved their anticancer efficacy, and the
combination of PDT and chemotherapy showed excellent
synergistic effect. More importantly, these SCCs exhibited
superior anticancer outcomes against drug resistant A2780cis

cells integrating two different therapeutic modalities into the
supramolecular platforms. The self-assembled BODIPY-plati-
num supramolecular triangles provides a promising platform for
fluorescence imaging-guided cancer therapy.
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