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characteristic hallmarks of a type II ICD inducer.60 The
nanoparticles formed by Pt-NHC and BODIPY photo-
sensitizer via electrostatic interaction showed a strong immune
response in triple-negative breast cancer cells.61 PlatinER was
lately confirmed as a highly potent anticancer Pt(II) complex
by inducing ERS-mediated ICD.62 A Pt(IV) prodrug that
contains the histone deacetylase inhibitor can be easily
absorbed by cancer cells and induce strong immunogenic cell
death.63 Liang et al. synthesized a Pt(II) complex containing
an aminophosphonate ligand, which preferentially accumulated
in the endoplasmic reticulum and induced strong ER stress and
ROS generation, thereby inducing immune responses.64

Artoxplatin, a prodrug of oxaliplatin with two artesunate

molecules in the axial positions, was encapsulated by a
amphiphilic polymer to form cancer nanobombs, which
could amplify the ICD effect, facilitate DC maturation, and
finally elicit robust antitumor immunity.65 Nanoparticles based
on an oxaliplatin-functionalized polymeric chain, an AIE
photosensitizer, and cancerous tissue-targeting peptides R8K
presented a multimodal treatment by chemotherapy and
photodynamic immunotherapy.66

Herein, we first synthesized two chiral SPINOL-derived
Pt(II) metallacycles 1 and 2 via coordination-driven self-
assembly. The structures were well characterized by 1H NMR,
31P{1H} NMR, ESI-TOF-MS, and single X-ray crystallography
diffraction. We also studied their photophysical properties by

Scheme 1. Formation of Chiral Pt(II) Metallacycles 1 and 2 via Coordination-Driven Self-Assembly

Figure 1. (a) 31P{1H} NMR spectra of 90°Pt and metallacycle 1. (b) Partial 1H NMR spectra of (R)-L1 and metallacycle 1 (400 MHz,
dichloromethane-d2, 298 K). (c) Calculated (blue) and experimental (green) ESI-TOF-MS spectra of metallacycle 1.
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UV−vis absorption, fluorescence, and circular dichroism (CD)
spectroscopies. Platinum-based metallacycles have been well
employed as anticancer agents owing to their superior tumor
antiproliferation effect;43 thus, antitumor properties of two
chiral metallacycles in vitro were further investigated.
Complexes 1 and 2 exhibited strong cytotoxicity toward
A549 cells. The mitochondrial dysfunction, decrease in
intracellular GSH/GSSG level, and inactivation of SOD led
to the massive production of ROS together. The overloaded
ROS then triggered apoptotic cell death and immunogenic cell
death, which was confirmed by the detection of typical
hallmarks of ICD. To the best of our knowledge, this is the first
example of Pt(II)-based metallacycles that can induce
immunogenic cell death.

2. RESULTS AND DISCUSSION
2.1. Preparation and Characterization. As shown in

Scheme S1, the 6,6′-dipyridyl substituted chiral donors (R)-L1
and (S)-L1 were synthesized in four steps from commercially
available (R)-SPINOL and (S)-SPINOL with a total yield of
51%. The prepared (R)-L1 and (S)-L1 were proven to be
enantiomerically pure by chiral HPLC analysis (Figure S7).
Enantiotropic metallacycles 1 and 2 were obtained in over 90%
yields via a two-component coordination-driven self-assembly
strategy by stirring the chiral ligands (R)-L1 and (S)-L1 with
the cis-Pt(PEt3)2(OTf)2 (90°Pt) in a molar ratio of 1:1 in
acetone44 (Scheme 1). The formation of chiral metallacycles
was confirmed by multinuclear NMR spectroscopy (1H NMR
and 31P{1H} NMR), electrospray ionization time-of-flight mass
spectroscopy (ESI-TOF-MS), and X-ray crystallography

diffraction. Here, metallacycle 1 was selected for discussion.
As depicted in Figures 1a, the 31P{1H} NMR spectra of 90°Pt
displayed a sharp single peak with two concomitant 195Pt
satellites at d = 21.46 and −1.80 ppm. For metallacycle 1, two
concomitant 195Pt satellites are at d = 8.26 and −10.76 ppm,
revealing the formation of a discrete, charge-separated
metallacycle. After the formation of chiral metallacycles, the
signals in the 31P{1H} NMR spectra of 1 shifted upfield by
approximately 11.09 ppm compared with that of 90°Pt. The
coupling constant (JPt−P) of the 195Pt satellites was determined
to be 3792.8 Hz for metallacycle 1. In the 1H NMR spectra
(Figure 1b), the peaks of protons on the pyridyl groups shifted
downfield, indicating a decrease in electron density of the
pyridine upon coordination with the Pt(II) center. Addition-
ally, the peaks of the pyridinyl protons splintered significantly.
The correlation and spatial distance between protons were
analyzed by 1H−1H NOESY and 1H−1H COSY NMR, and the
protons were assigned accordingly (Figure 1b and Figures S9
and S10). The ESI-TOF-MS spectra of 1 show peaks at m/z =
418.6689, 608.1895, and 986.2244, corresponding to the [M-
4OTf−]4+, [M-3OTf−]3+, and [M-2OTf−]2+ species (Figure
1c), which were in good agreement with the calculated
theoretical values.

2.2. X-ray Crystal Analysis. The structure of metallacycle
1 in its crystalline form was characterized by X-ray
crystallography diffraction. Transparent crystals of 1 suitable
for crystallographic analysis were successfully obtained by
diffusion of diethyl ether into the acetone solution of 1 at −20
°C. The X-ray crystal structures of 1 are shown in Figure 2, and
the relevant data are listed in Tables S1 and S2. The crystal

Figure 2. (a) Single-crystal structure of metallacycle 1. (b) Intramolecular interaction of metallacycle 1. (c) Intermolecular interaction of
metallacycle 1. (Counterions and solvent molecules are omitted for clarity.)
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phase of 1 was orthorhombic with a P2(1)2(1)2(1) space
group. As shown in Scheme 1 and Figure 2a, metallacycle 1
was formed via coordination of two (R)-L1 ligands with 90°Pt
acceptors with an average Pt···Pt separation of about 11.8 Å,
which was balanced by OTf− anions. The metallacycles were in
a folded state with the N−Pt−N bite angles of 82.3 ± 0.1°, and
four coordinated atoms (N, N, P, and P) around the Pt atom
adopted a nearly square-planar geometry. Extensive intra-
molecular CH···π interactions were found between the
methylene of the triethylphosphine moiety and pyridyl
(3.02−3.32 Å) (Figure 2b). 1 also interacted with the
neighboring metallacycle through CH···π interactions, such
as the interaction between the cyclopentyl and pyridyl of
adjacent cycles (2.93−3.41 Å) (Figure 2c).

2.3. Photophysical Properties. The photophysical
properties of two chiral metallacycles 1 and 2, as well as
ligands (R)-L1 and (S)-L1, were investigated by UV−vis
absorption, fluorescence spectroscopy, and CD experiments
(Figure 3). (R)-L1 and (S)-L1 showed strong UV absorption
bands at around 260 and 293 nm. Compared with the
absorption of ligands, the absorption of two metallacycles was
red-shifted by 30 nm, which could be attributed to the metal
coordination. 1 and 2 exhibited broad emission spectra with a
peak at 432 nm. Similarly, the emission of these metallacycles

was significantly red-shifted compared to those of the
corresponding ligands upon the formation of metallacycles.
As depicted in Figure 3c,d, the CD spectra of chiral ligands and
metallacycles in dilute dichloromethane solution presented a
good mirror-image relationship with alternating positive and
negative Cotton effects from 230 to 450 nm, which were
consistent with their UV−vis absorption spectra. Compared
with the CD signals of chiral ligands, the CD spectra of
metallacycles showed a new lower energy CD signal at ∼330
nm, which might be attributed to ligand-to-Pt(II) charge
transfer and were also evidence for the formation of 1 and 2.30

The enhanced CD signals for the metallacycles were consistent
with the presence of multiple ligands in chiral metal−organic
complexes.

2.4. In Vitro antiproliferation Activity. The antiprolifer-
ative activity of 90°Pt, (R)-L1, (S)-L1, 1, and 2, as well as
cisplatin (CDDP, positive control), was evaluated against A549
human nonsmall cell lung cancer cells, MG63 human
osteosarcoma cells, SiHa human cervical squamous cell
carcinoma cells, and MRC-5 human embryonic lung fibroblasts
using Cell Counting Kit-8 (CCK-8) assay. It was found that
chiral ligands showed little cytotoxicity toward all of the cell
lines tested, and 90°Pt showed low cytotoxicity against A549
and MG63 cell lines. However, enhanced cytotoxicity was

Figure 3. (a) UV−vis absorption and (b) fluorescence spectra of 90°Pt, (R)-L1, (S)-L1, 1, and 2. (c) CD spectra of (R)-L1 and (S)-L1. (d) CD
spectra of 1 and 2 (dichloromethane, 2 × 10−5 M).

Table 1. IC50 Values (μM) of 90°Pt, (R)-L1, (S)-L1, 1, 2, and Cisplatina

IC50(μM) A549 MG63 SiHa MRC-5

90°Pt 41.30 ± 2.17 31.04 ± 4.90 91.64 ± 6.61 98.57 ± 4.01
(R)-L1 >100 >100 >100 >100
(S)-L1 >100 >100 >100 >100
1 4.91 ± 0.41 7.58 ± 0.08 29.67 ± 2.20 30.33 ± 1.67
2 4.73 ± 0.45 5.61 ± 0.32 26.42 ± 1.09 24.22 ± 1.67
cisplatin 11.74 ± 2.67 27.62 ± 7.39 11.99 ± 0.65 11.50 ± 2.05

aCell viability was measured by CCK8 assay after 48 h incubation with different complexes.
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observed once 90°Pt and chiral ligands self-assembled into
metallacycles, especially for A549 and MG63 cell lines. The
two mirror isomers of chiral drugs may have markedly different

biological activities, while there was no significant difference in
the cytotoxicity of metallacycles 1 and 2. Metallacycle 1
exhibited the strongest inhibition against A549 cells with an

Figure 4. Mechanism analysis and ICD detection. (a) Flow cytometry analysis of ROS production of A549 cells after treatments for 24 h. (b)
Intracellular SOD activity of A549 cells treated with PBS (control), CDDP, 1, and 2. (c) Intracellular GSH/GSSG level of A549 cells after
treatment with PBS, CDDP, 1, and 2. (d) Mitochondrial membrane potential imaging of A549 cells with treatments via JC-1 staining. Red
represents hyperpolarization, and green represents depolarization of the mitochondrial membrane potential; scale bars: 20 μm. (e) Apoptosis
detection of A549 cells treated with PBS, CDDP, 1, and 2. (f) Immunofluorescence verification of calreticulin translocation to the cell membrane of
A549 cells treated with PBS, OXA, 1, and 2; scale bar: 5 μm. (g) Immunofluorescence verification of HMGB1 release from the nucleus of the A549
cells treated with PBS, OXA, 1, and 2; scale bar: 5 μm. (h) Level of secreted ATP in the medium supernatant of A549 cells treated with PBS, OXA,
1, and 2 for 24 h. (i) Flow cytometry analysis of CRT-positive cells after treatments with PBS, OXA, 1, and 2. (j) Quantitative examination of
released HMGB1 in the medium after treatments with PBS, OXA, 1, and 2 by ELISA for 24 h. Values are expressed as the mean ± SD of triplicate
measurements (*p < 0.05, **p < 0.01, and ***p < 0.001).
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IC50 value of 4.7 μM, which was much lower than that of
cisplatin (ca. 11.7 μM). Notably, it was almost nontoxic to the
normal cell line MRC-5 at a low concentration, indicating the
superior selectivity of 1 and 2 toward cancer cells (Table 1 and
Figure S12). 1 and 2 showed greater cytotoxicity than their
precursors (R)-L1 and (S)-L1, possibly due to their better cell
internalization ability, which was caused by the interaction
between the positive charges of metallacycles and the negative
charges on the cytomembrane.3

2.5. Cellular Uptake and Distribution. For the high
anticancer efficiency of platinum metallacycles in A549 cells,
we then investigated the intracellular uptake and subcellular
distribution of CDDP, 1, and 2 in A549 cells through
inductively coupled plasma mass spectrometry (ICP-MS). As
displayed, the intracellular uptake of 1 and 2 in A549 cells was
relatively low within 12 h (Figure S13). After treatment for 24
h, the total Pt content in metallacycle-treated A549 cells was
slightly lower than that of cisplatin. However, the low uptake of
Pt did not affect the activity of metallacycles toward A549
cancer cells. Also, DNA damage caused by metallacycles can
also be confirmed via the interaction with pUC-19 plasmid
DNA in vitro (Figure S14). Further, the subcellular distribution
of 1 was mainly in the mitochondria, while a small amount was
distributed in the nucleus and endoplasmic reticulum (Table
S4), which indicated that metallacycles might inhibit cell
proliferation by inducing mitochondrial dysfunction.

2.6. Mitochondrial Membrane Potential (MMP, ΔΨm)
Detection. A large amount of accumulation of 1 and 2 in
mitochondria may cause mitochondrial dysfunction and lead to
cell apoptosis for the crucial role of mitochondria in possessing
essential physiological functions.67,68 We then detected the
mitochondrial membrane potential (MMP, ΔΨm) using JC-1
staining. As indicated in Figure 4d, the green-to-red
fluorescence (G/R) ratio is about 0.87 in the control group,
while the G/R ratios turned out to be 4.95 and 3.65 in cells
treated with 1 and 2 for 24 h, respectively. The G/R ratio
increase indicated the depolarization of the mitochondria and
mitochondrial dysfunction, which might contribute to the final
cancer cell death. The following apoptosis detection confirmed
the apoptotic cell death induced by 1 and 2 via annexin V/
propidium iodide (AV/PI) costaining assay (Figure 4e).

2.7. Intramolecular ROS Production. Mitochondria are
considered to be the primary site of endogenous ROS
production, and mitochondrial damage directly results in the
accumulation of ROS.67,68 The intracellular ROS level was
then determined by the classic ROS probe 2,7-dichlorodihy-
dro-fluorescein diacetate (DCFH-DA). As shown in Figure 4a
and Figure S15, the intracellular ROS level increased after
treatment with 1 and 2 for 12 h, and the accumulation of ROS
was particularly obvious in the 24 h experimental group.
Meanwhile, no ROS accumulation can be observed in cells
treated with 90°Pt or chiral ligands. Furthermore, cellular
imaging via DCFH-DA and MitoTracker Red staining revealed
that mitochondria are the subcellular location of ROS
production (Figure S16). In addition, the intracellular
glutathione (GSH)/glutathione disulfide (GSSG) and super-
oxide dismutase (SOD) activities were reduced by metalla-
cycles (Figure 4b,c). These decrease in GSH/GSSG levels and
SOD activity weakened scavenging capability to ROS, further
leading to the accumulation of intracellular ROS.

2.8. Release of ICD-Associated DAMPs. Considering the
subcellular distribution of metallacycles in the endoplasmic
reticulum (ER, Table S4) and the massive accumulation of

ROS, we next speculated that ROS-mediated ER stress was
most likely stimulated by metallacycles in cancer cells. As
cancer cells may respond to ROS-mediated ER stress by
releasing a combination of damage-associated molecular
patterns (DAMPs) from dying cancer cells as “danger” signals,
which are subsequently recognized by respective pattern
recognition receptors and further active intracellular ICD
pathways,69 we next detected the possible release of DAMPs in
dying cancer cells. As a known platinum-based ICD inducer,
oxaliplatin was selected as a positive control drug for ICD
detection. A representative hallmark of ICD is the exposure of
calreticulin (CRT), which is a Ca2+-binding chaperon protein
present in the ER lumen and translocates to the plasma
membrane during early apoptosis and serves as an “eat-me”
signal.69 First, the translocation of CRT from the ER lumen to
the cell membrane in the OXA, 1, and 2 treatment groups
could be observed via immunofluorescence analysis, and 1 and
2 induced a higher CRT expression than the OXA by flow
cytometry assay (Figure 4f,i). In addition, after metallacycle
treatment, the secretion of extracellular ATP increased 5-fold
when compared with the control group (Figure 4h). The efflux
of high mobility group box 1 protein (HMGB1) from the
nucleus, another critical indicator of ICD, was also monitored
via immunofluorescence analysis. As shown in Figure 4g, in
nontreated A549 cells, HMGB1 protein was mainly located in
the nucleus, and after the treatment of metallacycles, most of
the nuclear HMGB1 protein migrated to the cytoplasm. The
released HMGB1 in the medium was also quantified by the
enzyme-linked immunosorbent assay (ELISA). As clearly
indicated in Figure 4j, the release of HMGB1 induced by 1
and 2 was much higher than that of OXA. Altogether, the
translocation and exposure of CRT, the secretion of ATP, and
the release of HMGB1 confirmed the immunogenic cell death
induced by metallacycles. Notably, this ICD effect was more
evident than the reported oxaliplatin as an ICD inducer.

3. CONCLUSIONS
In summary, two chiral metallacycles based on SPINOL
derivatives were constructed via coordination-driven self-
assembly. Their structures were well characterized by 1H
NMR, 31P{1H} NMR, ESI-TOF-MS, and X-ray crystallog-
raphy, and the photophysical properties were investigated by
multiple spectroscopies. The antitumor properties of two
metallacycles in vitro were tested and confirmed to be stronger
type I ICD inducers than oxaliplatin. The accumulation of
these two metallacycles in mitochondria and the inhibition of
the GSH/GSSG level and the inactivation of SOD led to
massive accumulation of ROS. The overloaded ROS then
triggered apoptotic cell death and immunogenic cell death,
which was confirmed by the hallmarks of translocation of CRT,
the release of ATP, and migration of HMGB1 in A549 cancer
cells. This study first developed a pair of chiral dinuclear Pt(II)
metallacycles as effective ICD inducers, which represented a
great attempt for the exploration of immune-modulated Pt(II)
complexes, providing a new structure-design strategy for future
immune-modulating platinum agents in cancer therapy.
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