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Small molecule metal-based drugs have shown great achievements in preclinical and clinical applications.
In particular, platinum based antitumor drugs are well established in current cancer chemotherapy.
However, they face problems such as poor selectivity, severe toxicity and side effects, strong drug resis-
tance, poor uptake/retention in vivo, and difficulty in monitoring the therapeutic effect in real time, which
largely limit their widespread use in clinical applications. The metallacycles/metallacages formed by the
coordination-driven self-assembly of highly emitting ligands can solve the above problems. Importantly,
acceptors with chemotherapeutic properties in the metallacycles/metallacages can be combined with
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luminescent ligands to achieve a combination of chemotherapy, imaging contrast agents and multifunc-
tional therapeutic platforms. Here, this review provides an insight into the paradigm of self-assembled
metallacycles/metallacages in biological applications, from mono-chemotherapeutic drugs to excellent
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1. Introduction

According to the statistics of the International Agency for
Research on Cancer, in 2020, there were about 19.3 million
new cancer cases and about 10 million malignant tumor
deaths in the world." Chemotherapy is one of the main
options for cancer patients and is widely used in clinical trials.
It has achieved great success in inhibiting tumor growth, redu-
cing tumor recurrence, and inhibiting cancer metastasis.”
Platinum-based chemotherapeutics are the solely viable
metal-based chemotherapeutics currently used in clinics for
tumor ablation and can be used as templates for the develop-
ment of new metal-based anticancer drugs.® Actually, all com-
mercially available platinum-based metal drugs employ the
mechanism of cisplatin, which forms covalent bonds with
DNA, with the aim of resisting the DNA repair system to acti-
vate tumor cell death mechanisms.* However, these drugs also
suffer from serious adverse reactions and high drug resistance,
such as nephrotoxicity, peripheral neurotoxicity, myelopathy
and intense alopecia.’ Scientists have explored a variety of
approaches to address these issues; for example, ruthenium
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fluorescent imaging contrast agents and multifunctional therapeutic platforms.

complexes with anticancer activity were preferred, as they have
variable oxidation states, similar ligand exchange kinetics to Pt
and similar biomolecule binding modes to Fe in physiological
environments, which endow them with high antitumor
activity, the ability to reduce metastasis, and generally low sys-
temic toxicity.® In addition, the synthesis of metal prodrugs,”
the preparation of targeted drug molecules,® and the search
for more appropriate metal receptors’ have been of great
benefit in addressing these issues. Nonetheless, these small
molecule drugs still face poor uptake/retention in organisms
and monitoring their therapeutic effect in real time is difficult,
which greatly compromise the therapeutic efficiency of chemo-
therapeutic drugs. Fortunately, coordinated self-assembly
strategies based on organic ligands and metal receptors may
be able to address these challenges.

Based on coordination driven self-assembly between Lewis
basic organic donors and Lewis acidic metal acceptors, dis-
crete supramolecular coordination complexes (SCCs) with
various sizes and shapes have been well constructed.'
Compared to the corresponding small-molecule precursors,
the large metallacycle/metallacage structure of SCCs enhanced
their cellular uptake and retention and allowed for high
affinity binding to biomolecules. Besides, they even enabled
access to new functions that were not available with individual
molecular components.™ In addition, with the introduction of
ligands with good luminescence properties, the metallacycles/
metallacages can lead to spatio-temporally controllable
metal chemotherapeutic drugs for diagnosis and treatment

This journal is © The Royal Society of Chemistry 2022
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integration. The self-assembly between ligands and acceptors
will also greatly improve the photophysical properties of
ligands, such as the inhibition of n-r stacking of organic
ligands and the bathochromic shift of the wavelength of
ligands, which effectively improved the fluorescence imaging
performance of metallacycles/metallacages.'> More impor-
tantly, some luminescent ligands can initiate photodynamic
therapy and photothermal therapy under irradiation with
specific light, which is a kind of treatment modality not
limited by radiation or chemotherapy resistance and can be a
potential therapeutic modality for localized cancers, such as
oropharyngeal cervical cancer and esophageal
cancer.”

However, due to the resistance of intratumoral hypoxia to
photodynamic therapy and the overexpression of heat shock
proteins in cancer cells during photodynamic therapy, the
efficiency of phototherapy is low.'* Fortunately, the advantages
such as metal ion-promoted conversion of the ligand singlet to
triplet state, the appropriate ligand-to-metal energy transfer,
and the inhibition of intramolecular motion of the organic
backbone in the rigid framework can be used to solve the pro-
blems in phototherapy.'® The platform of integrating accurate
imaging, phototherapy and chemotherapy with metallacycles/
metallacages provided researchers with novel ideas in cancer
diagnosis and treatment. Here, this review provides an insight
into the paradigm of self-assembled metallacycles/metalla-
cages in biological applications, from mono-chemotherapeutic
drugs to excellent fluorescent imaging contrast agents and
multifunctional therapeutic platforms.

cancer,

2. Application of metallacycles/
metallacages in tumor imaging and
treatment

In the classical metal drug-based therapy, anticancer drugs
directly targeted DNA according to the cisplatin pattern,
forming intra- and inter-strand crosslinks and finally trigger-
ing cell death. Efforts have been made to design highly tar-
geted drug delivery systems to counteract the high systemic
toxicity of metal-based anticancer drugs. In 2018, Yang et al.
reported that the Pt(iv) precursor drug macrocycle 1 (Fig. 1A)
had an extremely low half-inhibitory concentration (IC5, = 0.87
+ 0.13 pM) on A549 cells and showed that compound 1 could
easily enter cancer cells and release cisplatin to damage DNA
and trigger apoptosis for cancer cell inhibition.’® Chi et al.
carried out a more in-depth study, and they reported that the
cobalt-ruthenium heterometallic rectangular molecules 2-4
(Fig. 1B), which were formed from a new ditopic cobalt sand-
wich ligand and a class of p-cymene ruthenium(u) acceptors
effectively achieved the anticancer effect by inducing apoptosis
and autophagy of human cancer cells.'” In 2018, Stang’s group
used a [Ru(u)(2,2-bipyridine);]*" derivative and Pt-based
quaternary ammonium salt and rationally constructed a new
two-photon treatment mode Pt-Ru photosensitizer 5 (Fig. 1C),

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Structure of metallacycle 1; (B) structures of metallacycles
2-4; (C) structure of metallacycle 5; (D) the tumor inhibition of 5 + light
and control groups; the figure adapted from ref. 18 with permission
from the National Academy of Sciences, Copyright 2018.

which can effectively generate 'O, under light excitation. Its
highly charged nature endowed the macrocycle 5 with the
ability to accelerate its internalization, selectively accumulate
in the mitochondria and nucleus'® and finally effectively
trigger cancer cell death. This approach can achieve a higher
tumor inhibition rate in combination with chemotherapy
(Fig. 1D).

However, due to the fuzzy boundary and easy metastasis of
malignant tumors, although the prepared metal-organic
macrocycles have excellent anti-cancer effects in in vitro experi-
ments, the introduction of ligands with better imaging capa-
bility is required to effectively facilitate the precise localization
in tumors for successful tumor resection. In general, tra-
ditional organic fluorophores with a better fluorescence
quantum yield can be introduced into the metal-organic
macrocyclic framework for a better imaging effect.

The traditional aggregation-induced emission molecule
tetraphenylethylene (TPE) has excellent imaging properties in
the aggregated state, but it is difficult for metal complexes
with only TPE in the structure to change the wavelength too
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much. Both difluoroboron dipyrromethenes (BODIPY) and
porphyrin have the advantages of large conjugated planes,
high quantum yield, etc., and are photodynamic and photo-
thermal therapy candidates, but severe n-n stacking and low
water solubility limit their use in biological applications. With
regard to these organic light-emitting ligands, in general, after
delicate modification by researchers, unexpected results may
be achieved. Here, we mainly discuss fluorescent imaging
metal-organic macrocycles/cages with TPE, porphyrin and
BODIPY as ligands.

2.1. TPE-based metallacycles/metallacages for cancer
imaging and therapy

TPE was first synthesized by Boissieu and coworkers in 1888,
and it was an excellent aggregation-induced emission agent
(AlEgen)."®*° The fluorescence signal of AIE probes is only
generated when their intermolecular rotation is restricted or
aggregates are formed; thus they have excellent resistance to
photobleaching, as well as superior photostability and high
signal reliability.”’ In addition, AIEgen luminescent probes
have a high signal-to-noise ratio, which make them particu-
larly attractive for continuous visualization of biological pro-
cesses that do not require repeated cleaning.”> Yang’s group
synthesized the discrete TPE-metal platinum macrocycle 6
(Fig. 2A) for bioimaging. Amphiphilic species (NIPAAM) were
modified on the metal macrocyclic skeleton,® and the
obtained super amphiphilic metal-organic species can self-
assemble into fluorescent nanoparticles in  water.
Furthermore, the good AIE properties and biocompatibility of
this metal macrocycle allowed its excellent imaging perform-
ance in cancer cells (Fig. 2B).

The combination of diagnostic ability and treatment activity
in a treatment platform aims at improving the efficiency of
cancer treatment. Stang et al. constructed a metallacage 7
(Fig. 2C), which integrated imaging and treatment by unifying
self-assembly, coordination chemistry and supramolecular
chemistry.>* By incorporating TPE into the components of the
self-assembled quadrilateral metal frame, nanoparticles
(7-NPs) with a diameter of 35 nm were prepared through
encapsulation with a mixture of mPEG-DSPE and biotin-PEG-
DSPE. The EPR effect and active targeting enabled the 7-NPs to
accumulate in HeLa cells and HepG2 cellswith excellent cell
imaging ability. The intense fluorescence of 7-NPs enabled
imaging techniques to monitor the pharmacokinetics of HeLa
tumor mice. The 7-NPs efficiently accumulated at the tumor
site with their signal persisting even for 24 hours after a single
injection (Fig. 2D). Compared with free platinum anticancer
drugs (oxaliplatin, carboplatin and cisplatin), 7-NPs had
higher antitumor efficacy (Fig. 2E) and lower systemic toxicity.

Compared with the macrocycle containing only TPE fluoro-
phores in the skeleton, the introduction of long wavelength
organic ligands in the macrocycle skeleton is more propitious
to perform imaging in vivo. Mao et al. developed a therapeutic
metallacycle 8 (Fig. 3A) for image-guided cancer radio-
chemotherapy, and it has a long wavelength perylene bisimide
fluorophore (PPy) and metal-organic precursor (TPE-Pt) as
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Fig. 2 (A) Structure of Pt(n) metallacycle 6; (B) CLSM of BMSC cells
incubated with metallacycle 6 for 6 h; the cell cytoskeleton was stained
for the actin filament using Alexa Fluor 568 phalloidin (red), the cell
nucleus was stained using DAPI (blue), and green fluorescence indicates
the presence of 6 (scale bar = 50 uym), the figure adapted from ref. 23
with permission from the Royal Society of Chemistry, Copyright 2017;
(C) structure of Pt(1) metallacage 7; (D) in vivo fluorescence imaging of
mice following i.v. injection of 7 at different times; (E) tumor growth
inhibition curves for different treatment methods on the Hela tumor
model; the figure adapted from ref. 24 with permission from the
National Academy of Sciences, Copyright 2016.

(A) LR = @

nE

wa
TPEPt

—~

RGD-POEGMA-b-PAZMB

D)

12h

~— Cisplatin + X-Ray
+— MNPs + X-Ray
+—X-Ray e

g

MNPs
~— Cisplatin
PBS

Tumor volume/mm®
g

Fig. 3 (A) Structure of metallacycle 8; (B) CLSM images of A2780 cells
treated with 8 for 4 h, scale bar: 25 pm; (C) in vivo fluorescence imaging
of macrocycle 8 at different times and the organ distribution of drugs;
(D) tumor inhibition of 8-MNPs and different control groups; the figure
adapted from ref. 25 with permission from Wiley, Copyright 2022.

components.>® The formation of this discrete supramolecular
coordination complex facilitated the encapsulation of 8 by
glutathione (GSH)-reactive amphiphilic block copolymers,

This journal is © The Royal Society of Chemistry 2022
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resulting in the preparation of 8-loaded nanoparticles (MNPs).
The near-infrared emission of PPy was used to detect the intra-
cellular transport and tissue distribution of MNPs in real time
(Fig. 3B). In vitro and in vivo studies showed that the combi-
nation of chemotherapy and radiotherapy had excellent anti-
cancer effects. The administration of this nanodrug effectively
inhibited tumor growth and greatly prolonged the survival of
mice with cisplatin-resistant A2780cis tumors. Precise radio-
chemotherapy guided by in vivo fluorescence imaging (Fig. 3C)
facilitated improved treatment outcomes (Fig. 3D) and mini-
mized unwanted side effects.

2.2. Porphyrin-based metallacycles/metallacages for cancer
imaging and therapy

Compared with TPE, porphyrin, which can be used as a func-
tional group by itself, seems to have more advantages. As first-
generation photosensitizers developed in the early 1980s,
porphyrins are a class of macrocyclic pigments composed of
four pyrroles and have broad absorption bands, the ability to
chelate metal ions, and the function of photosensitizers. Their
application has been expanded to the field of disease treat-
ment and imaging.”® However, the large m-conjugation of
planar porphyrins always suffers from severe mn-n stacking,
resulting in significant quenching of excited states and thus a
decrease in the quantum yield (QY) of 'O, production, which
limits porphyrins in terms of imaging and photodynamic
therapy applications. The metal-organic macrocycles/cages
formed by a synergistic self-assembly strategy with metal recep-
tors can effectively solve the above problems.

In photodynamic therapy, although reactive oxygen species
can achieve efficient and drug-resistant tumor tissue ablation,
non-specific light damage to normal tissues by ROS is still un-
avoidable. Therefore, designing photosensitizers that can
specifically respond in tumor tissues and realize accurate non-
invasive spatiotemporal control of ROS, to some extent, can
effectively reduce the side effects of ROS and improve the
therapeutic efficiency of PDT. In 2019, Yang’s group success-
fully constructed a supramolecular system 9 (Fig. 4A) with the
ability to reversibly control the generation of '0,.”” By incor-
porating porphyrin and diolefin groups into the ligand-driven
self-assembled building blocks of the metallacycle, the excel-
lent photoisomerization properties of the diolefin allowed the
resulting metallacycle to act as a supramolecular switch to
fine-tune the generation efficiency of 'O,. In vivo studies
showed that the ring-opened form of O-NPs significantly
generated phototoxicity to tumors under light, while the ring-
closed form of C-NPs only slightly inhibited the growth of
tumors.

Hypoxia has been a major obstacle in tumor imaging and
treatment. So far, there have been mainly two methods for
hypoxia imaging. One is the detection method of nitroreduc-
tase and azoreductase with irreversible emission of probes,
and the other is the dynamic emission of phosphorescent
probes with changes in O, concentration. Stang and Huang
have prepared a dual-emitting metallacage 10 (Fig. 4B) with
blue fluorescence and red phosphorescence, to which different

This journal is © The Royal Society of Chemistry 2022

View Article Online

Perspective
(A) Vo
%
{; :I _ Open State
P on state
e s o
’ ki L mPEG-DSPE ‘; g
):H‘ e T et "0,
Self-assembly *0,
_ photosensitizer ~ 9-NPs
= S photoswitch >\ 15
s UI Dl »

off state
¥ e
EV mPEG-DSPE § "x I()2
h)\ Tseltassembly M

Closed State

{

Time (h)

Fig. 4 (A) Structure of metallacycle 9 and the mechanism of the con-
trollable O, production, the figure adapted from ref. 27 with permission
from the American Chemical Society, Copyright 2019; (B) structure of
metallacycle 10; (C) CLSM images of cells stained with Syto and 10-
MNPs under normoxic or hypoxic conditions; (D) plasma platinum con-
centration versus time after injection of cPt and 10-MNPs; (E) in vivo flu-
orescence imaging at different times of 10-MNPs; the figure adapted
from ref. 28 with permission from Wiley, Copyright 2020.

ligands can bind and it has dual-emitting ability.>® Under

hypoxia, the red phosphorescence was enhanced nearly
48-fold, while the blue fluorescence emission did not change
significantly (Fig. 4C). After the formation of nanoparticles by
amphiphilic chain self-assembly, the metal macrocycle showed
gradually increased red phosphorescence with the reduction of
oxygen. In vitro studies have demonstrated a phosphorescence
and fluorescence ratio change with the oxygen concentration.
Likewise, in vivo experiments have shown its better tumor
accumulation ability, circulation half-life (Fig. 4D), imaging
performance (Fig. 4E), and therapeutic performance. The high
sensitivity, stability and anti-tumor ability of this hypoxia
imaging chemotherapeutic drug have given it potential appli-
cation value.

For high-precision tumor imaging, the use of multiple
imaging modalities together often results in better therapeutic
effects. Positron emission tomography (PET) has the advan-
tages of high sensitivity and unlimited penetration depth,
while magnetic resonance imaging (MRI) has high resolution.
These two imaging techniques are often used together due to
their better complementarity.”® Chen et al. prepared a complex
porphyrin-based metallacage 11 (Fig. 5A) from a porphyrin
derivative,*® terephthalic acid and 90° platinum using a multi-
component ligand-driven self-assembly strategy. In vitro
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Fig. 5 (A) Structure of metallacycle 11; (B) the use of 11 for in vivo NIR/
PET/MRI multimodal imaging of tumor-bearing nude mice; (C) plasma
platinum concentration versus time after injection of cPt and 11-MNPs;
(D) tumor volume inhibition in different control groups and those
treated with 11-NPs; the figure is adapted from ref. 30 with permission
from Springer Nature, Copyright 2018.

studies showed that 11-NPs can target avp3 integrin receptor-
overexpressing cells and were then taken up by cells and even-
tually trapped in lysosomes, with excellent ROS generation
capacity under 671 nm laser irradiation. Pt coordinated with
N7 atoms on purine bases to form intra- and inter-strand
crosslinks on DNA and PDT oxidized DNA or protein in cells,
which significantly increased the cell death rate to 95.6%. In
addition to in vivo fluorescence imaging, 11-NPs can also act
as contrast agents in MRI or PET after chelating Mn** or **Cu
ions, and multimodal imaging can enable comprehensive
diagnosis of cancer (Fig. 5B). After a single-dose injection into
tumor model mice, 11-NPs showed high tumor enrichment
and a long blood circulation half-life (Fig. 5C). Moreover,
owing to synergistic photochemotherapy, excellent tumor sup-
pression without recurrence (Fig. 5D) as well as excellent anti-
metastatic effects and low side effects on normal tissues are
achieved.

2.3. BODIPY-based metallacycles/metallacages for cancer
imaging and therapy

Compared with TPE and porphyrin fluorophores, BODIPY-
based organic frameworks have potential D-A-D structures,
and by introducing different groups on the BODIPY core, its
emission wavelength can even be adjusted to the near-infrared
region, which is more propitious for accurate imaging
in vivo.>* Furthermore, due to its large molar extinction coeffi-
cient, high fluorescence quantum yield, relatively long excited
state lifetime and remarkable photostability, BODIPY has been
adopted in various fields such as bioimaging, photodynamic
therapy (PDT) and photothermal therapy (PTT).*> However,
due to its low water solubility and severe ACQ effect, it suffered
setbacks in biological experiments. The lower intersystem
crossing (ISC) efficiency of BODIPY makes its single-linear
state oxygen generation capacity extremely low, which is fatal
in the PDT field. Fortunately, the formation of metal macro-
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cycles, on the one hand, suppresses the n-rn stacking between
fluorophores. On the other hand, it can utilize the heavy atom
effect of metals to improve the ISC efficiency, thereby promot-
ing the generation of singlet oxygen. In addition, the solubility
of the complexes in organisms is somewhat improved.

In 2013, four macrocycles 12-15 (Fig. 6A) with pyridine
functionalized BODIPY as an organic ligand and half sandwich
complexes Ru(u) and Ir(m) as receptors were synthesized by
Lee et al.*® In vitro cell experiments showed that some of the
complexes were more cytotoxic to MCF-7 and U87 cells than
cisplatin (Fig. 6B). The cytotoxicity of these metal complexes
increased with the number of benzene in the half-sandwich
receptor, which the authors attributed to the increased elec-
tron density on the metal nuclei favoring ligand exchange,
stabilization of higher oxidation states and improved oxidation
capacity. Further studies showed that these metal macrocycles
can induce late apoptosis and induce cell cycle arrest in both
the S phase and G2/M phases (Fig. 6C). The typical absorption
peaks of salmon sperm DNA around 260 nm showed a signifi-
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Fig. 6 (A) Structures of metallacycles 12—15; (B) IC50(uM) of metalla-
cycles 12-15 and cisplatin in different cell lines; (C) graphical represen-
tation of cell cycle analysis of metallacycle 15 treated U87 cells; the
figure is adapted from ref. 33 with permission from the Royal Society of
Chemistry, Copyright 2016; (D) structures of metallacycles 16 and 17; (E)
CLSM images of Hela cells after incubation with the ligand BODIPY-1
and metallacycles 16 and 17 for 8 h; (F) cytotoxicity of different formu-
lations against drug resistant A2780cis cells; (G) flow-cytometric analysis
of Hela cells after different treatments (I: 16, 1I: Pt2, lll: cisplatin, IV:
BODIPY-1 + L, V: BODIPY-1 + Pt2 + L, VI: 17 + L); the figure is adapted
from ref. 34 with permission from the American Chemical Society,
Copyright 2018.
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cant concentration-dependent hyperchromic shift behaviour
with the addition of these macrocycles.

BODIPY-based highly emissive Pt(u) supramolecular tri-
angles 16 and 17 (Fig. 6D) prepared by Huang’s group had a
better combined phototherapy-chemotherapy effect.*® These
metal macrocycles showed good anticancer activity against
HeLa cells (ICso of 6.41 pM (16) and 2.11 pM (17)). Because of
the negative potential of the cell membrane, confocal fluo-
rescence microscopy showed that the cationic macrocycle had
a faster uptake rate and higher intracellular accumulation
(Fig. 6E). In vitro studies have shown that the metal rings have
extremely low ICs, values (0.76 pM) against drug-resistant
A2780cis cells under 400-700 nm laser irradiation, which is up
to an order of magnitude more potent than chemotherapy
alone, and their cytotoxicity is approximately 9-fold higher
than that of FDA-approved cisplatin. Moreover, the combi-
nation index was calculated to be 0.843, which validated their
significant synergistic effect (Fig. 6F) and showed that the
mode of cell death was mainly late apoptosis (Fig. 6G).

The development of drugs with high stability and strong
absorption in the NIR region is essential to provide deep
tissue penetration capabilities and effective therapeutic pro-
perties.*® Additionally, the metallacycles located in the NIR is
benefit for local non-invasive photothermal therapy (PTT),
which converts NIR light energy into thermal energy for cancer
cell inhibition.*® Zhao’s group synthesized a class of BODIPY-
Pt metal macrocycles 18-20 (Fig. 7A) modified with alkyne
bonds to integrate chemotherapy, photodynamic therapy and
photothermal therapy as an integrated treatment platform,
with strong absorption at 650-800 nm.*” The spin-orbit coup-
ling effect of Pt improved the triplet-state excitation lifetime
and the single-linear state oxygen quantum yield of MNPs.
Compared with cyanine dyes and gold nanorods, they had
superior photothermal conversion efficiency (i.e., 18-NPs
(27.7%), 19-NPs (28.3%), and 20-NPs (31.1%)), which was
attributed to the Pt-promoted enhancement of non-radiative
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Fig. 7 (A) Structures of metallacycles 18-20; (B) photothermal imaging
of mice in the control group and M20-NP group; (C) tumor volume inhi-
bition in the control group and M20-NP group; the figure is adapted
from ref. 37 with permission from the American Chemical Society,
Copyright 2020.
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transformation. Flow cytometry indicated that cell death was
mainly due to late apoptosis induced by synergistic PDT/PTT.
After intravenous injection into mice, 785 nm laser treatment
at a power of 0.5 Wem™> presented objective photothermal
imaging effects (Fig. 7B), and the tumor volume reduction in
the combined treatment group was quite significant compared
with the control group (Fig. 7C).

2.4. NIR-II dye based metallacycles/metallacages for cancer
imaging and therapy

The above-mentioned organic fluorophores are all located in
the traditional fluorescence imaging window (0.4-0.9 pm). The
poor tissue penetration ability, low signal to background ratio
(SBR) and low imaging resolution of tumors may lead to the
deviation between the imaging feedback and the actual treat-
ment effect. Fluorescence imaging in the NIR-II (1-1.7 pum)
window has the advantages of significantly reduced photon
scattering and absorption, lower tissue autofluorescence,
greater tissue penetration, and better spatial and temporal
resolution.’® In 2009, Dai’s team used single-walled carbon
nanotubes (SWCTNs) to achieve the first NIR-II window fluo-
rescence imaging of living tumor blood vessels. Following this
work, NIR-II fluorescence imaging technology emerged and
has been used in the biomedical field and other scientific
research areas.>®

Since the discovery of SWCTNs, small molecule NIR-II dyes
have attracted much attention due to their rapid metabolism
in vivo, high biocompatibility and diverse modifiable sites.
Due to the high-quality in vivo imaging characteristics of
NIR-II dyes, NIR-II dyes and therapeutic metal-drugs are
encapsulated in nanoparticles, which can achieve a high
signal-to-noise ratio and can monitor the therapeutic effect of
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Fig. 8 (A) Depiction of 21-PSY nanocomplex preparation and illus-
tration of the cellular uptake and Pt(i) release from 21-PSY; (B) NIR-II
images of brain vessels; (C) the width and SBR of NIR-Il images of brain
vessels; (D and E) UB7MG tumor blood vessel images; (F) monitoring the
21-PSY therapeutic response in U87MG tumors; (G) average body
weights were analyzed; (H) U87MG tumor growth inhibition curves for
PBS, cisplatin, SY1030 and 21-PSY. Reproduced with permission from
ref. 40, Copyright 2019, Royal Society of Chemistry.
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the metal-drugs in real time. In 2019, Kim and Sun success-
fully constructed 21-PSY nanoparticles (Fig. 8A) for integrated
metallacycle-based precision imaging and tumor elimination
by co-encapsulating organic platinum metallacycles and NIR-II
organic probes in the triblock copolymer F127.*° They can
enhance the uptake of Pt(u) in tumors and precisely monitor
tumor inhibition in real time through the NIR-II fluorescence
signal. The presence of NIR-II molecules endowed the nano-
particles with high photostability and quantum yield, with a
penetration depth of up to 5 mm, visualization of the living
circulatory system through NIR-II fluorescence signals (Fig. 8B
and C), and high-resolution and precise tumor position
(Fig. 8D and F). In addition, the EPR effect caused an increase
in drug accumulation at the tumor site, effectively inhibited
the growth of U87MG subcutaneous tumor-bearing mice and
orthotopic mammary tumors (Fig. 8G), reduced adverse side
effects and prolonged the survival of mice (Fig. 8H).

Taking into account the tumor elimination effect of the
probe, the low targeting ability, the enrichment in normal
organs, and the limitation of tumor penetration ability, Stang
and Sun optimized the previous work by covalently linking
endogenous melanin to the NIR-II molecule and then self-
assembling with the macrocycle 22 (Fig. 9A).*" After intrave-
nous injection into U87MG tumor-bearing nude mice, fluo-
rescence imaging and photoacoustic imaging were performed,
and the tumor was clearly demarcated from the surrounding
background tissue (Fig. 9B). The imaging results showed that
the maximum accumulation was reached at 6 h, and the organ
distribution experiment showed that the tumor targeting
ability of the drug was high (Fig. 9C). Under 808 nm laser
irradiation, the combined treatment of photothermal therapy
and chemotherapy increased the tumor elimination ability
(Fig. 9D) and showed lower side effects and prolonged the sur-
vival time of mice. These probes with precise NIR-II window
imaging and targeted therapy pave the way for the researchers’
follow-up work.

Fig. 9 (A) Depiction of 22-NP preparation and illustration of the cellular
uptake and the combination therapy; (B) NIR-Il fluorescence and PA
images of tumor mice at different times after tail vein injection of 22-
NPs; (C) drug distribution of 22-NPs in different organs at 12 h and 24 h;
(D) representative photographs of tumors in mice treated with different
formulations. Reproduced with permission from ref. 41, Copyright 2019,
National Academy of Sciences.
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Fig. 10 (A) Structure of metallacycle 23 and the diagram of the anti-
cancer mechanism of 23-NPs in tumor-bearing mouse models; (B)
NIR-1I FI of hindlimb vessels after i.v. injection of 23-NPs; (C) NIR-II FI of
tumors at 12 h and 5 d; (D) tumor volume inhibition in different control
groups and the 23-NP group; (E) mouse health status after treatment
with different control groups; reproduced with permission from ref. 42.
Copyright 2022, Springer Nature.

Due to the complexity of the physiological environment, the
simultaneously encapsulated nanoparticles with a therapeutic
metallacycle and imaging NIR-II dye may lack precise spatio-
temporal uniformity, resulting in poor therapeutic effects for
real-time detection. Based on this problem, our group syn-
thesized a metal-organic macrocycle 23 (Fig. 10A) with excel-
lent real-time monitoring ability through the coordination
self-assembly of meticulously designed azo-BODIPY-based
NIR-II dye molecules and semi-sandwich ruthenium in metha-
nol.*” This metal macrocycle had an excitation wavelength of
808 nm and an emission wavelength of over 1085 nm, with a
respectable penetration depth (~6 mm). Macrocycle 23 had a
good ROS generation ability and high photothermal conver-
sion efficiency (30.9%) and showed outstanding cellular
uptake ability and ideal anticancer activity against various
cancer cell lines, especially against cisplatin resistant A549
cells. Further studies revealed that macrocycle 23 induced the
overexpression of caspase 3/7 and mitochondrion-mediated
apoptosis while arresting the cell cycle in the S phase and G2/
M phase. In vivo studies showed that under excitation with
808 nm light, high-resolution hindlimb vascular imaging
(Fig. 10B) and obvious tumor contours (SBR > 4, duration:
12-120 h) were observed (Fig. 10C). With regard to metal-
organic macrocycle 23, precise NIR-II fluorescence imaging
guided and long-term monitored chemo-phototherapy showed
superior A549 tumor ablation (Fig. 10D) compared to cisplatin
as well as very few side effects (Fig. 10E).

3. Discussion

In this review, we give an account of the application of metalla-
cycles/metallacages with high fluorescence emission pro-
perties formed by a coordination driven self-assembly strategy
in tumor imaging and therapy. Accurate imaging techniques
require the ability to monitor and analyze physiological pro-
cesses in vivo with high spatial resolution. TPE is the star mole-
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cule in the constructed metal macrocycle/cage system due to
its better AIE properties, easy functionalization, and highly
symmetric structure, but obtaining high quality imaging in
organisms still requires a bathochromic shift of the absorp-
tion/emission to the near-infrared region, which is difficult
with only TPE emitting ligands in the backbone. Porphyrins
can easily red-shift to the near-infrared region through chelat-
ing some transition metals, especially lanthanides, which
facilitates accurate imaging in organisms.** In the past
decade, metallacycle/metallacage species have made great pro-
gress in biomedical applications; however, research on formu-
lations based on them for biomedicine is still in its infancy
and many challenges remain before clinical applications. The
multi-functional diagnosis and therapy platform that can be
developed from metallacycle/metallacage species needs further
research by scientists.

4. Perspective

Metallacycles/metallacages that integrate precise imaging and
tumor elimination can bring better therapeutic effects.
Nonetheless, the current research field is largely stuck in the
visible region, which gives poor imaging results. Due to the
complexity of the intra-biological environment, the formation
of supramolecular species of fixed shape and size of metal
drugs followed by co-encapsulation with NIR II organic fluo-
rescent small molecules in amphiphilic polymers may result
in imprecise spatio-temporal unification of imaging and thera-
peutic components.** The introduction of NIR-II organic fluo-
rescent molecules directly into the metallacycle/metallacage
backbone may lead to better diagnostic-therapeutic results.
Metallacycles/metallacages based on the NIR-II region have
been reported in the past few years, which better solve the pro-
blems of tumor penetration depth and imaging spatial and
temporal resolution.*” However, only a few types of organic
small molecules in the near-infrared second region have been
developed - anthocyanins, D-A-D, azo-BODIPY and so on. In
the future, it is necessary to explore more NIR-II organic skel-
etons to build more exquisite metallacycles/metallacages to
achieve an integrated platform for accurate imaging and multi-
functional cooperative therapy.

Most of the metallacycles/metallacages can effectively solve
the problems of water solubility, stability and targeting
through encapsulation in some amphiphilic block com-
pounds. Additionally, the excellent EPR effect with the appro-
priate size of nanoparticles (100-200 nm) can result in a
highly permeable tumor vasculature and impaired lymphatic
drainage. However, although the EPR effect is regarded as the
main mechanism of nanomedicine, the reliability of EPR in
large animal or human tumors is still highly controversial.*®
The blood flow in normal human organs is approximately 800
times faster than that in normal mouse organs. This difference
may explain why nanodrugs accumulate better in rodent solid
tumors than in human solid tumors.”” In addition, the
problem of low therapeutic efficacy may be caused by the
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impairment of tumor cell inhibition properties by the poly-
ethylene glycolization of liposomes, while the EPR effect may
be a secondary factor.”® In a nut shell, EPR effects may not be
a universal feature in all species and the issue of heterogeneity
among tumors remains to be addressed.*® Until now, there are
some existing or emerging approaches which may be alterna-
tive tumor-targeted delivery mechanisms, including endogen-
ous cell carriers, non-immunogenic bacteria-mediated delivery
and the trans-endothelial pathway.>°

In the research of metal drugs for tumor ablation, at
present, the most studied is the cell death caused by the
binding of heavy metals (Pt, Pd, Ru, etc.) to DNA bases.
However, based on recent studies, scientists have found that
the chemotherapy process includes cisplatin-induced normal
tissue damage and weight loss, possibly due to caspase-3 acti-
vation of GSDME-mediated thermal apoptosis in normal
tissues.>® In addition, there is evidence that some chemo-plati-
num complexes induce immunogenic cell death.”” It can be
seen that the anticancer behaviour of metal drugs may be
caused by multiple mechanisms. Further research on these
mechanisms may eliminate the shortcomings of systemic tox-
icity and resistance to metal drugs during chemotherapy.

In a nutshell, metal drugs have been used in cancer treat-
ment for more than 40 years, and the serious side effects, drug
resistance, and delivery methods associated with first-gene-
ration drugs are being improved and solved by researchers,
which is key to clinical transformation. The metallacycles
formed by synergistic self-assembly can achieve the effect of
“1+1>2” by combining the functions of different components.
The introduction of organic ligands with excellent fluorescence
properties, especially NIR-II dye molecules, endows metalla-
cycles with high spatiotemporal resolution imaging perform-
ance, which greatly improves the efficiency of tumor therapy.
These luminescent organometallic complexes enrich the appli-
cation of supramolecular drugs in cancer therapy.

Abbreviations

ACQ Aggregation caused quenching

AIE Aggregation-induced emission

A2780 Human ovarian carcinoma cell line
A549 Human lung cancer cell line

BODIPY Difluoroboron dipyrromethenes

CLSM Confocal laser scanning microscope
D-A-D Donor-acceptor-donor

EPR Enhanced permeability and retention
FDA Food and Drug Administration

FI Fluorescence imaging

GSH Glutathione

HeLa Human adenocarcinoma of the cervix cell line
HepG-2 Human hepatocarcinoma cell line
IC50 Half maximal inhibitory concentration
ISC Intersystem crossing

v Intravenous injection

MCF-7 Human breast carcinoma cell line
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mPEG-DSPE 1,2-Distearoyl-sn-glycero-3 phosphoethanolamine-
N-[methoxy( polyethylene glycol)]

MRI Magnetic resonance imaging

NIPAAM N-Isopropylacrylamide

NIR Near-infrared

NPs Nanoparticles

PDT Photodynamic therapy

PET Positron emission tomography

PPy Perylene bisimide

PTT Photothermal therapy

QY Quantum yield

ROS Reactive oxygen species

SBR Signal-to-background ratio

SBR Signal-to-noise ratio

SCCs Supramolecular coordination complexes

SWCNTs Single-walled carbon nanotubes

TPE Tetraphenylethylene

Us7 Human glioma cell line
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