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Bacterial infections are exacerbated by antibiotic resistance and biofilm formation, posing a serious threat to
global health. At present, treatment methods that mainly rely on antibiotics are increasingly challenged by anti-
biotic resistance, and thus innovative solutions are needed. Supramolecular coordination complexes (SCCs)
assembled from organic ligands and metal receptors are a promising type of antibacterial agent. SCCs have
demonstrated significant application value in the biomedical field, especially achieving remarkable results in
tumor treatment and medical imaging diagnosis. Although research on the antibacterial applications of SCCs is
still in its early stages, their well-defined antibacterial mechanisms and designable molecular frameworks
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provide strong potential for addressing drug-resistant bacterial infections. As systematic reviews of the mole-
cular design and mechanisms of SCCs are still scarce, this article reviews the antibacterial mechanisms and
design strategies of SCCs, aiming to guide the molecular engineering of advanced antibacterial materials and

rsc.li/dalton address the urgent need for effective alternatives to traditional antibiotics.
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1. Introduction

Bacterial infections, particularly with the rapid rise of antibiotic-
resistant strains, remain a major global public health threat.
Currently, bacterial infection treatments primarily rely on anti-
biotics, which inhibit bacterial growth or kill bacteria, playing a
key role in managing various infections."” However, the extensive
use of antibiotics has led to an increasingly prominent issue of
antimicrobial resistance (AMR), posing new challenges to thera-
peutic approaches.? According to the World Health Organization
(WHO), by 2050, annual deaths caused by bacterial resistance will
increase by 67.5%, reaching 1.91 million.”> AMR has become a
significant threat to global public health, which is exacerbated by
the formation of microbial biofilms that play a crucial role in the
evolution and spread of drug-resistant bacteria.”” Biofilms are
complex bacterial communities that form on surfaces and are
encased in extracellular polymeric substances (EPS).>° Bacteria
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in biofilms enhance their resistance to antibiotics through the
protective matrix formed by EPS, making infection treatment
more challenging." ™

In recent years, emerging antibacterial agents mainly include
natural materials (such as silver and chitosan), metal-organic
frameworks (MOFs),"*"> covalent organic frameworks (COFs),'*™*®
organic small molecules,">" and nanomaterials.”>**> Most of
these agents exert antibacterial effects through chemical and
physical methods, yet they still face limitations despite their
respective advantages in killing bacteria.’* For instance, some
nanomaterials exhibit broad-spectrum antibacterial activity by
disrupting the bacterial membranes and generating reactive
oxygen species (ROS).>>® Similarly, certain materials with an
ideal shape and size, as well as a cationic framework with pre-
cisely positioned charges, can interact with bacterial lipid mem-
branes through their inherent properties to form transmembrane
channels, effectively disrupting the integrity of bacterial cell
membranes.”’ " Due to the complexity of the bacterial environ-
ment and the protection offered by tenacious biofilms, it is
difficult to achieve satisfactory outcomes with current clinical
diagnosis and treatment.’>** Therefore, developing novel drugs
that effectively combat antibiotic resistance and disrupt biofilms
has become an urgent global public health priority.

Consequently, researchers have focused their attention on
supramolecular coordination complexes (SCCs), which are
materials precisely assembled from organic ligands and metal
acceptors (Scheme 1).>*7*¢ At present, SCCs have been widely
applied in the biomedical field, especially achieving remark-
able progress in tumor treatment and imaging.’”*' Although
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Scheme 1 A Review of the application of supramolecular coordination
complexes in bacterial diagnosis and treatment.

their application in the field of antibacterial technology is still
in its infancy, its huge potential cannot be ignored. This
technology enables targeted design against unique bacterial
structures (such as peptidoglycan cell walls/outer membranes)
and responds to specific bacterial microenvironmental con-
ditions (e.g., specific enzymes, acidic pH, etc.), thereby achiev-
ing precise and efficient treatment of drug-resistant bacteria
and biofilm infections.*>** Additionally, they demonstrates
significantly higher selectivity and lower toxicity advantages.
SCCs can generate increased levels of ROS, thereby effectively
damaging bacterial cell walls or membranes.***> The antibac-
terial efficacy can be further modulated by varying the types of
organic ligands and metal acceptors. For instance, some
researchers employ photosensitizers capable of ROS gene-
ration under light irradiation as self-assembly ligands, or
introduce heterometallic acceptors to obtain highly positively
charged SCCs, which enhances membrane interactions and
improves antibacterial activity.*® There are relatively few
reviews on the correlation analysis of the specific mechanisms
and molecular designs of SCCs’ antibacterial properties.
Therefore this paper conducts an in-depth analysis of two key
antibacterial mechanisms of SCCs - the antibacterial effect of
ROS and the antibacterial effect of physical destruction,
aiming to explore effective molecular design strategies, lay the
foundation for molecular engineering, and promote the
research and development of advanced antibacterial materials.

2. Mechanism-oriented design and
structure-activity study of antibacterial
agents based on SCCs

2.1 ROS-mediated antibacterial mechanism of SCCs

Reactive oxygen-mediated bacterial membrane damage is one
of the main mechanisms of action of current antibacterial

This journal is © The Royal Society of Chemistry 2026
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materials based on SCCs.*” For instance, singlet oxygen (*O,)
or hydroxyl radicals ("OH) can damage membrane lipids, DNA
or proteins, thereby leading to irreversible bacterial death.
Researchers usually use different photosensitizers or sonosen-
sitizers as ligands for SCCs to generate more ROS.**™*°
Photodynamic inactivation (PDI) is a novel antibacterial
therapy that utilizes photosensitizers to generate ROS (such as
'0,) under light exposure, exerting bactericidal effects by
destroying key molecules such as bacterial membranes and
DNA.>" At present, the optimal design of photosensitizers is
the research focus for improving the efficiency of PDIL
Traditional photosensitizers currently face the issue of aggre-
gation-caused quenching (ACQ).>*”>* When these photosensiti-
zers aggregate, fluorescence self-quenching occurs, and their
ability to generate ROS significantly decreases, greatly limiting
their effectiveness in PDI. In contrast, photosensitizers with
aggregation-induced emission (AIE) characteristics can main-
tain their ROS generation capacity even in the aggregated state,
demonstrating superior therapeutic potential for PDL"
Current AIE photosensitizers effectively address the aggre-
gation-caused quenching (ACQ) effect and demonstrate aggre-
gation-enhanced luminescence and ROS production.>® Herein,
many researchers have focused their attention on tetraphenyl-
ethylene (TPE) structures with AIE effects. For instance, Niu’s
team proposed a tetraphenylethylene-based discrete organo-
platinum(i) metallacycle photosensitizer 1, which employs a
TPE structure with AIE characteristics to overcome the ACQ
effect of traditional photosensitizers.’” To further enhance the
PDI performance, 1 was assembled with tobacco mosaic virus
coat proteins functionalized with a transduction-activating
peptide (TAT) to form nanoparticles (3) via electrostatic inter-
actions (Fig. 1A). The obtained nanoparticles demonstrate
excellent ROS generation capacity while maintaining effective
bacterial cell membrane penetration capability. This combi-
nation of properties synergistically boosts their photodynamic
antibacterial efficacy. Fig. 1B clearly reveals that the synergistic
effect of membrane embedding ability and ROS generation is
the core mechanism for assembly 3 to achieve efficient sterili-
zation. The survival rate of assembly 3 against E. coli under
light exposure can drop from approximately 55% to nearly 0%.
The photosensitizer alone 1 lacks membrane penetration
ability, and the bactericidal effect after light exposure is weak.
The efficacy of assembly 3’ without TAT modification is signifi-
cantly reduced (the survival rate only drops from 74% to 63%).
Zhang’s group also utilized the TPE structure to construct
an antibacterial metalcycle PtTPEM (Fig. 1C). They designed a
cascaded artificial light capture system (LHS), which signifi-
cantly enhanced the photodynamic antibacterial efficiency by
utilizing collaborative energy transfer.’® The specific approach
is to first coordinate TPE ligands with platinum(u) ions to self-
assemble a hexagonal metal ring PtTPEM with AIE properties,
which serves as an energy donor. Then, the relay molecule sul-
forhodamine 101 (SR101), which highly overlaps with the
PtTPEM emission spectrum, is introduced as the first energy
acceptor to further transfer the energy. Finally, the near-infra-
red photosensitizer chlorophyll e6 (Ce6) is used as the final
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Fig. 1 (A) Schematic illustration of the self-assembly of metallacycle 1,
protein 2 and assembly 3 (B) E. coli viability against assembly 3, metalla-
cycle 1, and assembly 3’ in the dark and under light irradiation.
Reproduced with permission.>” Copyright 2019, Proceedings of the
National Academy of Sciences of the United States of America. (C)
Structure of PtTPEM. (D) S. aureus viability with different concentrations
of PtTPEM and other different assemblies in the dark or under light con-
ditions. Reproduced with permission.>® Copyright 2023, Proceedings of
the Wiley-VCH.

energy acceptor. Through two-step energy transfer, the light
energy is efficiently concentrated, thereby significantly improv-
ing the generation efficiency of '0,. The light-harvesting
system (LHS) constructed based on PtTPEM-SR101-Ce6
exhibited significant light-dependent antibacterial activity. As
shown in Fig. 1D, in experiments using Staphylococcus aureus
as the model organism, the survival rate of bacteria treated
with 3 uM PtTPEM-SR101-Ce6 under white light irradiation
dropped to nearly zero, whereas under dark conditions, the
survival rate of the similarly treated group remained above
20%. Further intergroup comparisons revealed that the bac-
tericidal effect of the LHS treatment under light was signifi-
cantly stronger than that of the LHS group kept in darkness or
the Ce6-only group, indicating that the system can efficiently
achieve light-controlled bacterial inactivation.
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Columnar aromatics, with their columnar molecular struc-
ture and electron-rich hydrophobic cavities, can efficiently
complex charged guest molecules and achieve multifunctiona-
lization through end group modification.*>*® Therefore, Sun
and Stang’s group designed a pillar[5[arene-based metalla-
cycle®* that binds an AlEgen (1-butyl-4-[4-(diphenylamino)
styryl]pyridinium) through host-guest interactions (Fig. 2A).
The experiment showed that the nanoparticle not only moni-
tors the in vivo delivery process of the photosensitizer in real-
time but also effectively inhibits bacterial survival through
photodynamic effects and significantly accelerates wound
healing in mice infected with S. aureus. According to the
in vitro experiments shown in Fig. 2B and C, the supramolecu-
lar photosensitizer 1 D 2 NPs has no obvious toxicity to bac-
teria in the absence of light, but shows a very strong killing
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Fig. 2 (A) The structure of metallacycle 1 and the host—guest com-
plexation of 1 D 2. (B) Photomicrographs showing S. aureus and E. coli
incubated with 1 D2 NPs and 2 NPs for 10 minutes, with or without
light irradiation. (C) Photos of mice infected with S. aureus. Reproduced
with permission.5 Copyright 2021, Proceedings of the Wiley-VCH. (D)
Structure of P5Pt-Bio. (E) and (F) Colony-forming unit (CFU) images and
bacterial survival rate analysis of Enterobacter, S. aureus. (G) Confocal
laser scanning microscope (CLSM) image. Reproduced with per-
mission.®? Copyright 2025, Proceedings of the Springer Nature.
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effect on S. aureus under 450 nm laser irradiation, and also
has a significant inhibitory effect on E. coli. In vivo experi-
ments further confirm its therapeutic potential. The wounds
of the infected mice were significantly healed after treatment
with 1 D 2 NPs. Hu and Yu’s group also developed an antibac-
terial agent using pillararenes—a novel pillar[5Jarene-based
metallacycle.®” They utilized the methylene bridging position
to construct a supramolecular platinum metallacycle (P5Pt),
which serves as a host molecule that combines with an ethyl-
ene glycol-linked biotin diester linker to form a water-soluble
supramolecular nanosystem (P5Pt-Bio) (Fig. 2D). This strategy
can increase ROS and target membrane destruction, which is a
host-guest complex that stimulates reactive bioactivity and bio-
compatibility. Moreover, the biotin diester coupling linked by
ethylene glycol can enhance the water solubility, biocompat-
ibility and antibacterial effect of the metal ring. The study
found that P5Pt-Bio exhibited excellent antibacterial activity
against E. coli, S. aureus with its MIC for Gram-positive bac-
teria lower than that of P5Pt alone and comparable to norfloxa-
cin, while biocompatibility assays in HaCaT cells revealed
enhanced cell viability relative to P5Pt (Fig. 2E-G). These find-
ings indicate that the integration of host-guest chemistry with
coordination-driven self-assembly opens a new avenue for
developing antibacterial platforms that wunite real-time
imaging and precise therapy, while also laying an important
foundation for constructing theranostic antibacterial systems.

Beyond AIE photosensitizers, donor-acceptor-donor (D-A-
D)-based photosensitizers have recently demonstrated distinc-
tive advantages in antibacterial applications.®*®> The D-A-D
architecture can effectively modulate the energy level structure
through intramolecular charge transfer (ICT), narrowing the
energy gap and extending the absorption into the visible or
even near-infrared regions.®®®” Upon coordination with heavy-
metal centers, the intersystem crossing (ISC) efficiency and
ROS generation can be markedly enhanced, while metal-
ligand coordination-driven self-assembly affords excellent
water solubility, structural stability, and dual-mode antibacterial
activity under both light and dark conditions.®® A representative
example is the Pt(u)g benzothiadiazole metallosupramolecular
tubular cage (PMB1) (Fig. 3A) reported by Mukherjee’s group
whose rigid three-dimensional structure enriches benzothiadia-
zole photosensitizing units and leverages the heavy-atom effect
of platinum to boost 'O, generation, while the high net positive
charge and hydrophobic surface enable strong binding to bac-
terial membranes, resulting in potent antibacterial activity in
both illuminated and dark environments.®® Under 405 nm exci-
tation, PMBL1 exhibits a significant enhancement in fluorescence
intensity (QY = 5.03%) and a 160 nm Stokes shift (Fig. 3B). In
antimicrobial tests, PMB1 demonstrates better antibacterial
activity at very low concentrations, regardless of light conditions,
while the building units (L and Pt receptors) show no inhibitory
effect against methicillin-resistant S. aureus (MRSA) and
Pseudomonas aeruginosa (PA) under the same conditions
(Fig. 3Q).

In another study, Sun and Stang’s group developed a long-
wavelength-emissive Ru(u) metallacycle that extends the D-A-
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Fig. 3 (A) The structure of PMB1. (B) Absorption and emission spectra
of PMB1 and L. (C) The growth curve of bacteria in the presence of
PMBL1 (ab) and L and Pt (cd): (ac is under light conditions, bd is without
irradiation of light). Reproduced with permission. 5! Copyright 2020,
Proceedings of the American Chemical Society. (D) Structure of metalla-
cycle 1. (E) NIR-II fluorescence images of S. aureus and E. coli and their
fluorescent intensities. (F) Scanning electron microscope res of S. aureus
and E. coli after various treatments. Reproduced with permission.”®
Copyright 2022.

D ligand emission into the second near-infrared (NIR-II,
1000-1700 nm) region,”® achieving deep-tissue penetration,
high spatial resolution, and minimal autofluorescence under
808 nm excitation (Fig. 3D). When they incubated metallacycle
1 with S. aureus and E. coli to test the interactions with bac-
teria, metallacycle 1 exhibited a strong near-infrared type II
fluorescence signal, and the fluorescence intensity of S. aureus
was 2.3 times that of E. coli, indicating that the absorption
efficiency of metallacycle 1 in S. aureus was significantly
higher than that in E. coli (Fig. 3E). In addition, scanning elec-
tron microscopy (SEM) characterization revealed that it can
cause wrinkles and distortions in the bacterial cell walls,
thereby leading to bacterial death (Fig. 3F). Such designs over-
come the limitations of traditional photosensitizers, including
short excitation wavelengths, poor solubility and ACQ, while
offering great potential for multimodal synergistic antibacter-
ial therapy.

In addition to the ACQ effect of photosensitizers, the issue
of excessive high-power laser exposure in phototherapy must
also be considered.”*”* Based on this, Sun and Kim’s group
designed a supramolecular triangle’® (Pt1110) embedded with
Pt(u), utilizing an NIR-II emissive boron dipyrromethene

Dalton Trans., 2026, 55, 2788-2798 | 2791
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(BODIPY) ligand and a Pt(u) acceptor to achieve coordination-
driven [3 + 3] self-assembly(Fig. 4A). The study evaluated the
ROS generation ability of Pt1110, finding that its oxygen gene-
ration yield (®,) was 0.28, which is 75% higher than that of
ligand 1 (&, = 0.16) (Fig. 4B). Pt1110 enabled precise NIR-II
fluorescence imaging and enhanced photoactivated tissue ster-
ilization at a low power density (<0.72 W cm?) (Fig. 4D). This
phenomenon is likely attributed to the combination of the
heavy atom effect and NIR-II excitation. SEM images further
showed that Pt1110 not only strongly adheres to the bacterial
surface but also works synergistically with laser irradiation to
significantly disrupt the bacterial cell membrane (Fig. 4C).
This highlights that structural red-shifting, surface charge
modulation, and nanocarrier encapsulation are promising
molecular engineering strategies to further advance BODIPY-
based supramolecular photosensitizers for antibacterial
applications.

The traditional photodynamic therapy (PDT) has made
some progress, but its limited tissue penetration remains a
challenge.”®”” In recent years, sonodynamic therapy (SDT) as
an emerging antibacterial technology, has gained increasing
attention due to its potential to overcome this key limitation of
PDT.”® Sun’s team developed a supramolecular sonosensitizer/
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Fig. 4 (A) Synthetic route and structure of Pt1110. (B) The ROS gene-
ration ability of Pt1110 and ligand 1. (C) SEM images of S. aureus and
E. coli treated with Pt1110. (D) The antibacterial effect of Pt1110 on
S. aureus. Reproduced with permission.”> Copyright 2022, Proceedings
of the Springer Nature. (E) The structure and construction of Ru-A3-
TTD. (F) Immunofluorescence images of biofilm infections in different
treatment groups. Reproduced with permission.”® Copyright 2024,
Proceedings of the Wiley-VCH.
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sonocatalyst (Ru-A3-TTD)’® based on Ru(u) metal rings, achiev-
ing a significant breakthrough in the field of sonodynamic
antibacterial therapy (Fig. 4E). A series of Ru(u) receptors (Ru-
A1, Ru-A2, Ru-A3) were designed in the study using the =
expansion strategy, which significantly reduced the molecular
orbital energy gap and increased the ROS yield triggered by
ultrasound. To verify the effect of Ru-A3-TTD in alleviating
hypoxia in BME, they assessed the hypoxia levels in MDR
E. coli infected tissues using immunofluorescence staining of
HIF-1a. As shown in Fig. 4F, treatment with Ru-A3-TTD
resulted in a significant reduction in HIF-la-positive areas.
This suggests that the compound alleviates hypoxia in the
BME through its CAT-mimicking activity. Ru-A3-TTD effectively
addresses three issues in complex BME: alleviating hypoxia to
enhance ROS production under ultrasound, disrupting redox
balance to protect ROS from GSH consumption, and improv-
ing permeability to promote deep ROS generation. This study
not only clarified the mechanism of action of the new sono-
sensitizer by deeply exploring the structure-activity relation-
ship, but also provided an important reference for the treat-
ment and clinical application of biofilm infections.

2.2 Physical destruction of bacterial membranes mediated by
SCCs

Over the past decade, scientists have achieved notable progress
in antimicrobial studies targeting bacterial membranes via
SCCs.%%®! Li’s group reported a type of SCCs with superior
antibacterial properties based on the membrane destruction
mechanism.®* They constructed three generations of nested
hexagonal supramolecules (Kandinsky Circles, G2-G4) through
coordination-driven self-assembly of multidentate terpyridine
ligands with Cd(u), with molecular weights reaching
17-38 kDa (Fig. 5A). During the synthesis process of ligands,
innovatively modular synthesis is applied to solve the problem
of difficult separation of traditional synthetic polydentate
ligands. These discrete nested supramolecules tends to form
nanoribbon-like structures on the surface of highly oriented
pyrolytic graphite (HOPG). Through planar lipid bilayer con-
ductance measurements, they were shown to form transmem-
brane channels (conductance 15-26 pS) (Fig. 5B), while fluo-
rescence microscopy and TEM ultrathin sections revealed
membrane insertion leading to cytoplasmic leakage. G2-G4
exhibit potent antibacterial activity against Gram-positive
MRSA with negligible toxicity to eukaryotic cells, achieving bac-
tericidal effects by disrupting cell membranes and inducing
ion leakage (Fig. 5C and D). This nested multivalent design
with large rigid structures significantly enhanced membrane
interaction, providing a template for developing highly specific
membrane-disrupting agent.

In 2019, the team made further improvements to the syn-
thetic method.®® They developed a multicomponent one-pot
synthesis/self-assembly strategy by combining irreversible con-
densation of pyrylium salts with primary amines and tpy-Zn
coordination, successfully constructing complex two-dimen-
sional spiderweb-like molecules (SW-1 and SW-2) (Fig. 5E).
This method enables direct precipitation purification of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (A) Self-assembly and the structure of G1-G4. (B) Conductance
measurement of G2-G4 in planar lipid bilayers. Reproduced with per-
mission.®2 (C) G2-G3 deconvolution fluorescence microscope images.
(D) TEM images of G2—G4. (E) Structure of SW-1 and SW-2. Reproduced
with permission.8® Copyright 2019, Proceedings of the American
Chemical Society. (F) Structure of HP. Reproduced with permission.®*
Copyright 2021, Proceedings of the Royal Society of Chemistry.

target product without intermediate isolation. The work pro-
vides a new methodology for high-throughput synthesis of bio-
active supramolecules, highlighting how orthogonal self-
assembly can efficiently generate complex functional architec-
tures for biomedical applications.

In 2021, Nieh and Li’s group constructed a novel nanocom-
plex, HP-B, which is formed by encapsulating the hydrophobic
antibacterial supramolecule HP within niform-sized discoidal
bicelles (Fig. 5F). This nanocomposite significantly enhances
the water solubility and biocompatibility of HP.** It adopts a
hexagonal parallel (non-stacked) configuration along the high-
curvature edges of bicelles, effectively minimizing n-n inter-
actions and significantly enhancing fluorescence emission
intensity. In terms of the antibacterial mechanism, HP itself
exhibits direct antibacterial activity against Gram-positive bac-
teria. Meanwhile, the bicelles enhance the stability of HP in
biological environments, thereby facilitating the delivery of
more HP to its target sites.

In 2020, Yang’s team synthesized the first heterometallic
triangular necklace structure containing both Cu and Pt
metals through a highly efficient metal-coordination-driven
“threading-followed-by-ring-closing” strategy.®> This architec-
ture features a precise interlocked assembly comprising a large
[3 + 3] Pt(u)-N cationic metallacycle and three polyether phe-
nanthroline macrocycles(1) (Fig. 6A). To explore its antibacter-
ial mechanism, researchers first found through energy disper-
sive spectroscopy that copper and platinum elements were sig-
nificantly enriched on the cell surface and co-localized with

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (A) Self-assembly and the structure of 1. (B) The energy dis-
persion spectrum of element co-localization. (C) TEM images of 1.
Reproduced with permission.8> Copyright 2020, Proceedings of
Springer Nature.

cellular components such as oxygen, nitrogen, and phos-
phorus, preliminarily confirming that the necklace structure
can directly contact the cell surface (Fig. 6B). Further obser-
vation by transmission electron microscopy revealed that the
bacterial cells treated with this heterogeneous metal necklace
generally suffered from severe damage to the cell wall and
plasma membrane, resulting in cytoplasmic leakage (Fig. 6C),
demonstrating a strong membrane destruction effect. The het-
erometallic Cu(1)/Pt(u) system significantly enhances antibac-
terial efficacy by synergistically strengthening bacterial binding
and disruption through electrostatic interactions, while con-
currently inducing DNA breakage. This work represents the
first reported heterometallic molecular necklace and estab-
lishes a new paradigm for designing mechanically interlocked
molecules with enhanced biological functions.

Chen and Yang’s group developed a class of discrete sac-
charide-functionalized amphiphilic metallacycles—namely
[2 +2]-Gal, [3 + 3]-Gal, and [6 + 6]-Gal—via coordination-driven
self-assembly®® (Fig. 7A). As shown in Fig. 7B, these structures
demonstrated size and carbohydrate-dependent hierarchical
self-assembly in aqueous environments, leading to the for-
mation of diverse nanostructures including nanoparticles,
vesicles, and micron-scale vesicles. Dissipative particle
dynamics (DPD) simulations further illuminated the self-
assembly mechanism, highlighting a delicate interplay
between hydrophobic/r—n stacking within the metallacyclic
core and inter-galactoside carbohydrate-carbohydrate inter-
actions (CClIs), which was particularly distinctive in the case of
[6 + 6]-Gal. When evaluated for bioactivity, these glyco-metalla-
cycles exhibited pronounced antibacterial and anti-biofilm
effects against S. aureus. The [6 + 6]-Gal micron-sized vesicles
stood out, showing potent biofilm inhibition at concentrations
as low as 12.5 pM, markedly surpassing the performance of
the non-glycosylated analogue [3 + 3]-EG5. The anti-biofilm
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efficacy was visually substantiated through confocal laser scan-
ning microscopy (CLSM), where treated samples showed nearly
complete absence of biofilm formation (Fig. 7C). Mechanistic
studies revealed a dual mode of action: initial bacterial attach-
ment was facilitated by electrostatic interactions between the
positively charged metallacycles and negatively charged cell
surfaces, while quartz crystal microbalance (QCM) assays
underscored the critical contribution of specific galactoside-
mediated “sweet talking” interactions in achieving strong bac-
terial binding and biofilm inhibition—a mechanism absent in
EG5-modified controls. This work successfully integrates pre-
cision supramolecular assembly with carbohydrate bioactivity,
offering a novel and efficient strategy to combat biofilm-associ-
ated infections through rational metallacycle design.

The above research content demonstrates how precisely
controlling molecular geometry, metal composition, and self-
assembly pathways can generate complex materials with
enhanced biological activity, providing valuable insights for
the development of next-generation antibacterial agents that
operate through physical membrane destruction mechanisms.

2.3 The antibacterial mechanisms of metal supramolecular
networks

Supramolecular network materials have shown great potential
in the antibacterial field due to their unique structures and
functions. By introducing metal complexes as cross-linking
points or functional units, researchers have successfully con-
structed a series of metal supramolecular networks with high
antibacterial performance.’”® In 2020, Zhang’s group pre-
pared a supramolecular network based on poly(N-isopropyl-
acrylamide) (PNIPAAM),”® cross-linked by a fluorescent hexag-
onal platinum(u) metal ring (Fig. 8A). This network can not

2794 | Dalton Trans., 2026, 55, 2788-2798

only be used for bacterial imaging but also effectively kill bac-
teria. The antibacterial mechanism mainly relies on the ability
of the platinum(u) metal ring to disrupt the bacterial cell wall
and membrane structure, while the water solubility and bio-
availability of PNIPAAM further enhance the antibacterial per-
formance of the network (Fig. 8B). Table 1 in Fig. 8 shows that
the network with the highest cross-linking density (5a) exhibi-
ted the strongest antibacterial activity against E. coli and
S. aureus, with minimum inhibitory concentrations (MICs) of
25 pg mL™" and 12.5 pg mL™", respectively. As shown in the
morphological images of E. coli and S. aureus, the bacterial
cell walls were totally damaged after incubation with supramo-
lecular networks 5a (Fig. 8C). Building on this research, sub-
sequent studies further explored the applications of metal
supramolecular networks in the antibacterial field. In 2024,
they used a platinum(u)/copper() heterometal[2]rotaxane as
the cross-linking unit and cross-linked it with polyethylene
glycol (PEG) via click reaction to construct a novel supramole-
cular network (P1-P3) (Fig. 8D). This network exhibited broad-
spectrum and highly efficient antibacterial activity against
various bacteria, including methicillin-resistant S. aureus
(MRSA), due to the synergistic antibacterial effects of platinum
(1) and copper(1) ions. As shown in Fig. 8E, the network P1 had
antibacterial rates of 99.7% and 98.4% against E. coli and
S. aureus respectively, and could completely kill MRSA at a con-
centration of 40 pM. Moreover, scanning electron microscope
(SEM) images showed that supramolecular network P1 caused
the most severe damage to the bacterial cell wall, consistent
with the antibacterial activity results.”*

In 2025, this team prepared a free aestanding supramolecu-
lar network (6a-6¢)°> by photoinduced copolymerization,
cross-linking a platinum(u) metal cage (4) with butyl methacry-

This journal is © The Royal Society of Chemistry 2026
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late (5) (Fig. 9A). This network, due to the photosensitizing
ability of the metal cage, could efficiently generate 'O, under
light irradiation, thereby degrading and killing organic pollu-
tants and bacteria. Experimental results indicated that
network 6c¢ achieved the highest methyl orange degradation
efficiency, reaching 8.016% after 30 minutes of light
irradiation. It also exhibited strong antibacterial activity
against E. coli and S. aureus, with minimum bactericidal con-
centrations (MBCs) of 0.004 mg and 0.01 mg, respectively
(Fig. 9B). Moreover, the network demonstrated good recyclabil-
ity and reusability, highlighting its strong potential for practi-
cal water treatment applications.”®
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Fig. 9 (A) Synthetic routes and structure of metallacage-crosslinked
supramolecular networks (6a—6c). (B) The antibacterial activity of supra-
molecular networks 6a, 6b and 6c against S. aureus. Reproduced with
permission.®? Copyright 2022, Proceedings of the National Academy of
Sciences of the United States of America.
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These researches have demonstrated the great potential of
metal supramolecular network materials in the antibacterial
field. From the initial combination of fluorescent imaging and
antibacterial functions, to the exploration of synergistic anti-
bacterial effects and photocatalytic antibacterial mechanisms,
these studies have not only deepened the understanding of the
antibacterial properties of metal supramolecular networks but
also provided important references and ideas for the develop-
ment of new antibacterial materials.

3. Conclusions and perspective

This article briefly introduces the latest progress in antibacter-
ial strategies based on reactive oxygen-mediated and physical-
mechanical destruction mechanisms, and further discusses
how these mechanisms inform the molecular engineering of
SCCs for antibacterial applications.

In ROS-mediated systems, the coordination self-assembly of
photosensitizers or sonosensitizers with metal centers enables
controllable and efficient ROS production for PDT and SDT,
thereby enhancing antibacterial efficacy.’**> In parallel,
physicomechanical mechanisms rely on the membrane-pene-
trating ability and electrostatic interactions of SCCs to induce
membrane rupture and ion leakage, effectively leading to bac-
terial death.’® Moreover, metal-ion-crosslinked supramolecular
networks have demonstrated synergistic antibacterial activity
by reinforcing structural stability and amplifying membrane
disruption.”” Although these two mechanisms have achieved
certain results, there are still some problems that need to be
solved urgently at present:

(1) At present, heavy metal elements such as Pt and Ru
used in SCCs pose potential toxicity risks.”® Although previous
studies have attempted to enhance its biocompatibility
through host-guest chemical modifications, the long-term bio-
safety issue has not been fundamentally resolved. Future
research could shift towards molecular engineering strategies,
such as replacing heavy metals with light metal elements,
thereby systematically reducing the toxicity of these materials.

(2) Second, current antibacterial agents, especially photo-
sensitizer-based PDT, have shown great potential in the treatment
of local infections due to their non-invasive nature and low likeli-
hood of inducing drug resistance.” However, their therapeutic
effect is limited by the limited tissue penetration ability of visible
light (usually <0.5 cm), making it difficult to effectively act on
deep tissue infections. In contrast, SDT takes advantage of the
stronger tissue penetration ability of ultrasound (<10 cm) and
shows greater potential in the treatment of deep infections.'*® %
However, at present, there are relatively few studies on the appli-
cation of ultrasound sensitizers in antibacterial diagnosis and
treatment. Therefore, it is very necessary to develop new types of
sonosensitizers to promote the in-depth development of antibac-
terial sonodynamic therapy.

(3) In addition, the targeting ability of SCCs still needs to
be improved,'” although SCCs possess excellent structural
tunability and exhibit multiple antibacterial mechanisms,
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their targeting capability remains limited, making it difficult
to achieve precise recognition and action toward specific
pathogens or infection sites.'® Most SCCs rely on positively
charged metal centers or cationic ligands to interact non-
specifically with bacterial membranes through electrostatic
and hydrophobic interactions. While such interactions confer
broad-spectrum antibacterial effects, they lack selectivity and
may induce cytotoxicity toward host cells.'®>'°® Future studies
could focus on refining ligand structures by incorporating bac-
teria-specific recognition motifs—such as carbohydrate recep-
tor ligands, antimicrobial peptide sequences, or siderophore
analogs—and on optimizing the coordination geometry
between metal centers and ligands to enhance specific mole-
cular interactions with bacterial membranes, thereby achieving
more efficient and selective antibacterial targeting.

Currently, the key challenges in the clinical translation of
supramolecular coordination complexes (SCCs) mainly include
insufficient in vivo stability and limited controllability over
their metabolic behavior.'®” In complex physiological environ-
ments, SCCs are prone to nonspecific distribution, making it
difficult to maintain adequate effective drug concentrations at
target sites. Additionally, a systematic safety evaluation frame-
work for their long-term use remains to be established.

To address these challenges, one important direction for SCCs
is to develop intelligent drug delivery systems capable of respond-
ing to the local microenvironment. Among these, one of the most
promising pathways for clinical translation involves the develop-
ment of surface functional coatings to combat biofilm-related
infections.'® For example, in localized infection models such as
chronic wound infections or implant-associated infections, SCCs
can be flexibly designed into hydrogel, nanofiber, or functional
coating materials.' Such formulations can sense specific signals
in the infected microenvironment (e.g., pH, enzymes, or redox
states), enabling controlled release and targeted accumulation of
antibacterial components at the lesion site."'® This not only sig-
nificantly enhances treatment efficacy but also helps reduce sys-
temic toxic side effects, while providing a more controllable drug
delivery basis for long-term safety performance evaluation.
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