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Owing to their capacity for dynamically linking two or more functional molecules, supramolecular
coordination complexes (SCCs), exemplified by two-dimensional (2D) metallacycles and three-
dimensional (3D) metallacages, have gained increasing significance in biomedical applications. However,
their inherent hydrophobicity and self-assembly driven by heavy metal ions present common challenges
in their applications. These challenges can be overcome by enhancing the aqueous solubility and in vivo
circulation stability of SCCs, alongside minimizing their side effects during treatment. Addressing these
challenges is crucial for advancing the fundamental research of SCCs and their subsequent clinical
Received 28th November 2023 translation. In this review, drawing on extensive contemporary research, we offer a thorough and

DOI: 10.1039/d3¢s00926b systematic analysis of the strategies employed by SCCs to surmount these prevalent yet pivotal

obstacles. Additionally, we explore further potential challenges and prospects for the broader application
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1. Introduction

Synthesizing therapeutic systems that involve strong covalent
bonds is complex and cumbersome, often leading to challenges
in achieving precise drug release and preserving drug
activity due to their highly stable structures. These issues also
complicate clinical translation."” Consequently, the simple
and flexible supramolecular self-assembly approach, leveraging
interactions such as van der Waals,® stacking,”
hydrophobic,® electrostatic,” metal-coordination,"® hydrogen
bonding," and host-guest interactions,'> has garnered
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significant interest in the biomedical field. Specifically, supra-
molecular systems assembled through weak non-covalent
bonds (such as hydrophobic, hydrogen, and electrostatic inter-
actions) often exhibit unstable structures. This instability can
lead to disassembly in the complex in vivo microenvironments,
resulting in diminished drug efficacy and potential harm
to normal cells.”® Conversely, supramolecular self-assembled
systems driven by metal-coordination bonds, possessing
a strength intermediate between strong covalent and weak
non-covalent bonds, offer relative stability and dynamic
flexibility."*"> Supramolecular coordination complexes (SCCs)
developed by Verkade,'® Fujita,'”'® Stang,"®*° Nitschke,>'
Therrien,* Newkome,”® Raymond,*®*” and Mirkin®*?° have
been intensively researched in the fields of functional poly-
mers, molecular imaging, catalysis, biomedicine, sensing, and
more.>*”’

SCCs typically comprise two-dimensional (2D) metallacycles
and three-dimensional (3D) metallacages. These structures can
exhibit customized shapes, sizes, topologies, and physicochem-
ical properties by adjusting the chemical structures of the
metal-based acceptors and organic donors, alongside the coor-
dination angles.*®*™*> Over the past two decades, the chemother-
apeutic function of metal ions in the coordination center, such
as platinum (Pt),** ruthenium (Ru),** palladium (Pd),** and
iridium (Ir),*® combined with advancements in functional
ligand design, has positioned SCCs as pivotal in linking multi-
ple distinct functional molecules through metal-nitrogen (N)
coordination bonds (e.g., Pt(u)-N and Ru(u)-N). This capability
plays a significant role in enhancing therapeutic modalities,
overcoming the limitations of traditional therapeutic methods,
and advancing theranostics, among other biomedical
applications.>** For instance, to enhance the generation of
reactive oxygen species (ROS), SCCs can be assembled using
Pt(u)-N or Ru(u)-N coordination bonds. These bonds leverage
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the heavy atom effect to facilitate intersystem crossing relaxa-
tion, increasing the yield of ROS in photodynamic therapy
(PDT).*” Additionally, to address the challenges of poor PDT
efficacy in the hypoxic microenvironments of tumor tissues and
the inhibition of photothermal therapy (PTT) due to heat shock
protein expression in tumor cells, SCCs can be employed to
develop a synergistic PDT/PTT model.*® To tackle the limita-
tions of short excitation wavelength and low tissue penetration
depth in traditional phototherapy, BODIPY (fluoroboron dipyr-
role) derivatives, featuring high quantum yields and stable
chemical/photophysical properties,*™" or organic ligands with
a donor-acceptor-donor (D-A-D) structure®® can be employed
for incorporation into SCCs. This approach extends the n-
conjugation planes and enhances the push-pull electronic
effect across the molecules, red-shifting the emission wave-
length of the ligand and enabling phototherapy in the second
near-infrared (NIR-II) region. Furthermore, to meet the dual
requirements of diagnosis and treatment and to overcome the
aggregation-induced quenching (ACQ) of fluorophores and the
heavy atom effect on fluorescence imaging, aggregation-
induced emission (AIE) wunits like tetraphenylethylene
(TPE),>®™” triphenylamine,*®*® and other molecules can be
integrated into the SCC system. This integration aids in con-
structing a theranostic platform.®® These strategic approaches
address specific challenges across various domains, signifi-
cantly broadening and deepening the biomedical applications
of SCCs. Numerous reviews have focused on aspects such as
molecular structure design, PDT/PTT applications, and thera-
nostics in the near-infrared/infrared region.*>*>*7*%°> How-
ever, the path to clinical application of SCCs remains extensive.
Beyond the aforementioned specific issues, SCCs also encoun-
ter several general but critical obstacles, including water solu-
bility, biosafety, biocompatibility, potential toxicity,
biodistribution, which must be overcome before their real-
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Fig. 1 Schematic representation of general strategies employed by supramolecular coordination complexes (SCCs) to enhance water solubility and
biostability and reduce potential toxicity and side effects for biomedical applications.

world implementation. Despite considerable progress in these
areas, comprehensive and up-to-date reviews addressing these
advancements are lacking.

We emphasize the significant strategies employed by SCCs
to address key challenges in biomedical applications. Our focus
includes methods to impart appropriate water solubility to
hydrophobic SCCs, enhancing their biocompatibility, strategies
to improve cellular selectivity and reduce potential toxicity for
increased biosafety, and techniques for precise drug distribu-
tion within cells to analyze active sites and mechanisms (Fig. 1).
Finally, we summarize the current state-of-the-art research,
discuss additional challenges for future applications, and pro-
pose potential research directions to tackle these issues.

2. Strategies to improve the water
solubility and biostability of SCCs

The preparation process of SCCs typically progresses from
synthesizing simple small-molecule components to assembling
metallacycles/metallacages, predominantly conducted in
organic solvents. Most chemotherapeutic drugs (such as doxo-
rubicin (DOX) and paclitaxel (PTX)), phototherapeutic agents
(like BODIPY), and AIE molecules, including TPE, possess
hydrophobic conjugate groups. Consequently, the multifunc-
tional SCCs constructed in this manner are typically hydro-
phobic and rigid structures. The hydrophobic nature of SCCs
facilitates their rapid and firm binding to the lipophilic cell
membrane surfaces,’’ enhancing their cellular uptake effi-
ciency. However, this hydrophobicity leads to their rapid aggre-
gation and precipitation in the aqueous environment of living
organisms, posing challenges in maintaining their in vivo
stability and biocompatibility. Consequently, enhancing water

This journal is © The Royal Society of Chemistry 2024

solubility is crucial for the further biomedical application
of SCCs. Presently, two primary strategies are employed to
improve their water solubility (Fig. 2). One involves encapsulat-
ing hydrophobic SCCs within nanocarriers featuring hydrophi-
lic surfaces.®>®* The other strategy is to chemically modify
SCCs with hydrophilic groups or long chains, conferring a
degree of water solubility (carrier-free).®>%”

2.1. Encapsulate SCCs with nanocarriers

Nanocarrier encapsulation strategies typically involve creating
nanoparticles or vesicles that encapsulate SCCs within a hydro-
philic exterior. The therapeutic efficacy of these nanocarriers is
influenced by factors such as their surface charge, size, and
chemical composition.®® Given that cell membranes are usually
negatively charged, positively charged nanocarriers can facil-
itate enhanced cell adhesion and promote rapid endocytosis.
However, a positive surface charge on nanocarriers may result
in increased nonspecific protein adsorption in the bloodstream
and heightened nonspecific phagocytosis by cells of the reticu-
loendothelial system.®® Therefore, nanocarriers with negatively
or neutrally charged surfaces are also favored to mitigate these
issues.”® Regarding their size, while the diameter range of
drug delivery systems (DDS) is defined as 1-1000 nm,”* prac-
tical applications typically employ nanocarriers with diameters
of 10-200 nm. This size range prevents early elimination by
glomerular filtration due to the small carrier size (below
10 nm)’> and mitigates phagocytosis and destruction by the
reticuloendothelial system for large-sized carriers. Conse-
quently, this size range facilitates selective extravasation from
the blood vessels and passive targeting to tumor tissues, lever-
aging the enhanced permeability and retention (EPR)
effect.”>””> Data suggest that an appropriate nanocarrier size

Chem. Soc. Rev,, 2024, 53, 3167-3204 | 3169


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00926b

Open Access Article. Published on 22 February 2024. Downloaded on 4/1/2026 12:33:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

o . )Ol\(”
S N NN N NN AL AS
- OMO#LN/\/O‘:;O\}\/O\H/\/\/\/\/\/\/\/\/ N(\ N.‘(“N)j:\‘(\
HN)\ OH
NH,
.«{’ \/H‘O/\[H ”\/\’:"” soluble ang 4. HOIMOH
\G‘ b/OS OH
éb {:96- st-as
F127 Z S se%/
L Q9 o ® = » =
ol < %
» (9&“ ﬁ ’\N’*% §. o 3
‘q—’ OW( Nt | © I I g e
L= ):7A e ) (o 5 E.
° O’ﬂ ) o 2] t (7)) [5) Q
[= =
i g 3 |1 £ ¢ $
7’ N
DSPE-PEG %, & Mall molecul®
@C‘ )
. U o0 ior
Nanocarnerso e 4r coordina™® Carrier-free

:Z::E b AP~

0 iﬁ&&

por

Fig. 2 Schematic representation of general strategies of supramolecular coordination complexes (SCCs) to enhance water solubility and biostability for

biomedical applications.

can maximize the benefits of the EPR effect, increasing drug
concentration in tumor tissue by up to 10-100 times compared
to healthy tissue.”® This can lead to more effective therapies at
lower doses. However, there is still no definitive consensus on
the precise size that ensures nanocarriers effectively overcome
physiological barriers, while simultaneously exhibiting potent
anticancer activity and minimal side effects.”” Indeed, the
nanocarrier size is not static during blood circulation but
typically decreases over time. Therefore, our subsequent dis-
cussion will consider both nanocarrier size and structure. In
this context, liposomes prepared using DSPE-PEG (distearoyl
phosphatidylethanolamine-polyethylene glycol) and block
copolymers, exemplified by Pluronics, are two commonly uti-
lized materials in nanocarrier fabrication. The key character-
istics of this strategy are outlined in Table 1.

2.1.1. Encapsulate SCCs with nanocarriers prepared using
DSPE-PEG-like liposomes. Liposomes, frequently utilized in
DDSs as carriers, are primarily composed of phospholipids
and various additives. Phospholipids consist of a hydrophilic
head, including a phosphate group and a quaternary ammo-
nium group, and a lipophilic tail comprising two long hydro-
carbon chains. They can be either natural or synthetic. Natural
phospholipids are predominantly lecithin (phosphatidylcho-
line, PC), whereas synthetic ones are varied, encompassing
compounds like DPPC (dipalmitoyl phosphatidylcholine),
DPPE (dipalmitoyl phosphatidylethanolamine), DSPE, and
DSPC (distearoyl phosphatidylcholine). Among these, the
DSPE-PEG amphiphilic polymer created by attaching PEG to
the hydrophilic group of DSPE (Fig. 3a) is a crucial material for
sustained-release drug carriers such as liposomes, vesicles, and

3170 | Chem. Soc. Rev,, 2024, 53, 3167-3204

nanoparticles in the current DDSs.”®*®° Adding PEG enhances
the flexibility and hydrophilicity of DSPE liposomes. In blood
circulation, DSPE-PEG resists phagocytosis by the monocyte-
macrophage system, which reduces interactions between the
liposome’s lipid membrane and plasma proteins,®""** prolong-
ing the circulation time. This property makes it suitable
for long-circulating liposomes, enhancing long-term absorp-
tion into tissues or organs. Due to these numerous advantages,
the strategy of using DSPE-PEG in nanocarrier construction has
become widely adopted to improve the aqueous solubility and
circulatory stability of SCCs under physiological conditions.
As illustrated in Fig. 3b, hexagonal® (chemical 1) and
triangular®>®> (chemicals 2 and 3) metallacycles were encapsu-
lated using DSPE-PEG derivatives (DSPE-mPEG: DSPE-methoxy
PEG; DSPE-PEG-MAL: DSPE-maleimide PEG), forming water-
soluble nanoparticles. Our findings and those of our colleagues
demonstrate that the size of these nanoparticles is influenced
by the molecular structure and morphology of metallacycles.
For instance, hexagonal metallacycles (chemical 1) possess a
larger spatial structure compared to triangular metallacycles
(chemical 2), leading to the formation of larger nanoparticles
(145 nm vs. 49 nm). Furthermore, the final nanoparticle size is
influenced by factors, including the type and molecular weight
of PEG, the operational method, the size of the filter used, the
ratio of SCCs to DSPE-PEG, and the stacking arrangement
of nanoparticles. Consequently, predicting the size of nano-
particles is challenging, even when metallacycles of similar
structures are synthesized using the same nanoprecipitation
technique. However, these nanoparticles generally exhibit
robust stability in aqueous solutions or physiological

This journal is © The Royal Society of Chemistry 2024
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Table 1 Features of encapsulated supramolecular coordination complexes (SCCs) with nanocarriers to improve water solubility and biostability. The
particle size is determined by dynamic light scattering (DLS)

Topological structures
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environments (such as phosphate-buffered saline (PBS) and
fetal bovine serum (FBS)), maintaining consistent particle size
and spectroscopic properties for durations ranging from 20 h to
one week. After DSPE-PEG encapsulated nanoparticles are
internalized by cells through fusion with the cell membrane
phospholipid bilayer or endocytosis, the acidic lysosomal
environment cleaves the Pt(u)-N coordination bond. This pro-
cess releases the smaller components of SCCs, facilitating a
synergistic chemotherapeutic effect with the heavy metals.
Consequently, DSPE-PEG encapsulation ensures SCC stability
during transport and preserves its therapeutic efficacy. This
dual functionality substantially enhances the potential of
hydrophobic SCCs to be utilized in physiological environments.
Compared to those formed through Pt(u)-N coordination,
SCCs created using Ru(u)-N coordination exhibit slightly higher
water solubility and can be directly utilized in PBS or FBS for
in vitro experiments. Sun et al®® synthesized a tetragonal
metallacycle based on Ru-pyridine coordination (Fig. 3c,
chemical 4), demonstrating effective PDT and PTT in the NIR-
II region. These metallacycles show potential as antitumor
phototherapeutic agents. However, for in vivo applications,
encapsulating SCCs with DSPE-PEG remains essential to
ensure prolonged circulation time and passive tumor targeting.
The nanoparticles resulting from this encapsulation exhibit
stable size and optical properties across various environments
(PBS, FBS, whole blood) for up to one week (Fig. 3d). Moreover,
a gradual increase in fluorescence intensity at the tumor site
was observed, peaking 24 h post-injection, with the signal
persisting for up to 5 d and exhibiting a high signal-to-
background ratio (Fig. 3e). This suggests that DSPE-PEG
encapsulated nanoparticles possess effective tumor accumula-
tion capabilities. Additionally, they engineered and assembled
different tetragonal Ru metallacycles®” utilizing a D-A-D
structure (Fig. 3c, chemical 5). The nanoparticles produced
following encapsulation with DSPE-mPEGs;q,, demonstrated
efficacy in treating bacteria-infected wounds. These outcomes
further underscore that DSPE-PEG encapsulation significantly
enhances the applicability of SCCs in biomedical contexts.
2.1.2. Encapsulate SCCs with nanocarriers prepared using
block copolymers. Block copolymers represent another nano-
carrier type. These are amphiphilic polymers that covalently
link hydrophilic and hydrophobic chains in varying ratios to
form diblocks or triblocks. Typically, due to the rigid structure
and the challenges in modifying the two long alkyl chains in
the lipophilic part of DSPE, liposomes typified by DSPE-PEG
often undergo modifications in the molecular weight (e.g:,
DSPE-PEG,(9, DSPE-PEGs(g,) or the terminal group (e.g,
DSPE-mPEG, DSPE-PEG-MAL) of the hydrophilic PEG seg-
ment. However, it is challenging to adjust their affinity and
loading capacity for SCCs by altering these terminal long alkyl
chains. Contrastingly, block copolymers offer the flexibility to
easily adjust the lengths and molecular weights of hydrophilic
and hydrophobic chains, catering to diverse requirements.
Pluronics, a prominent example of block copolymers utilized
in DDSs, are typically non-ionic surfactants with a triblock
structure, comprising hydrophilic PEO and hydrophobic

3172 | Chem. Soc. Rev,, 2024, 53, 3167-3204
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polypropylene oxide (PPO).**°> Varying the length ratio
between hydrophilic and hydrophobic blocks can alter the
physicochemical properties of Pluronics. This modulation
significantly influences their in vitro and in vivo performance,
alongside their interactions with cells and cell membranes.®?
For instance, augmenting the hydrophilic portion of these
block copolymers promotes prolonged circulation, whereas
increasing the hydrophobic content enhances their drug-
loading capacity. Pluronic F127 (Fig. 4a), an FDA (U.S. Food
and Drug Administration) approved commercial nanocarrier, is
extensively utilized in DDSs owing to its biocompatibility and
biodegradability.”*®” In the designation F127, the letter F
signifies the physical state as a flake solid. The first two digits,
12, multiplied by 300, indicate the approximate molecular
weight of the PPO component in each F127 molecule, approxi-
mately 3600 g mol '. The last digit, 7, multiplied by 10,
represents the weight fraction of PEO in each F127 molecule,
approximately 70%.%%°® Other members of the Pluronic series
include Pluronic F68°° and Pluronic F108,'°° each corres-
ponding to different molecular weights of PPO and varying
PEO contents. Pluronics offer simple synthesis, controllable
performance, and easily adjustable structures. These features
render them increasingly important in the biomedical field,
evolving from basic surfactants to key components in the
design of sophisticated and intelligent DDSs.

Compared to the hydrophobicity conferred by DSPE-PEG,
which comprises only two alkyl chains with 18 saturated carbon
atoms each, the hydrophobicity imparted by F127 with its PPO
component of up to 3600 g mol~ " is markedly stronger. Con-
sequently, F127 is frequently utilized for encapsulating certain
highly hydrophobic SCCs or SCCs combined with hydrophobic
small molecule drugs. Accordingly, we selected F127 for encap-
sulating BODIPY-based rhomboidal metallacycles (Fig. 4b,
chemical 6)'°* and various polydentate complexes.’®> Both
cases resulted in the formation of stable nanoparticles. Addi-
tionally, F127 has been utilized to encapsulate rhomboidal
metallacycles composed of the highly hydrophobic AIE moiety
triphenylamine and the dicyano group (Fig. 4c, chemical 7).'%?
Conversely, Kim et al.'® employed F127 to encapsulate hex-
agonal metal macrocycles (Fig. 4d, chemical 8) and hydropho-
bic NIR-II fluorescent molecules, achieving a stable particle size
for up to one week in FBS, PBS, and water. These examples
underscore the vital role of F127 in enhancing the compatibility
of SCCs for various applications.

Beyond F127, various block copolymers have been explored
for encapsulating SCCs. These copolymers typically feature
mPEG as the hydrophilic group, while the hydrophobic chain’s
structure is modified to achieve specific encapsulation effects.
Principally, for the purpose of improving the encapsulation
efficiency, more flexible chains can be designed for the ligands
or acceptors of SCCs, which facilitate the encapsulation of
SCCs by polymers such as DSPE-PEG, F127, or other
polymers through the entanglement with the flexible chains.
However, if SCCs themselves have a large n-plane that does not
contain any flexible chains, amphiphilic block polymers con-
taining aromatic rings are a better choice to encapsulate

This journal is © The Royal Society of Chemistry 2024
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(a) Chemical structure of DSPE—-PEG, where the hydrophobic chains are depicted in blue and the hydrophilic motif in red. Typically, n represents

the chain length or molecular weight of PEG, such as DSPE-PEG;q00 (n = 45) and DSPE-PEGsg0o (n = 113). (b) Chemical structures of SCCs 1, 2, and 3,
and (c) SCCs 4 and 5. (d) SCC 4 nanoparticles (encapsulated by DSPE—PEGsg00), showing their hydrodynamic diameter when incubated in 10% FBS and
whole blood and changes after incubation with PBS and 10% FBS over time. (e) Fluorescence images of tumor models post-injection with SCC 4
nanoparticles. This figure is adapted from ref. 86 with permission from Springer Nature, Copyright 2022.

metallacycles/metallacages by planar stacking between the
carriers and SCCs. For instance, Wang et al.'% synthesized an
amphiphilic polymer, mPEG-b-PLGA, by covalently linking
hydrophobic polylactic acid (PLGA) with mPEG. This polymer
successfully encapsulated a 3D metallacage (Fig. 4e, chemical
9) constructed via Pt(u)-N coordination, maintaining stability
for one week in PBS and water. We'®® substituted PLGA with
poly(y-benzyl-i-glutamate) (PBLG) to encapsulate a metallacage
composed of anthracene, porphyrin, and a Pt(u) acceptor
(Fig. 4f, chemical 10). The resulting nanoparticles enhanced
the water solubility of the metallacage, and the increased
hydrophobicity provided by PBLG helped maintain its integrity.

This journal is © The Royal Society of Chemistry 2024

In summary, compared to F127, mPEG-b-PLGA (Fig. 4g) pos-
sesses two modifiable hydrophobic chains, while mPEG-b-
PBLG (Fig. 4h) incorporates an aromatic ring, rendering it more
suitable for encapsulating compounds with highly hydrophobic
and large rigid structures. Therefore, given that SCC 10 not only
features a larger conjugation structure but lacks a flexible
chain, unlike SCC 9, conventional amphiphilic block polymers
(F127, mPEG-b-PLGA) may not yield effective encapsulation.
Contrastingly, using amphiphilic block polymers containing
aromatic rings facilitates metallacage encapsulation by lever-
aging the stacking interactions between the benzene rings and
the rigid planes of SCCs. This tailored design of block
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Fig. 4 (a) Chemical structure of Pluronic F127, with the hydrophobic chain (PPO) depicted in blue and the hydrophilic motif (PEO) represented in red.
Typically, a = 101 and b = 56 for F127. Chemical structures of SCCs 6 (b), 7 (c), and 8 (d). Chemical structures of SCC 9 (e), SCC 10 (f), mPEG-b-PLGA (q),
and MPEG-b-PBLG (h). () Chemical structure of SCC 11 and the following assembly process of nanoparticles. Figure adapted from ref. 107 with
permission from the Royal Society of Chemistry, Copyright 2023. (j) Chemical structure of SCC 12 and the following assembly process of nanoparticles.
Figure adapted from ref. 108 with permission from Science China Press and Springer-Verlag, Copyright 2021.
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copolymers efficiently addresses the requirements for adapt-
ability and biostability in the complex SCC systems within
in vivo environments.

2.1.3. Encapsulate SCCs with nanocarriers prepared using
other materials. Liposomes typified by DSPE-PEG and block
copolymers exemplified by F127 are the most prevalent materi-
als for designing nanocarriers for SCCs. However, to develop
more effective carriers, research into alternative materials
should also be considered. For instance, Liu et al.'®” employed
human heavy chain ferritin as a nanocarrier for encapsulating a
tetragonal metallacycle, assembled from 180° Pt(u) and 120°
triphenylamine-based pyridine (Fig. 4i, chemical 11). Human
heavy chain ferritin consists of 24 subunits that self-assemble
into a nanocage, featuring a hydrophobic interior and a hydro-
philic exterior. In this study, ferritin was initially disassembled
in 8 M urea at pH 5.0. Subsequently, it was reassembled with
SCC 11 through a controlled reassembly process, gradually
reducing the urea concentration from 8 M to 0 M in PBS. The
resulting nanoparticles, featuring hydrophobic 11 within and
hydrophilic human heavy chain ferritin externally, were rela-
tively small in size (13.32 nm). They demonstrated the ability to
specifically target tumor cells with high expression of the
transferrin receptor. Moreover, these nanoparticles exhibited rela-
tive stability in a solution of PBS with 10% FBS, leading to effective
PDT outcomes in cell-based and mouse experiments. Yang et al.'%®
employed PEG-modified melanin dots, which were then n-n
stacked with hexagonal metallacycles (Fig. 4j, chemical 12). Incor-
porating metallacycles into the system enhanced its hydrophobi-
city, leading to the aggregation and formation of nanoparticles with
an approximate size of 100 nm in an aqueous solution. This
aggregation endowed metallacycles with a passive EPR effect. Such
unique and valuable studies are instrumental in developing encap-
sulation strategies for SCCs, expanding the scope of SCC research
within the biomedical field.

2.2. Carrier-free SCCs prepared by functional motif
modification

For a DDS, drug loading capacity (DL = m/(m, + m,), where m; =
mass of the drug and m, = mass of the carrier) is a crucial
metric that directly influences the dosage required for clinical
application. Typically, a higher DL is preferable as it more
readily meets clinical requirements. However, approaches uti-
lizing nanocarriers to encapsulate SCCs often lead to a low
DL,"%"? indicating that a substantial proportion of the mate-
rial introduced into the body serves no therapeutic function but
merely acts as a transport medium. This necessitates additional
in vivo degradation, potentially impacting liver function and
biliary excretion, posing short- or long-term toxicity risks to the
human body."''"* Consequently, despite the significant role
that carriers play in DDS research, only a few, such as Pluronics
and PEG, have received approval from the FDA. Moreover,
using materials like Pluronics, which are relatively non-toxic
in animal models, is subject to stringent limitations. For
instance, the maximum permissible daily exposure for intra-
muscular injection of the inactive ingredient Pluronic F68 is
limited to 4 mg;* an intradermal injection of 137.5 mg kg™*

This journal is © The Royal Society of Chemistry 2024
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Pluronic F127 can lead to significant increases in cholesterol
and triglycerides. Similarly, intraperitoneal injection of Pluro-
nic F127 at dosages of 0.5-1 g kg™ ' induces a hyperlipidemic
effect.’**''* While nanocarriers can be employed to encapsu-
late SCCs to enhance their water solubility and biological
stability, challenges such as low DL capacity and the excessive
use of carrier materials must also be considered. Presently,
the typical encapsulation techniques for SCCs, including
nanoprecipitation,"*>'” nanoemulsification,"**'*° and thin-
film hydration,'*'*** face difficulties in addressing these spe-
cific challenges. In this context, a carrier-free self-delivery
system can be developed by modifying SCCs to have an amphi-
philic structure. In this system, SCCs themselves are an integral
part of the carrier, eliminating the need for additional materi-
als. This strategy effectively mitigates the toxicity issues asso-
ciated with the degradation of excess carriers. Simultaneously,
it ensures a degree of water solubility for SCCs, effectively
resulting in a DL capacity of 100%."** Unlike direct amphiphilic
macromolecule encapsulation, this approach typically involves
modifying hydrophobic donors or acceptors with hydrophilic
small molecules'*>'? or polymer chains.®®'*” These modified
components are then assembled into SCCs, which subse-
quently self-assemble into nanoparticles or vesicles due to their
amphiphilic nature. These hydrophilic segments can reduce
the adhesion of proteins and cells to the material and shield
the hydrophobic components of SCCs from hydrolysis and
enzymatic degradation. This enhances the circulation stability
of SCCs in the bloodstream and facilitates the long-term
sustained release of the materials. However, this carrier-free
approach might require using small amounts of organic sol-
vents, such as methanol, for nanoparticle formation. Addition-
ally, maintaining long-term size stability under physiological
conditions often presents challenges compared to the first
method, highlighting an area that needs further exploration
and improvement. Overall, developing carrier-free SCCs
remains a promising strategy to enhance their water solubility.
The characteristics of this approach are detailed in Table 2.

2.2.1. Carrier-free SCCs prepared by hydrophilic small
molecule modification. Nanocarriers designed for encapsulat-
ing SCCs are typically amphiphilic polymers. These polymers
leverage their hydrophobic segments to n-r stack with the rigid
structures of SCCs, subsequently forming nanoparticles or
vesicles. These structures are stabilized in aqueous solutions
by the hydrophilic segments of polymers. Based on this mecha-
nism, one strategy involves covalently attaching hydrophilic small
molecules (such as glycosyl groups'® and peptides'?®) around the
rigid, hydrophobic core of metallacycles/metallacages. This
approach creates amphiphilic SCCs that can self-assemble into
nanoparticles or micelles in an aqueous environment. This method
effectively fulfills the function of nanocarriers without the need for
adding additional polymeric materials.

We engineered a hydrophilic glycosyl group onto the 120°
pyridine ligand and combined it with a 60° Pt(u) acceptor to
construct a rhomboidal supramolecular metallacycle (chemical
13, Fig. 5a) exhibiting amphiphilic characteristics."® At low
concentrations, these rhomboidal SCCs can self-assemble into
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Table 2 Features of carrier-free SCCs with improved water solubility and biostability. The particle size is determined by dynamic light scattering (DLS)

Topological structures ~ Hydrophilic units used Particle size (nm) Biostability test ~ Aqueous solution Ref.
\ Glycosyl group 80 — H,0 + 5% CH3;0H 128
Chemical 13
Peptide-(PEG), — 1 day H,0 129
Chemical 14
§ 145 (chemical 15)
Chemical 15
210 (chemical 16)
Glycosyl group — H,0 + 50% CH;0H 130
Chemical 16
@ 1008 (chemical 17)
Chemical 17
78 (chemical 18), 77 (chemical 19),
ﬁ/\ (PEG)s 69 (chemical 20) H,0 + 6% CH;OH 131
Chemical 18, 19, 20
ﬁ,\ (PEG); 110 1 day PBS + 10% FBS 65
Chemical 21
f b g PBEMA-h-POEGMA on SCCs 80-120 2 days PBS + 10% FBS 133

f\v/\\

Chemical 22
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Table 2 (continued)

Topological structures ~ Hydrophilic units used Particle size (nm) Biostability test ~ Aqueous solution Ref.

POEGMA on SCCs 130 — H,O 134
Chemical 23
a)
< +
11 11
Amphiphilic metallacycle 13 L £ g
m o (o]
®
e
Q
[72]
(7]
@ N
3 P
S
i Ligand Acceptor
.°, DOX

\ 4

Nanomicelles
b)1o c) d) o
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Fig. 5 (a) Chemical structure of the amphiphilic rhomboidal metallacycle 13 and schematic illustration of the formation of nanomicelles, and
applications in the encapsulation of DOX. Dynamic light scattering (DLS) spectrum of nanomicelles before (b) and after (c) encapsulation of DOX.
(d) Drug release curves of the metallacycle within DOX at pH = 7.5 and 5.0. Figure adapted from ref. 128 with permission from American Chemical
Society, Copyright 2020. (e) PepH3 functionalized pyridine ligand and the formed metallacage 14. Figure adapted from ref. 129 with permission from
American Chemical Society, Copyright 2021.

This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev,, 2024, 53, 3167-3204 | 3177


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00926b

Open Access Article. Published on 22 February 2024. Downloaded on 4/1/2026 12:33:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

80 nm nanovesicles in an aqueous environment (Fig. 5b). These
nanovesicles are capable of acting as carriers for the hydro-
phobic anticancer drug DOX (Fig. 5c). The encapsulated DOX
demonstrates prolonged release under neutral conditions and
accelerated release in acidic environments, where the increased
protonation of DOX enhances its solubility and leads to SCC
disassembly. This release behavior is facilitated by the stabiliz-
ing effect of the glycosyl groups in an aqueous environment and
the encapsulation within the amphiphilic SCCs (Fig. 5d). These
findings demonstrate that amphiphilic SCCs can effectively
serve as carriers in DDSs. Casini et al.'*®* modified a pyridine
ligand with PepH3, a peptide that can translocate across the
blood-brain barrier. This modification resulted in the for-
mation of a water-soluble homoleptic metallacage upon the
addition of coordination Pd** ions. Furthermore, this metallac-
age (chemical 14, Fig. 5e) was utilized as a targeted delivery
system to encapsulate a radiotherapy agent. Chen et al'*°
compared the structures of amphiphilic metallacycles,
assembled in various ratios using different angular Pt(u) recep-
tors on 120° pyridine ligands modified with galactoside. They
also examined the sizes of nanoparticles or vesicles that are
formed by their aggregation. Transmission electron microscopy
(TEM) analysis revealed the diverse morphologies of nano-
particles and vesicles formed through the self-assembly of a
galactoside-modified pyridine ligand with different acceptors.
Specifically, after [2 + 2] self-assembly with the acceptor,
resulting in a rhomboidal metallacycle (chemical 15), nano-
particles with an average size of 145 nm were observed (Fig. 6a).
In the case of [3 + 3] self-assembly, which formed a
hexagonal metallacycle (chemical 16), the structures mani-
fested as 210 nm nanovesicles (Fig. 6b). Furthermore, [6 + 6]

2. = A
Acceptor1

Acceptor 3

Acceptor i th
[ '

View Article Online

Chem Soc Rev

self-assembly, forming a larger hexagonal metallacycle
(chemical 17), produced micrometer-sized microvesicles of
1.08 pm (Fig. 6¢). These findings suggest a linear correlation
between the size of the metallacycle and the resultant nano-
particle size for a given structural framework. The micrometer-
sized vesicles formed by the [6 + 6] self-assembly exhibited
potent biofilm inhibition properties against Staphylococcus
aureus. Furthermore, they were effective in alleviating pneumo-
nia in mice caused by this bacterium, demonstrating their
potential therapeutic applications.

2.2.2. Carrier-free SCCs prepared by hydrophilic macromo-
lecule modification. Another strategy to create amphiphilic
metallacycles/metallacages involves covalently linking hydro-
philic macromolecules, such as PEG, which then undergo
hydrophilic/hydrophobic self-assembly to form stable nano-
particles or vesicles in an aqueous environment. Compared to
small molecules, incorporating PEG into SCCs imparts more
flexible and dynamically tunable properties. Alterations in the
ligand structure do not significantly impact the size and biost-
ability of the resulting nanoparticles, highlighting the versati-
lity of this approach. To illustrate this concept, we modified a
Pt(u) receptor with PEG and varied the linkage between the
aniline core and the pyridine of the ligand."*" This modifica-
tion allowed us to synthesize rhombic metallacycles with
single, double, and triple bonds (chemicals 18, 19, and 20,
depicted in Fig. 7a-c). Leveraging both hydrophilic and hydro-
phobic interactions, these SCCs spontaneously self-aggregated
into nanomicelles, negating the need for additional amphiphi-
lic macromolecules. Utilizing TEM and DLS, it was verified that
the various nanomicelles had similar sizes, all approximately
75 nm in diameter. This uniformity demonstrates that

<

15

>

17

Fig. 6 Schematic representation of the formation and hierarchical self-assembly morphologies of amphiphilic metallacycles and transmission electron
microscopy (TEM) images of (a) [2 + 2] chemical 15, (b) [3 + 3] chemical 16, and (c) [6 + 6] chemical 17. Figure adapted from ref. 130 with permission from

American Chemical Society, Copyright 2020.
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alterations in the ligand structure do not substantially impact
the hierarchical self-assembly of PEG-modified metallacycles.
Furthermore, Stang et al.®® employed PEG to modify Pt(u)
acceptors and melanin nanoparticles. After assembling the
former into a rhombic metallacycle (Fig. 7d, chemical 21),
110 nm nanoparticles were formed in an aqueous environment
through n-m bonding between metallacycles and melanin.
These particles were able to maintain their stability for 24 h
in a physiological environment. To solve the problem of poor
stability and solubility in water of multicomponent lanthanide
organic assemblies, which significantly limit their biomedical
applications, Sun et al'** also functionalized bis-tridentate
tetrazolate ligands with PEG, which facilitate a good water
solubility, and then assembled with a series of lanthanide
metals (such as Eu™ and Gd™). The prepared water-soluble
anionic polyhedral complexes were suitable for luminescence
and magnetic resonance dual-modal imaging. This result not
only provides a new design route toward water-stable multi-
nuclear lanthanide organic assemblies but also offers potential
candidates for supramolecular edifices for bioimaging and
drug delivery. Collectively, these results indicate that modifying
SCCs with hydrophilic macromolecules like PEG can ensure
good dispersion and stability while preserving the dynamically
adjustable structures of the ligands and acceptors.

2.2.3. Carrier-free SCCs prepared by post-assembly block
polymerization. Beyond employing glycosyl groups and
PEG as hydrophilic segments for crafting amphiphilic SCCs,
more intricate approaches have been developed. For instance,
we'** synthesized amphiphilic supramolecular block copoly-
mers by combining coordination-driven self-assembly with

Y
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Fig. 7 Structures of metallacycles 18 (a), 19 (b), 20 (c), and 21 (d).
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post-assembly reversible addition-fragmentation chain-
transfer (RAFT) polymerization. Initially, we modified a 120°
pyridine donor with a trithioester group, a conventional
RAFT chain transfer agent. This modified donor was then
involved in a [3 + 3] self-assembly process with a 120° Pt(u)
acceptor, forming a hexagonal metallacycle. The metallacycle—
PBEMA polymer was then polymerized with [2-((((4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)-oxy)carbonyl)oxy)
ethyl methacrylate] (BEMA), leveraging the trithioester group
on the metallacycle. Subsequently, in a similar manner, the
metallacycle-PBEMA polymer underwent polymerization with
poly(ethylene glycol) methacrylate (POEGMA), yielding a
PBEMA-b-POEGMA copolymer (Fig. 8b) attached to the metalla-
cycle (Fig. 8a, chemical 22). In this unique system, the metalla-
cycle functions as a cross-linker and stabilizer for the
amphiphilic polymer. Consequently, this metallacycle-based
amphiphilic copolymer can act as a nanocarrier, aggregating
into nanoparticles in an aqueous environment. Moreover, it
can be loaded with DOX and palmitoyl ascorbate, utilizing
hydrophilic/hydrophobic interactions and =n-m stacking, to
facilitate synergistic therapeutic applications. Zhang et al.™**
employed the RAFT method to directly polymerize POEGMA
onto a metallacycle modified with a porphyrin photosensitizer.
This process led to the formation of amphiphilic SCCs (Fig. 8c,
chemical 23), which self-assembled into nanoparticles approxi-
mately 130 nm in size in an aqueous environment. These
polymers were further combined with gold nanorods, lever-
aging their photothermal properties. This combination facili-
tated a synergistic treatment approach, integrating PDT, PTT,
and chemotherapy within a single system, demonstrating the
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(a) Schematic representation of the preparation of a metallacycle with a supramolecular block copolymer (chemical 22) and (b) the chemical

structure of PBEMA-b-POEGMA. Figure adapted from ref. 133 with permission from American Chemical Society, Copyright 2020. (c) Chemical structure

of metallacycle 23.

potential for multifaceted therapeutic strategies. It is evident
that directly attaching hydrophilic small molecules or macro-
molecular segments to SCCs can enhance their water solubility
and biocompatibility and enable the design of more complex
systems for applications in the biomedical field. Additionally,
the formation of nanoparticles or vesicles, coupled with the
repulsion and obstruction of proteins in the bloodstream by the
hydrophilic components, enables this approach to, to some
extent, protect SCCs from degradation by the in vivo micro-
environment during the delivery process. These findings
demonstrate that post-assembly polymerization offers the flex-
ibility to manipulate the architecture of supramolecular ensem-
bles, leading to a higher level of structural complexity and
diverse functionalities. This versatility is particularly advanta-
geous for the development of biomedical SCCs, potentially
expanding their applicability medical and
therapeutic areas.

in various

3. Strategies to reduce the potential
toxicity and side effects of SCCs

As with any therapeutic intervention, potential toxicities and
side effects must be thoroughly considered when administering
drugs. Some of these adverse effects arise from the inherent
chemical activity of the drug. For instance, the ROS generated
by the interaction between DOX and iron can inflict damage on
the myocardium,'®>'*® leading to myofibrillar loss and cyto-
plasmic vesiculation. Others are related to the method of
administration. For example, the FDA-approved drug DOXIL
(DOX encapsulated in PEG liposomes) exhibits a high tendency
to aggregate at the skin due to its PEG coating. During

3180 | Chem. Soc. Rev., 2024, 53, 3167-3204

administration, minute quantities of the drug may seep out
of capillaries into the palms and soles, causing redness, swel-
ling, tenderness, discomfort and even pain due to skin peeling.
This condition is known as palmar-plantar erythrodysesthesia
or hand-foot syndrome."®”*° Additionally, certain side effects
may result from the treatment modality, such as chemotherapy-
induced hepatitis B."**"*> As SCCs progress toward clinical
trials, these medical challenges must be addressed to align with
the principles of precision medicine. As illustrated in Fig. 9,
critical issues for SCCs at the cellular level include: (1) cell
selectivity: the ability to differentiate and target diseased cells
while sparing normal cells is essential for minimizing collateral
damage and enhancing treatment efficacy; (2) heavy metals: the
risk of heavy metal leakage from SCCs during transport poses a
significant safety concern. Ensuring the containment and
stability of these complexes is crucial to prevent unintended
systemic exposure. On the other hand, the therapeutic index
can be optimized by using dual metal coordination centers; and
(3) intracellular distribution: understanding the specific action
sites and mechanisms of SCCs within cells is vital for predict-
ing their therapeutic impact and potential side effects. Each of
these factors plays a fundamental role in the successful devel-
opment and application of SCCs in clinical settings. Addressing
these challenges is paramount to harnessing the full potential
of SCCs in precision medicine.

3.1. Reduce the potential toxicity and side effects of SCCs by
active cell selectivity

The non-selective drug action on diseased and healthy cells
in vivo is a primary contributor to its toxic side effects. Enhan-
cing the cell selectivity of SCCs to effectively distinguish

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Schematic representation of general strategies of SCCs to reduce the potential toxicity and side effects for biomedical applications.

between these two cell states is critical for minimizing
these adverse effects. Although SCCs, as currently assembled,
generally demonstrate improved cell uptake and, to a certain
extent, better selectivity between diseased and healthy
cells compared to their small-molecule counterparts, their
performance in this regard is not yet optimal. This relative
selectivity may be attributed to SCCs possessing multiple
positive charges, a certain degree of lipophilicity, and unique
ring tension.*>'**™'*® However, further improvements are
necessary to achieve satisfactory selectivity for clinical applica-
tions. Various strategies have been employed to encapsulate
SCCs into nanoparticles or vesicles to enhance their water
solubility and biostability while conferring a passive EPR effect.
This effect is intended to augment SCC accumulation in tumor
tissues. However, the effectiveness of the EPR effect is subject
to ongoing scrutiny due to several factors:">*®" (1) heteroge-
neity of the vascular system: there is considerable variability in
the vascular systems across species and tumor types, which can
significantly impact the distribution and effectiveness of nano-
medicines; (2) tumor microenvironment variability: the diverse
characteristics of tumor microenvironments, such as pH, inter-
stitial pressure, and extracellular matrix composition, can

This journal is © The Royal Society of Chemistry 2024

influence the action and efficacy of nanomedicines; and (3)
low delivery efficiency to solid tumors: studies indicate that
only 0.7% of systematically administered nanomedicines reach
solid tumors. The significant attrition rate in the efficacy of
nanomedicines, primarily due to insufficient accumulation of
nanoparticles in tumors and suboptimal pharmacokinetics,
has led to skepticism about their effectiveness. This situation
suggests that an excessive emphasis on the EPR effect might be
misleading in the design of nanomedicines.'®*®*® In this
scenario, modifying SCCs with tumor-targeting moieties, such
as folic acid (FA),"®" biotin,"®> Arg-Gly-Asp (RGD)'®*"
sequence, and other peptides,'®® offers a promising strategy.
This approach aims to selectively concentrate the drugs in
tumor tissues and cells through active recognition and binding
of these targeting moieties to specific molecules and proteins
present at tumor sites. Consequently, this endows SCCs with
active cellular selectivity. For a more comprehensive under-
standing, the general pathway of SCCs equipped with targeting
units is depicted in Fig. 10. Additionally, the characteristics of
SCCs with active cell selectivity are outlined in Table 3.

3.1.1. Active cell selectivity realized by functional small
molecule modification. Advancements in molecular biology

Chem. Soc. Rev,, 2024, 53, 3167-3204 | 3181
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{ 1. SCCs with active targeting units bind to
the specific receptor with a high affinity
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Fig. 10 Schematic representation of tumor cellular uptake of SCCs modified with targeting motifs (e.g., FA, biotin, cRGDfk, etc.). Typically, a receptor
binds to these modified SCCs with high affinity, facilitating endocytosis and internalization. Inside the lysosome/endosome, SCCs disassemble, allowing
the small-molecule counterparts to escape and exert their activity within the cell. Subsequently, the vesicle, with receptors, returns to the cell plasma
membrane. For certain cleavable targeting units, the binding affinity significantly decreases after this cycle, preventing further cellular entry.

Table 3 Features of SCCs with active cell selectivity. Targeting and therapy outcomes are determined by comparison to SCCs without target unit
modification. Cell lines that are not marked as receptor-negative are receptor-positive by default

Target units used Targeting receptors Cell lines Targeting outcomes Therapy outcomes Ref.
FA FR Higher intracellular Pt Lower ICs, 164
concentration
DU145 1.6-fold 49%; with 1.4-fold higher level of
apoptosis and necrosis
HeLa 2.3-fold 20%
A549 1.9-fold 56%
HCT116 2.8-fold 40%
HEK293 (FR-negative) 1.1-fold 84%
Biotin BR Fluorescence image Lower ICs, 165
4T1 Brighter 20%
HepG2 Brighter 19%
HCT116 (BR-negative) No difference 92%
cRGDfk o, fB; integrin U87MG 2.5-fold higher fluorescence Pretreatment with free cRGDfK 207
intensity; 2.1-fold higher intracel- resulted in diminished
lular Pt concentration cytotoxicity
cRGDfk a5 integrin A2780 Pretreatment with free cRGDfK  3.8-fold higher ICs, after pre- 210
resulted in diminished treatment with free cRGDfK
internalization
(Tyr®)-octreotate peptide sst2R CHOgg1n — — 169

and molecular pathology have uncovered that certain receptors active targeting agents, exhibit high affinity for their respective
are highly expressed on the surface of various tumor cells, receptors under physiological conditions. This characteristic
whereas their expression is negligible or significantly lower in makes them highly effective for cancer labelling and targeted
normal tissues. FA and biotin, as quintessential examples of ~delivery of anticancer drugs."”’®"'”> Combining SCCs with FA or
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biotin is a viable strategy to confer active cellular recognition
capabilities to these complexes.

FA and its receptor, the folate receptor (FR), a glycosylated
phosphatidylinositol-linked membrane glycoprotein, exhibit a
very high affinity under physiological conditions. When FA is

a) PLGA-b-PEG-FA
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conjugated with a carrier, this complex can enter cells expres-
sing the FR via the same pathway as free FA."’®"7® Utilizing this
characteristic, Stang et al.*®* employed an FA-modified PEG-
PLGA block copolymer (Fig. 11a) to encapsulate a square
metallacycle. This metallacycle (3-NF-FA) was composed of a
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Cell type Cell line Cisplatin  +biotin  -biotin
Murine breast cancer 4T1 4.40 8.17 41
Hepatocellular carcinoma  HepG2 9.72 18.7 99.5
Colorectal cancer HCT116  9.30 80 86.8

Fig. 11

(@) Chemical structure of PLGA-b-PEG-FA. Cell uptake analysis of 3-NF-FA and 3-NF in FR-positive Hela cells (b), and FR-negative HEK293 cells

(c), with or without preincubation with 1 mM free FA for 2 h. (d) Cytotoxicity analysis of 3-NF and 3-NF-FA on various cell lines. Figure adapted from ref.
164 with permission from American Chemical Society, Copyright 2022. (e) Chemical structure of the biotin-modified pyridine ligand and (f) ICsg values of
the metallacage with or without biotin modification and cisplatin towards HepG2, 4T1, and HCT116 cells. Figure adapted from ref. 165 with permission

from the Royal Society of Chemistry, Copyright 2020.
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camptothecin-modified pyridine ligand and a combretastatin
A-4-modified Pt(n) acceptor. Cell uptake analysis revealed that
3-NF-FA achieved a higher intracellular Pt concentration com-
pared to its non-modified counterpart, 3-NF, in FR-positive
HeLa cell lines (Fig. 11b). This increased uptake was not
observed in FR-negative HEK293 cells (Fig. 11c). Further experi-
ments showed that when FR-positive cells were pre-treated with
free FA, 3-NF-FA uptake significantly decreased. Conversely,
pre-treating HEK293 cells, which lack FR, with free FA had
negligible effects on the endocytosis of 3-NF-FA, highlighting
its potential for selective delivery in cells overexpressing FR.
Consequently, 3-NF-FA demonstrated a greater cytotoxicity than
3-NF (Fig. 11d). Moreover, apoptosis analysis revealed that
treatment with 3-NF-FA induced a higher level of apoptosis
and necrosis, totaling 50.14%, whereas a lower proportion of
apoptotic and necrotic cells was observed in cells treated with 3-
NF (34.93%). These results confirmed that the introduction of
FA enhances cellular uptake in cancer cells through FR-
mediated endocytosis. This leads to higher drug concentrations
within the cancer cells, effectively achieving targeted cell
selectivity.

Compared to FA, biotin exhibits a relatively low molecular
weight and simple chemical structure. It also has low toxicity
(biotin is one kind of B vitamin, also known as vitamin H,
vitamin B7, and coenzyme R, which is indispensable for the
normal metabolism of fats and proteins) and a highly specific
tumor-targeting capability due to its interaction with the biotin
receptor (BR, a glycoprotein overexpressed in tumor cells,
exhibits a high affinity for biotin and its derivatives).'”"8
We utilized biotin to modify DSPE-PEG macromolecules and
encapsulated 3D metallacages within them.'®* This modifica-
tion endowed metallacages with excellent biostability and con-
ferred them with targeted delivery capabilities through
receptor-mediated endocytosis. Recently, Zhang et al.'®® uti-
lized biotin to modify a pyridine ligand (Fig. 11e), assembling it
into a 3D supramolecular metallacage. This modification
aimed at differentiating between BR-positive hepatocellular
carcinoma cells (HepG2) and murine breast cancer cells
(4T1), and BR-negative colorectal cancer cells (HCT116). The
findings revealed that HepG2 and 4T1 cells incubated with the
biotin-modified metallacages exhibited high fluorescence
brightness. Additionally, the half maximal inhibitory concen-
tration (ICso) of metallacages for 4T1 and HepG2 cells was
merely 20% and 19%, respectively, of that observed for metal-
lacages without biotin modification. Conversely, ICs, of metal-
lacages for HCT116 cells did not significantly differ (Fig. 11f).
These results demonstrate the efficacy of biotin in enhancing
the tumor-targeting capabilities of SCCs.

3.1.2. Active cell selectivity realized by functional peptide
modification. Peptides, functional fragments composed of
several to dozens of amino acids linked by amide bonds in a
specific sequence, play specialized roles in physiological pro-
cesses. They can be absorbed by the body and actively partici-
pate in cellular metabolism. In the realm of developing new
anti-tumor drugs, diagnostic probes, and targeted delivery
systems, peptides have emerged as a significant area of focus
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due to their minimal adverse effects and potent targeting
capabilities.’®* %" Similar to small molecules like FA and
biotin, certain peptides are highly expressed on the surfaces
of tumor cells. These include receptors such as insulin-like
growth factor 1 (IGF-1) receptor,'®®'%° integrins,'**™'® and
epidermal growth factor receptor (EGFR)."®%° Integrins stand
out as a crucial class of cell surface receptors within cell
adhesion molecules. They are highly expressed in both tumor
cells and genetically stable tumor vascular endothelial cells.
RGD peptides, naturally present in the extracellular matrix of
many organisms, can specifically bind to integrin o,f;
receptors.’**% This specific binding property makes RGD
peptides particularly effective for modifying SCCs to actively
target tumor cells. However, considering the presence of pep-
tide exonucleases/endonucleases in most tissues, which can
degrade peptides, RGD is often cyclized or chemically modified
to reduce the likelihood of degradation. One common
approach involves using c¢cRGDfk (cyclic Arg-Gly-Asp-p-Phe-
Lys sequences). This modification significantly enhances the
stability of the peptide, making it more resilient to enzymatic
breakdown and thus more effective in biological settings.>*°
In our previous work, we utilized ¢cRGDfk to modify the
amphiphilic block polymer PEG-b-PEBP (poly(2-ethylbutoxy
phospholane)) (Fig. 12a). This modified polymer was then
employed to encapsulate 3D metallacages, assembled from
porphyrin, organoplatinum(u), and disodium terephthalate.>"”
The effectiveness of this approach was evaluated using confocal
laser scanning microscopy (CLSM) and inductively coupled
plasma mass spectrometry (ICP-MS). The results from these
analyses demonstrated that integrin o,p; receptor-mediated
endocytosis significantly enhanced the tumor cell targeting
capability of metallacages. As depicted in Fig. 12b, the fluores-
cence intensity of cRGDfk-modified nanoparticles significantly
increased over time. After 4 h of incubation, the fluorescence
intensity of these cRGDfk-modified nanoparticles was 2.5 times
higher than that of nanoparticles without cRGDfk modifica-
tion. This observation indicates enhanced cellular uptake due
to the specific interaction of the ¢cRGDfk modification with
integrin receptors. Furthermore, when cells were pre-treated
with free cRGDfk before introducing nanoparticles, the fluores-
cence intensity considerably decreased. This reduction sug-
gested that the presence of free cRGDfk competes with the
cRGDfk-modified nanoparticles for integrin binding, inhibiting
their internalization. Likewise, pre-treatment with cRGDfk
resulted in a reduction in the intracellular Pt content
(Fig. 12c). These experiments proved that the binding of
cRGDfk to integrin receptors enhances the cellular uptake
and internalization of metallacages. Chen et al.>°® and Zheng
et al.”>*® employed a similar strategy to encapsulate 3D metalla-
cages with varying structures. This methodology effectively
endowed SCCs with the capability of actively recognizing tumor
cells, leveraging the targeting potential of the cRGDfk peptides.
Building upon this concept, Mao et al*'° further leveraged
the integrin-mediated endocytosis and the elevated concen-
tration of reduced glutathione (GSH) found in tumor cells.
They accomplished this by modifying poly(ethylene glycol)

This journal is © The Royal Society of Chemistry 2024
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Copyright 2018. (d) Chemical structure of cRGD-POEGMA-b-PAZMB and (e) chemical structure of the sst2R-targeting peptide functionalized pyridine

ligand.

methacrylate (POEGMA)-poly(2-azidomethyl benzoyl glycerol
methacrylate) (PAZMB) with cRGDfk (Fig. 12d). These modified
copolymers were then used to encapsulate hexagonal metalla-
cycles. The hydrophilic nature of POEGMA ensures prolonged
circulation time of nanoparticles in the bloodstream. PAZMB
enhances the loading capacity of metallacycles through n-n
stacking and enables GSH-responsive drug release. This
responsive release mechanism is triggered by a reduction-
induced cascade elimination reaction of the azidomethyl ben-
zoyl group. Incorporating cRGDfk into the system enhanced the
active selectivity of metallacycles toward tumor cells. This was
demonstrated by the marked decrease in the fluorescence
intensity of metallacycles in tumor cells, along with a signifi-
cant increase in their ICs, value against tumor cells (from
1.88 + 0.14 to 7.16 + 0.54 uM) following the addition of free
cRGDfk. This finding suggests that the presence of free cRGDfk
competes with the cRGDfk-modified metallacycles for binding
to integrin receptors, reducing the uptake and effectiveness of
metallacycles in tumor cells. Beyond the cRGDfk peptide,
various other types of polypeptides have been explored as
tumor cell targeting moieties. Casini et al.'® developed the
Pd,L, metallacycle (where L = 3,5-bis(3-ethynylpyridine)phenyl)
and modified it with an octapeptide on the SCCs, targeting the
somatostatin-2 receptor (sst2R), which is pathologically over-
expressed in various neuroendocrine tumors. This specific
targeting approach aimed to achieve selective binding to tumor
cells (Fig. 12e). Using peptides to modify metallacycles/metal-
lacages is a strategic response to the unique endogenous
characteristics of tumor cells. Such targeted designs are crucial
for enhancing the active selectivity of SCCs towards tumor cells,
which contributes to reducing their toxic side effects on
healthy cells.

This journal is © The Royal Society of Chemistry 2024

3.2. Reduce the potential toxicity and side effects of SCCs by
changing the metal coordination centers

While various metals can be utilized to form coordination
bonds, the assembly of SCCs predominantly employs heavy
metals with strong coordination capabilities, such as Pt, Ru, Pd,
and Ir. These heavy metals serve dual roles in assembled SCCs.
They can act as chemotherapeutic agents, effectively killing
tumor cells or bacteria. However, the excessive use of heavy
metals poses significant health risks. They can potentially lead
to DNA (deoxyribonucleic acid) mutations, autoimmune dis-
eases, respiratory and hearing problems, and damage to vital
organs, including the intestines, kidneys, and bone
marrow.>"’>"* The issue of heavy metal misuse due to drug
resistance is a significant concern. For instance, organoplati-
num, commonly used as a coordination center in the assembly
of SCCs, exhibits effects similar to those of cisplatin. However,
congenital and acquired resistance to platinum-based che-
motherapy has been observed in patients over long-term clin-
ical use,”**'® significantly limiting the effectiveness of these
drugs. Additionally, heavy metal misuse can stem from the
instability of the assembled SCCs. If these complexes are not
sufficiently stable, they may disassemble during transport
within the body, leading to the unintended release of metal
ions into non-diseased tissues. Altering the metal ion species at
the coordination center is a viable option to reduce the
potential toxicity of SCCs in biomedical applications. Opting
for lighter metals that are essential to human health as coordi-
nation centers could be an ideal solution. However, the weaker
coordination capabilities of these lighter metals compared to
their heavy metal counterparts have led to their limited appli-
cation in the SCC research in the biomedical field. For instance,
Chan et al®'® synthesized diverse heteroleptic metalla-
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Table 4 Features of SCCs by changing the metal coordination centers. For dual metal ions, physicochemical properties and therapy outcomes are

determined by comparison to a metal ligand

Physicochemical properties

without obvious changes

no in vivo experiment

Topological structures Metal ions outcomes Therapy outcomes Ref.
25.3-fold higher TPA; 1.3-fold Lower ICsp; 5-fold higher PDI;
Ir(um)-Pd(u) higher '0, quantum yield; 28% tumor volume at 20 days of 220
brighter fluorescence image post-treatment
16.5-fold higher TPA; 1.1-fold Lower ICs,; 5-33-fold higher PDI
Ru(u)-Pt(ur) higher "0, quantum yield; for different cell lines 221
brighter fluorescence image
33.9-fold higher TPA; 1.3-fold o . .
Ru(u)-Pt(m) higher '0, quantum yield; i?)f’ lower IC5; 11.2-fold higher 222
brighter fluorescence image
(‘,
®.— “ - @
| |
Less than 8% change in the . . S
t # Pd(u) intensity of absorption spectra at zTaegrlirrlfe%Elded PDT; no in vivo 227
| ' pH = 7.4, 6.8, and 5.3 P
Imidazole-Ru(u) coordination; no . . L
Ru(u) significant changes in the absor- g{ugrlﬂqnoeiil therapy; no in vivo 228
bance spectra from pH 4.5 to 8.0 P
A Pt(n) Maintained for two days at pH 5.5 Synergistic photochemotherapy; 999

supramolecules using cadmium-N coordination bonds. How-
ever, their work was primarily focused on the synthesis aspect,
with no subsequent exploration of biomedical applications.
Current research focuses on enhancing the efficacy of SCCs
in killing cancer cells or bacteria and improving their stability
to mitigate the potential toxicity and side effects. To provide a
clearer understanding, the general characteristics of SCCs
achieved by altering the metal coordination centers are sum-
marized in Table 4.

3.2.1. Enhance the cancer/bacterial killing ability of indi-
vidual SCCs by using a dual metal coordination center. As
previously discussed, using monometallic ions in therapeutic
applications can lead to drug resistance, and certain mono-
metallic ions may be quickly inactivated or eliminated in vivo,
limiting their therapeutic efficacy. To address these challenges,
integrating heteronuclear bimetallic ions in the SCC assembly
offers a promising alternative. This approach utilizes the
synergistic effects of two different metal ions, potentially exhi-
biting higher biological activity and diverse antitumor/antibac-
terial mechanisms compared to monometallic complexes.
Therefore, it is more challenging for target cells/bacteria to
adapt to multiple distinct therapeutic mechanisms and reduce

3186 | Chem. Soc. Rev., 2024, 53, 3167-3204

the risk of resistance development. However, employing hetero-
nuclear bimetallic ions in SCCs poses certain challenges.
Typically, the SCC assembly is driven by coordination bonds
formed between the donor and acceptor molecules, mediated
by the same metal ion. This homogeneous force is crucial for
maintaining the geometric structure of SCCs, which is funda-
mental to their stability and functionality. Introducing the
concept of assembling a metallacycle or metallacage using
two or more acceptors, each with different species of metal
ions, while retaining the same donor, is complex (Fig. 13a). To
address this issue, researchers have adopted an innovative
approach. They start by introducing a specific type of coordina-
tion metal ion into the organic donor. This initial metal-based
coordination complex often possesses inherent therapeutic
properties, such as PDT capabilities. This complex is then
self-assembled with a receptor that has been modified with a
different kind of metal ion, forming a metallacycle or metallac-
age that is effectively equipped with bimetallic ions (Fig. 13b).
This method enhances the tumor- or bacteria-killing ability
beyond that of individual SCCs.

Utilizing this concept, Su et al?*® successfully assembled
eight Ir(m)-based photosensitizers with four Pd(u)-based

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Scheme of bimetallic SCCs assembled (a) by the donor and the acceptor with two species of metal ions and (b) by the donor with one metal ion and
the acceptor with another metal ion. (c) Chemical structures of the Ir(i)—Pd(1) metallacage and the Ru(i)—Pt(i) metallacycle (d) and the metallacage (e).

receptors into a Pd,Irg metallacage (Fig. 13c). This structure
demonstrated a maximum two-photon absorption (TPA) cross-
section of 783 GM, while that of the Ir(m) ligand under the same
experimental conditions peaked at 31 GM. This enhanced two-
photon activation ability of the Pd,Irg metallacage facilitates
two-photon PDT in tumor treatments and effectively increases
the treatable depth of photosensitizers. Moreover, owing to an
enlarged conjugation plane and efficient energy transfer facili-
tated by its highly ordered cubic cage structure, the singlet
oxygen ('O,) quantum yield of the metallacage was higher than

This journal is © The Royal Society of Chemistry 2024

that of the Ir(m) ligand (0.84 vs. 0.67). Consequently, the
bimetallic Pd,Irg metallacage demonstrated superior -cell-
killing ability and a higher PDI (the ratio of photocytotoxicities
to dark cytotoxicities) compared to the monometallic Ir(m)
ligand. Stang et al designed heterometallic Ru(u)-Pt(u)
metallacycles®®’ and metallacages®** (Fig. 13d and e, respec-
tively). The metallacage exhibited the highest TPA and
enhanced 'O, quantum yield compared to both the metalla-
cycle and the Ru(u) ligand. This superior performance resulted
in better therapeutic efficiency and a higher phototoxicity index
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against tumor cells. These experimental results strongly sug-
gest that incorporating bimetallic ions is a viable strategy for
augmenting the therapeutic capabilities of SCCs.

3.2.2. Enhance the stability of individual SCCs’ topological
structure to avoid the leakage of heavy metal ions. In the
context of Lewis acid-base theory, coordination reactions can
typically be understood as acid-base interactions. In these
reactions, the metal ion functions as a Lewis acid, offering an
empty orbital, while the ligand acts as a Lewis base, providing
an electron pair. Therefore, SCCs assembled through metal
coordination bonds remain stable primarily in a neutral pH
environment. Excessive acidity or alkalinity can disrupt these
coordination bonds, leading to the disassembly of metalla-
cycles or metallacages. The acidic nature of tumor tissues and
intracellular lysosomes in vivo®**">*® presents a unique oppor-
tunity for the design of stimuli-responsive SCCs. In this
approach, ligands and acceptors with different functionalities
are self-assembled to form stable molecular structures. Once
these SCCs reach the tumor site or lysosome, they respond to
the pH change by disassembling, releasing each functional
molecule at the target area. This release allows the individual
components to function independently, enabling a synergistic
therapeutic effect without altering the molecular structure or
pharmacological activity. However, the complex physiological
environment in vivo (a buffered solution system containing
proteins, non-protein nitrogenous compounds, glucose, inor-
ganic salts, oxygen, carbon dioxide, etc.) presents a significant
challenge to the stability of SCCs. This complexity can lead to

View Article Online
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premature SCC disassembly due to protonation before reaching
the target cells. Such early disassembly can result in the
unintended release of metal ions, potentially causing
uncontrollable side effects. Furthermore, even when SCCs
successfully reach tumor tissues, their stability can be compro-
mised by the slightly acidic environment that often surrounds
tumors. This instability can prevent SCCs from effectively
penetrating deep into the core of the tumor, where they are
most needed. As a result, this limited penetration can signifi-
cantly diminish the effectiveness of the treatment. In this
context, maintaining the stability of the topological structures
of SCCs across different environments could, to some extent,
minimize their potential toxicity and side effects.

Moreover, imaging agents used for cellular imaging require
structural stability in complex biological systems. This stability
is crucial for maintaining the consistency and sustainability of
signal intensity, making stable SCCs particularly advantageous
for imaging-guided therapies. Chen et al.>*” designed a square
metallacycle based on Pd-N coordination, named PdgL, (where
L refers to N,N-3,5-dimethylpyrazole substituted perylene tetra-
carboxylic acid diimides) (Fig. 14a). This metallacycle demon-
strated exceptional stability, with less than an 8% change in the
intensity of absorption spectra under normal physiological
conditions (pH = 7.4), in the slightly acidic microenvironment
of tumor tissues (pH = 6.8, Fig. 14b) and in the more acidic
environment of lysosomes (pH = 5.3, Fig. 14c). This robust
stability makes Pd8L4 an ideal candidate for imaging-guided
PDT of tumors. Sun et al.**® designed imidazole ligands and
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and (c) pH = 5.3. Figure adapted from ref. 227 with permission from the Royal Society of Chemistry, Copyright 2020. (d) The design and chemical
structures of various Ru metallacycles. (e) Schematic representation of synthesis of the metallacycle and (f) absorption profiles of the metallacycle at pH =
5.5 at different times. Figure adapted from ref. 229 with permission from American Chemical Society, Copyright 2021.
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coordinated them with Ru(u) to synthesize various tetragonal
metallacycles (Fig. 14d). These metallacycles exhibited excep-
tional stability, with no significant changes observed in their
absorbance spectra across a pH range from 4.5 to 8.0. Song
et al.**® developed a triangular metallacycle (Fig. 14e), demon-
strating remarkable stability over two days in a slightly acidic
environment at pH 5.5 (Fig. 14f). These studies provide valuable
insights into the development of acid- and alkali-resistant
SCCs, setting a precedent for future research aimed at creating
SCCs with even greater stability and safety.

3.3. Reduce the potential toxicity and side effects of SCCs by
monitoring their subcellular distribution for precision
medicine

The subcellular distribution of drugs within eukaryotic cells
plays a crucial role in determining their efficacy and toxicity.
Studying this distribution is vital for drug targeting strategies
and for minimizing toxic side effects, aligning with the funda-
mental principles of precision medicine.>*° Eukaryotic cells
comprise various organelles, each with distinct biological char-
acteristics and functions. These include the nucleus, mitochon-
dria, lysosomes, endoplasmic reticulum, and Golgi apparatus,
among others. Investigating how drugs are distributed across
these different organelles can offer valuable insights into the
specific sites and mechanisms of action of these drugs. For
instance, mitochondria can release cytochrome c¢ into the
cytoplasm, which activates caspase 3, a key enzyme in the
execution phase of apoptosis.***>** Drugs that target mito-
chondria and influence this pathway can effectively induce

Table 5 Features of SCCs with different subcellular locations

View Article Online

Review Article

apoptosis in diseased cells, such as cancer cells. The Golgi
plays a role in protein processing and trafficking, and its
dysfunction can trigger cell death. Particularly, oxidative stress
within the Golgi apparatus can initiate an apoptotic pathway.***
Finally, DNA damage within the nucleus can directly lead to cell
death. Currently, leveraging insights from studies on the
chemical structure-localization relationship and organelle fea-
ture-localization relationship of small molecules,>**?**¢ the
research into the subcellular distribution of SCCs is advancing.
Inside the cell, SCCs typically accumulate in lysosomes and
mitochondria,**”>*? except for certain metallacycles/metalla-
cages that enter the nucleus.>*® For a more comprehensive
understanding, the general features of SCCs with different
subcellular locations are summarized in Table 5.

3.3.1. SCCs accumulate in lysosomes. Lysosomes are cen-
tral in catabolic and anabolic processes within cells, as well as
in mediating interactions with other organelles and the plasma
membrane, acting as a platform for inter- and intracellular
communication. Several substances phagocytosed by cells initi-
ally form endosomes, which subsequently fuse with lysosomes
for digestion.>**>*® Consequently, larger SCCs are typically
accumulated in lysosomes during the process of internaliza-
tion. Furthermore, the acidic pH of the lysosomal cavity,
typically maintained between 3.5 and 5.5, could provide an
optimal environment for SCC disassembly and subsequent
drug release. Furthermore, most soluble acid hydrolases in
the lysosome and the inner surface of the lysosomal membrane
carry negative charge.”*>**° Consequently, they can readily
interact with positively charged SCCs, further promoting their

Subcellular Internalization
locations pathways Outcomes of distribution study Outcomes of accumulation Ref.
Lysosomes — Lysosome correlation coefficients were in the Lysosome-targeted cell imaging 239
range of 0.73-0.89 for different cells
Lysosomes Energy-dependent Lysosome correlation coefficient = 0.75; 78.5% of Lysosomal damage; mitochondrial dysfunction; 240
clathrin-mediated and SCCs in lysosomes, 17.6% in mitochondria cell apoptosis
caveolae-mediated
pathways
Lysosomes Energy-dependent Lysosome correlation coefficient = 0.7; Ru content Lysosomal and mitochondrial damage and dys- 241
caveolae-mediated was 1.73-fold higher in lysosomes than that in  function; cell cycle arrest at the G2/M phase; cell
endocytic pathway mitochondria apoptosis
Mitochondria — 62.5 & 4.3% of Ru in the mitochondria Mitochondrial membrane depolarization and 289
superoxide generation; mitochondrial dysfunc-
tion; cell apoptosis
Mitochondria/ Energy-dependent 55% 27 was in cytosolic fraction, and less in the Disruption of lysosomal integrity, mitochondrial 238
lysosomes endocytosis mitochondria (37%); 58% 28 was in mitochon- membrane depolarization, perturbation of
dria, followed by the cytosolic (29%) fraction autophagy, necrotic cell death and cell apoptosis
Mitochondrial — Mitochondrial correlation coefficient = 0.88 (30); The most efficient PDT efficacy with PDI > 33.3 237
DNA higher mitochondrial DNA binding capacity with and 97.5% total apoptotic ratio; cell apoptosis

binding to the minor groove of DNA

Cell nucleus —

Metallacycle target genes were located in chro-

Metallacycles interfere with the G4 epitope 243

mosomal regions enriched with G4 structures and recognition by the quadruplex specific antibody

exhibited bright fluorescence in cell nucleus

Clathrin-mediated
endocytosis pathway
Caveolae/lipid raft-
mediated endocytosis
pathway

Cell nucleus
were delivered into cell nucleus
Cell nucleus

18 h of delivery
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Cytotoxic protein and genome-editing proteins

Higher protein delivery efficiency than commer- Molecular chaperone was delivered into cell
cial reagents; a majority of protein was released nucleus for neurodegenerative disease treatment
into cytosol and accumulated within nucleus after

BG4, replacing the latter to bind to G4 and kill
tumor cells
Tumor cell death and specific protein expression 312

313
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accumulation within the lysosome. When the SCCs’ concen-
tration inside the lysosome reaches a toxic threshold, the
lysosomal membrane becomes unstable, permeability is
enhanced, and membrane integrity is lost, a condition known
as lysosomal membrane permeabilization (LMP). This results
in the release of tissue proteases and hydrolases from
the lysosomal cavity into the cytoplasm, causing cellular
damage.””'°° If LMP is not promptly repaired and lysosomal
damage continues to escalate, the lysosome ruptures, releasing
its entire contents into the cytoplasm. This event triggers a
cascade of hydrolytic activity throughout the cytoplasm and
extensive acidification, culminating in fatal cellular damage.
The extent of lysosomal damage is pivotal for determining the
cell death mode. Typically, moderate lysosomal damage, as
characterized by LMP, triggers cell apoptosis,>**>*° while

severe damage, such as results in
260-263

lysosomal rupture,
necrosis. The accumulation of SCCs in lysosomes is often
accompanied by their disassembly, where small-molecule con-

stituents escape into the cytoplasm through the LMP process.

Control'

Fig. 15

Control + light

View Article Online

Chem Soc Rev

These small molecules subsequently accumulate in other orga-
nelles, contributing to cell death through various pathways.
Typically, SCC accumulation in lysosomes does not directly
result in cell necrosis, but triggers lysosome-mediated cellular
autophagy. This autophagy, in conjunction with the stimula-
tion of other cell death pathways, collectively eliminates
diseased cells.

Given the significance of lysosomes in mediating cell death,
investigating the localization of SCCs within lysosomes is
crucial and necessary. Sun et al>*® assembled an Ru-based
metallacycle (chemical 24, Fig. 15a) for colocalization experi-
ments. After 6 h of incubation, predominant metallacycle
accumulation in lysosomes was observed (correlation coeffi-
cient = 0.75), while smaller amounts of these complexes were
found in the mitochondria. Further analysis using laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-
MS) revealed that 78.5% of metallacycles appeared in lyso-
somes, 17.6% in mitochondria, and almost none in the nucleus
(Fig. 15b). On this basis, the internalization of metallacycles
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2 |
S 1
©, 20+
=
=
X
o104
c
0 —

Mitochondria Lysosomes Nuclei

N

=

Lysosome

=

Mitochondria
Nucleus

6 cells a
X)
<

25 25 + light

(a) Chemical structure of an Ru(i)-based metallacycle 24. (b) Subcellular distribution and quantification of Ru in A549 cells as inferred from ICP-

MS studies. Figure adapted from ref. 240 with permission from the Royal Society of Chemistry, Copyright 2022. (c) Chemical structure of an Ru(i)-based
metallacycle 25 and (d) Ru distribution in different organs with the incubation of the metallacycle for 6 h. (e) AO after incubation with the metallacycle or
medium (control), followed by irradiation with or without laser illumination. Scale bar: 25 um. Figure adapted from ref. 241 with permission from Wiley-
VCH, Copyright 2023.
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was confirmed to occur through the energy-dependent clathrin-
mediated and caveolae-mediated pathways. Building on these
findings, Sun et al. developed a m-expansive Ru receptor and a
ligand with higher ROS yield. This was achieved using extended
non-planar m-conjugation 3,4-ethylenedioxythiophene, which
replaced the phenyl group to facilitate the intersystem crossing
process.>*" The newly assembled metallacycle (chemical 25,
Fig. 15c¢) demonstrated a high localization coefficient (= 0.7)
and high Ru content in lysosomes (Fig. 15d), indicating that it
was primarily distributed within lysosomes. Moreover, an acri-
dine orange (AO, a lysosomotropic dye that emits red fluores-
cence when localized within the acidic environment of
lysosomes but shows green fluorescence in the cytosol) staining
experiment was performed. This experiment revealed that,
upon laser irradiation, the accumulation of 25 in lysosomes
generated ROS, leading to the loss of lysosomal membrane
integrity and lysosome dysfunction (Fig. 15e), eventually caus-
ing cell apoptosis. Fan et al.>*° utilized an assembled metalla-
cycle encapsulating five kinds of dyes and conducted
colocalization experiments in three cell types (with correlation
coefficients ranging from 0.73 to 0.89), confirming that the
metallacycle predominantly accumulates in lysosomes. These
results corroborate that SCCs first accumulate in lysosomes
and contribute to cell death through lysosomal damage.

The consistent observation of SCCs localizing primarily in
lysosomes across different studies underscores the potential of
targeting lysosomes in the development of SCC-based thera-
pies. By exploiting the lysosome’s role in cell metabolism and
death, researchers can design SCCs that selectively activate cell
death mechanisms in diseased cells, such as cancer cells,

offering a promising strategy for targeted therapeutic
interventions.
3.3.2. SCCs accumulate in mitochondria. Inside cells,

mitochondria are crucial for energy production and induction
of apoptosis.>®* %" There are significant structural and func-
tional differences between the mitochondria of tumor cells and
those of normal cells. Tumor cell mitochondria are more
susceptible to damage due to more extensive mutations, such
as a more fragile redox balance and unstable genome.>*®*>”?
Moreover, compared to normal cells, tumor cells typically
exhibit a higher mitochondrial membrane potential,>”*>"”
promoting the accumulation of positively charged SCCs in
the mitochondria and selectively targeting tumor cells. More-
over, compared with other organelles, mitochondria have a
higher oxygen concentration, leading to preferential SCC accu-
mulation in the mitochondria during PDT. Conversely, only
mitochondria and the nucleus contain DNA in human cells.
The nucleus boasts multiple DNA damage repair mechanisms,
including photorepair, excision repair, recombination repair,
mismatch repair, and alkyl transfer repair.>’*2% Tumor cells
often counteract drug-induced DNA damage by enhancing
these specific DNA repair enzymes.?** However, the mitochon-
drial DNA damage repair capacity is relatively limited compared
to the nucleus. Targeting mitochondrial DNA damage can
therefore bypass the drug resistance associated with DNA repair
mechanisms in the nucleus. Additionally, research has

This journal is © The Royal Society of Chemistry 2024
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indicated a functional connection between lysosomes and
mitochondria, including direct contact.?®*2%8  Therefore,
understanding the distribution of SCCs in lysosomes and their
subsequent impact on mitochondrial function is crucial. This
knowledge aids in comprehending therapy mechanisms from
multiple perspectives, which is essential for the targeted treat-
ment design.

Gou et al.*® developed arene-Ru(u) supramolecular com-
plexes (chemical 26, Fig. 16a), capable of self-assembling into
supramolecular vesicles through non-covalent interactions in
water. Subcellular localization studies revealed that upon enter-
ing a cell, Ru predominantly accumulated in the mitochondria,
accounting for 62.5 £ 4.3%. Conversely, only 3.5% appeared in
the nucleus, with the rest 31.7% dispersed in other cellular
fractions (Fig. 16b). Staining experiments using JC-1 and Mito-
SOX Red, which assess mitochondrial membrane potential and
superoxide generation capacities respectively, demonstrated
that chemical 26 causes mitochondrial membrane polarization
and superoxide production when exposed to laser irradiation.
This led to mitochondrial dysfunction, which was further
linked to inducing apoptosis in tumor cells. These findings
underscore that mitochondria are the primary targets of the
arene-Ru(u) complex.

Building on the established connection between mitochon-
dria and lysosomes, Che et al.>*® explored the physiological
process of SCCs from lysosomal localization to mitochondrial
release and their role in cell death. They created a planar Pt(u)
terpyridyl scaffold linked to a glucose moiety (27), which under-
goes cleavage by B-glucosidase, forming compound 28. Their
results demonstrated that 27 predominantly accumulated in
lysosomes, leading to necrotic cell death, whereas 28 was more
prevalent in mitochondria, causing late apoptosis. Necrosis
resulted from lysosomal integrity disruption and autophagy
perturbation. TEM analysis of cells treated with 27 revealed a
significant increase in double-membrane cytosolic vesicles,
indicative of autophagosomes. Based on these distribution
patterns, they suggested an anticancer mechanism: Pt(n)-
containing supramolecular structures accumulate in lysosomes
and mitochondria, resulting in lysosomal integrity disruption,
mitochondrial membrane depolarization, autophagy perturba-
tion, and ultimately, cancer cell death (Fig. 16c).

Furthermore, given the distinct characteristics of mitochon-
drial DNA, several researchers have concentrated on strategies
for localizing SCCs within mitochondrial DNA. Metallohelical
supramolecular systems are particularly favored in this context
due to their protein-like o-helical structure. This structural
mimicry inherently enhances their DNA-targeting properties.
However, Duan et al.”*” discovered that mesocate helical supra-
molecular systems exhibit a higher DNA-binding ability com-
pared to traditional o-helices. They synthesized two mesocate
supramolecules, labeled 29 and 30 (Fig. 17a), demonstrating
impressive mitochondrial localization (with correlation coeffi-
cients of 0.91 and 0.88, respectively, Fig. 17b). Additionally,
their DNA-binding capabilities were investigated through an
ethidium bromide (EB) displacement assay using natural calf-
thymus DNA (ct-DNA). Fig. 17c and d illustrate that the
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treated with 26. Figure adapted from ref. 289 with permission from Springer Nature, Copyright 2022; (c) schematic drawing of the proposed anti-cancer
mechanisms of action of 27 and 28. Figure adapted from ref. 238 with permission from the Royal Society of Chemistry, Copyright 2021.

fluorescence of EB-bound ct-DNA was effectively quenched
following the addition of the mesocate complexes. The binding
constants (Kapp) were calculated at 0.67 x 10’ M~ for 29 and
112 x 107 M ' for 30. These results indicated that their
inherent DNA-targeting ability, formed through noncovalent
interactions, can be enhanced by extending the length of the
diamine linkers (from 29 to 30). Compared to metal ions in a-
helical structures, exhibiting K,p, values between 0.39 x 10’
M ! and 0.66 x 10" M™', mesocate supramolecular complexes
demonstrate a considerably higher binding capacity. Molecular
docking studies revealed distinct binding preferences: 29 pre-
dominantly binds in the major groove of DNA (Fig. 17e), with

3192 | Chem. Soc. Rev., 2024, 53, 3167-3204

an average binding energy of —6.35 kcal mol ™. Conversely, 30
favors the minor groove of DNA (Fig. 17f), indicated by a lower
binding energy of —7.82 kcal mol ' in the minor groove
compared to —6.18 kcal mol " in the major groove. These
findings suggest that the mesocate structure is critical for
enhancing the interactions of supramolecular complexes with
DNA. Consequently, 29 and 30 induced a higher rate of apop-
tosis in tumor cells, with rates of 88.9% and 97.5%, respec-
tively. Overall, these studies significantly contribute to our
understanding of the distribution of SCCs in cells, advancing
research into the mechanisms of cell death caused by SCCs and
aiding the development of precision medicine.

This journal is © The Royal Society of Chemistry 2024
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3.3.3. SCCs accumulate in the cell nucleus. Heavy metal
ions in SCCs, serving as chemotherapeutic agents, are prefer-
ably bound to DNA to maximize therapeutic efficacy while
minimizing toxic side effects. Therefore, understanding the
DNA binding mechanism of SCCs is crucial. Historically, the
development of SCCs, particularly Pt(u)-based ones, has often
been benchmarked against the chemotherapeutic drug cispla-
tin. The prevailing belief is that organoplatinum compounds in
SCCs can emulate cisplatin’s role in eliminating diseased cells
or bacteria via DNA damage. However, numerous experimental
studies have demonstrated that several Pt(u)-based SCCs exhi-
bit superior therapeutic effects compared to cisplatin. This can
be partly attributed to their goal-oriented design. This involves
early-stage adjustments to the molecular structure of SCCs to
overcome cisplatin’s limitations. Additionally, the difference in
DNA damage mechanisms between SCCs and cisplatin plays a
role. Cisplatin typically causes DNA damage through covalent
binding with guanine on DNA after hydrolysis,?**>°* leading
to cancer cell death. However, as previously mentioned, the
existence of mechanisms like nucleotide excision repair,??>2°’
base mismatch repair,?***°° DNA double-strand break damage
repair,’*' % and trans-damage repair’***°> contributes to a
degree of nuclear DNA resistance to cisplatin. Contrastingly,
Pt(u)-based SCCs often target noncanonical nucleic acid struc-
tures, such as the G-quadruplex (G4) structure in DNA,**®*!

SCC accumulation in the cell nucleus has been intensively
studied by Tereni et al.>** They developed a hexagonal Pt(u)
metallacycle (chemical 31, Fig. 18a) and co-incubated it with
cisplatin to test cell viability. The results indicated a slight
antagonistic effect, implying that both might target nucleic

This journal is © The Royal Society of Chemistry 2024

acids but with different action modes. Gene set enrichment
analysis revealed that 31 preferentially targets genes in chro-
mosomal regions rich in G4 structures. Consequently, the
metallacycle accumulates in the nucleus, exhibiting bright
fluorescence upon entering the cell. However, when cells were
also treated with pyridostatin, a known G4 stabilizer, the
fluorescence intensity of 31 diminished. This suggests that
the accumulation of 31 is linked to the presence of G4 struc-
tures. However, when cells were incubated with both 31 and
cisplatin, the fluorescence intensity remained unaltered, indi-
cating distinct DNA binding mechanisms for the two com-
pounds. Further investigation through photobleaching
experiments and immunofluorescence studies showed that 31
interferes with G4 epitope recognition by the quadruplex-
specific antibody BG4. After entering the cell nucleus, 31
replaces BG4 to bind to G4, thereby killing tumor cells. While
in-depth studies on the localization of SCCs in cell nuclei are
less common compared to analyses of their presence in lyso-
somes and mitochondria, some innovative designs have been
developed. For example, Wang et al. created discrete organo-
metallic cages assembled into supramolecular nanoparticles,
which were then fused with proteins carrying nuclear localiza-
tion signals. These signals direct the intracellularly released
protein to the nucleus. Through the clathrin-mediated
endocytosis®*® or caveolae/lipid raft-mediated endocytosis
pathway,*'? various proteins (e.g.,, GFP, green fluorescence
protein) and protein-based drugs are delivered into the nucleus
(Fig. 18b). Such efforts significantly contribute to the advance-
ment of precision medicine by elucidating the subcellular
distribution of SCCs, whether through exploring their DNA
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(a) Chemical structure of a hexagonal Pt(i) metallacycle 31. (b) Images of Hela cells transfected with GFP alone and in GFP-SCC nanoparticles.
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Nuclei were stained with Hoechst 33342 (blue). Scale bar: 20 um. Figure adapted from ref. 312 with permission from Wiley-VCH, Copyright 2021.

binding mechanisms or by achieving targeted release of car-
goes within SCCs.

4. Conclusion and perspectives

In the biomedical realm, numerous treatment modalities,
including theranostics,>*3'® imaging-guided therapy,®’3'°
synergistic therapy,*°>2* and precision medicine, necessitate
the involvement of various functional molecules. These mole-
cules operate independently but synergistically contribute to
achieving the ultimate therapeutic goal. During these treat-
ments, it is essential to precisely control the dosage and
location of different molecules to ensure targeted efficacy, a
task challenging to accomplish through simple mixing of
different components. In this context, the capability of SCCs
to dynamically connect two or more molecules at a fixed ratio
and angle offers them distinct advantages in these applica-
tions. To address the prevalent yet critical challenges associated
with the use of SCCs, such as water solubility, biostability, and
potential toxicity, significant progress has been made in recent
years. This includes state-of-the-art research involving the use
of DSPE-PEG-like liposomes and block copolymers like F127 as
nanocarriers. These enhance the aqueous solubility and in vivo
circulation stability of SCCs. Notably, the lengths and molecu-
lar weights of hydrophilic and hydrophobic segments in F127
block copolymers can be easily adjusted. Moreover, direct
modification of hydrophilic small molecules, polypeptides, or
PEG macromolecules on metallacycles/metallacages enables

3194 | Chem. Soc. Rev., 2024, 53, 3167-3204

SCCs to self-assemble into carrier-free nanoparticles or vesicles.
This approach improves water solubility and offers higher drug
loading capacity. Additionally, targeted molecular modification
allows SCCs to distinguish between diseased and normal cells.
Altering the metal coordination centers can enhance the can-
cer/bacterial killing efficiency or prevent leakage of heavy metal
ions from SCCs. Furthermore, colocalization experiments are
being conducted to study the intracellular distribution of SCCs,
aiming to elucidate their mechanism of action. These strategies
are pivotal in reducing SCCs’ side effects and focusing on
precision medicine. Despite considerable progress, SCCs still
face numerous challenges before clinical application, and
many common issues across different systems must be
addressed and resolved.

(1) SCCs are commonly administered intravenously, a
method where the drugs must navigate several challenges
before effectively targeting cells: circulation, accumulation,
penetration, internalization, and drug release. Forming nano-
particles or vesicles with hydrophilic surfaces aids in maintain-
ing the stability of SCCs in blood circulation, prolonging their
presence. However, this hydrophilicity hinders their ability to
cross the lipophilic outer cell membrane, posing challenges in
cellular uptake and internalization. Conversely, injecting
hydrophobic metallacycles/metallacages without hydrophilic
chain modifications enhances cellular entry but compromises
circulation stability under physiological conditions, risking
premature disassembly before reaching the target. Hence, a
delicate balance between circulation stability and cellular
uptake efficiency of SCCs is essential, but studies in this area

This journal is © The Royal Society of Chemistry 2024
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are scarce. One potential approach is investigating the lipophi-
lic/hydrophilic properties of various SCCs (before and after
nanoparticle or vesicle formation). By comparing circulation
stability and cellular uptake, a reasonable balance might be
found. Although this endeavor demands extensive time and
involves rigorous basic and comparative research, which can be
tedious, the potential for yielding valuable, straightforward
results makes it a promising avenue to explore.

(2) PEG has long been a cornerstone in DDSs, used exten-
sively for encapsulating liposomes or block copolymers and
modifying hydrophilic chains. As a versatile and enduring
material in DDSs, PEG enhances drug stability, prevents adhe-
sion by proteins in the bloodstream, and is highly biocompa-
tible. However, research has shown that PEG can provoke the
production of anti-PEG antibodies (being recognized by B cells
as a foreign substance, leading to the generation of anti-PEG
IgM and 1gG),>***° which results in rapid clearance of PEG-
containing drugs and compromises their therapeutic efficacy.
Consequently, there is a pressing need to develop new materi-
als. Replacing PEG with biological small molecules, peptides,
or even proteins to provide a degree of hydrophilicity to SCCs
could be a viable approach to mitigate the production of anti-
PEG antibodies. The current challenge with these alternatives,
compared to PEG, lies in their relatively weak hydrophilicity
and flexibility. Adjusting their molecular weight, chain length,
and hydrophilic force is challenging but represents a crucial
area for future research and development. Addressing these
issues could lead to more effective and less immunogenic drug
delivery systems.

(3) Utilizing heavy metal ions in the self-assembly of SCCs
presents both advantages and challenges. While the toxicity of
these ions can be harnessed to kill targeted cells or bacteria,
they can also harm normal cells, leading to severe side effects.
Although constructing SCCs via light metal coordination-driven
self-assembly is a known strategy, related research remains
scarce. Current efforts are more focused on enhancing the
targeting capability and individual treatment efficacy of SCCs,
such as increasing the ROS yield for PDT, boosting photother-
mal conversion efficiency for PTT, and designing SCCs with
dual-drug combinations or heteronuclear bimetallic ions. The
goal is to achieve better therapeutic outcomes with lower
doses of SCCs, reducing their toxic side effects. However,
these design strategies often involve more complex donor/
receptor structures or additional functional molecules, poten-
tially increasing side effects while improving efficacy. There-
fore, finding a balance between enhancing treatment
effectiveness and minimizing side effects in SCC design is
critical. This requires a multifaceted approach combining
theoretical, experimental, simulation, and computational
research to identify and assess key factors. These include the
geometric structure, composition, and defects of SCCs, their
pharmacokinetics, internalization mechanisms, and active
sites of action. Such comprehensive evaluation can determine
the overall performance of SCCs and indicate potential side
effects, guiding the development of safer and more effective
therapeutic solutions.
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(4) Compared to healthy cells, tumor cells exhibit abnorm-
alities in  histology (angiogenesis,>***®*  lymphangio-
genesis,*****! axonogenesis and neurogenesis*****%), cell types
(fibroblast activation,****® pericytes,**°**' and adipocyte
change®****"), biophysical status (hypoxia®***=*” and low
pH***7%%) and biochemical indices (up-regulation of the
concentration of small molecules, such as glucose,>" >
glutathione,***® adenosine-5'-triphosphate,**’ > guanosine-
5'-triphosphate,*** %> and large molecules, such as aminopepti-
dase N,***73% alkaline phosphatase,***>%® cathepsin,>***>”" and
matrix metallopeptidases®”>”*). Targeting these abnormalities
can enhance treatment efficacy and reduce toxic side effects.
However, the design of stimuli-responsive small molecule drugs
has outpaced the development of SCCs. The requirement for
angular and structural symmetry in the assembly of SCCs, typi-
cally from symmetrical ligands or acceptors, limits the variety of
small molecular counterparts that can be used. Consequently,
most SCCs currently target tumor cells through modifications
with molecules like FA, biotin, and RGD or utilize the passive EPR
effect. This approach falls short of meeting diverse clinical needs.
A significant challenge for SCCs is broadening their stimulus
responsiveness. Beyond synthesizing and structurally modify-
ing ligands or acceptors, encapsulation post-assembly can
impart additional functions. For instance, traditional amphi-
philic polymer encapsulation of SCCs can be enhanced
by coating them with various cell membranes, such as
erythrocytes,’”>’” macrophages,*”®*?*® homologous tumor
cells,*®'%* or hybrid membranes.***>*” This method can
improve blood circulation ability, reduce immunogenicity,
and enhance internalization and invasion capabilities in tumor
tissues. Such strategies can significantly expand the applica-
tions of SCCs in the biomedical field.

(5) In biomedical applications, designing treatments tai-
lored to the specific characteristics of different tumor cells or
bacteria is crucial. Numerous types of tumor cells exhibit
consistent abnormalities in certain physiological parameters
or biochemical indices. A common strategy involves exploiting
these abnormalities, such as the high expression of FR and
biotin receptors, to modify SCCs and enhance their targeting
capabilities. However, the expression levels of these receptors
can vary significantly among different types of cancer cells. For
instance, certain lung, renal, colon, and breast cancer cell
lines®®¥*%° overexpress the BR at higher levels than the FR.
Therefore, carefully selecting targeting motifs is vital for achiev-
ing better targeting efficiency and therapeutic outcomes. Cur-
rently, most research on SCCs does not delve deeply into the
issue of selectively targeting tumor cell characteristics. Instead,
these studies often focus on demonstrating the therapeutic
effects of SCCs on tumor cells, comparing the efficacy before
and after modification with targeting motifs. To address this
gap, future studies could involve a parallel comparison of
different targeting motifs within the same cell line when
examining the targeting efficiency of SCCs with a specific
structure. Although this approach is not overly complex, it
holds significant value in providing more comprehensive data
for future designs.
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(6) The acid cleavability of SCCs is advantageous as it
ensures their disassembly at the tumor site, allowing for the
independent release of ligands and receptors. This feature
enables the assembly of two molecules with distinct functions
into a single entity without altering their pharmacological
activity and pharmacokinetics. However, to enhance the adapt-
ability of SCCs to the complex in vivo physiological environment
and maintain their stability during transportation, certain SCCs
are designed to resist both acidic and alkaline conditions. This
resistance prevents the leakage of small-molecule counterparts
and metal ions, reducing potential toxicity and side effects.
However, this acid-alkali resistance also means that these SCCs
may lose their ability to disassemble at the tumor site or within
lysosomes. This limitation adds to the research complexity, as it
eliminates the possibility of independent ligand or receptor
release. Consequently, researchers must consider SCCs as
intact molecules and assess how changes in their molecular
structure could impact their pharmacological activity and
bioactivity. Balancing the stability of SCCs to prevent leakage
of small-molecule counterparts or metal ions while ensuring
their acid-responsive release at the tumor site is a critical aspect
of their design. However, the relationship between the structure
of SCCs and the leakage of metal ions, along with their
potential toxic effects, has not been thoroughly and system-
atically explored. Studies on stability in acidic or alkaline
environments have primarily been incidental, often using
absorption or emission spectroscopy, without specific focus
on the effects of SCC leakage or the comparative impacts of
acid-cleavable versus non-cleavable SCCs on cellular/bacterial
growth or systemic toxicity in vivo. This lack of targeted
research means that the acid-alkali resistance of SCCs is more
often a chance discovery rather than the result of intentional
design. Given the known properties of some SCCs, follow-up
research need not be overly complicated. Routine in vitro and
in vivo experiments, such as ICP-MS, CLSM, flow cytometry, and
MTT assays, can provide valuable insights. Based on these
findings, researchers can undertake targeted designs starting
from the molecular structure of SCCs. This approach will help
clarify the optimal balance between stability and acid cleava-
bility of SCCs in biomedical applications.

(7) Understanding the subcellular distribution of SCCs is
crucial for deciphering their anticancer and antibacterial
mechanisms. This knowledge facilitates the design of specific
drug molecules that can minimize the side effects of SCCs,
aligning with the core principles of precision medicine.
Research has confirmed that SCCs predominantly localize
within lysosomes, mitochondria, and nuclei. However, estab-
lishing a clear chemical structure-localization relationship and
organelle feature-localization relationship akin to those for
small molecule drugs remains a distant goal. To progress in
this area, more data supporting the localization results of SCCs
with varied structures are necessary. Additionally, exploring
organelle-targeting motifs for localization in other organelles,
such as the Golgi apparatus and endoplasmic reticulum, could
provide more active sites and action mechanisms for SCCs.
This would significantly enrich the study of their subcellular
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distribution. Given these challenges, while the potential of
SCCs in the biomedical field is promising, there is still con-
siderable work to be done.
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