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Silver-based nanomaterials have attracted considerable attention due to their antimicrobial properties. In this
study, two nano-Ag'-cage-based coordination polymers, [Agg(u-StBu)gl, (University of South China Coordination
Polymer USC-CP-2) and [Ag14(u-StBu)12l2], (USC-CP-3), were synthesized via the reaction of AgNO3 and 2-
methyl-2-propanethiol (HStBu) with sodium ethylate as a non-toxic base in a water/ethanol mixed solvent,
with and without iodide as a coligand. Structural analysis by single-crystal X-ray diffraction revealed that both
polymers are one-dimensional Ag(I)-thiolate coordination polymers with distinct secondary building units: USC-
CP-2 features Age nano-cages stabilized by py-StBu ligands, while USC-CP-3 comprises nanochains formed by
iodide-encapsulated Agj¢-cages linked through edge-sharing. Antimicrobial studies against Escherichia coli
demonstrated that USC-CP-3, featuring iodide-encapsulated Agje-cages, exhibited superior antibacterial activity
compared to the iodide-free Age-cages in USC-CP-2. Mechanistic studies, supported by ICP-MS, EPR, TEM, and
SEM analyses, suggested that the synergistic bactericidal effects arise from the release of Ag(I) ions, hydroxyl
radical generation, and the presence of iodide. This study highlights a rational design strategy for advanced
antibacterial materials with potential applications in combating bacterial contamination.

1. Introduction

Human and animal health face significant hazards from harmful
microorganisms, particularly due to persistent infections caused by
multidrug-resistant bacteria, biofilm formation, and the spread of
foodborne pathogens [1-4]. According to the World Health Organiza-
tion, antimicrobial (AMR) resistance is one the most pressing global
public health and development threats, directly responsible for 1.27
million deaths worldwide in 2019, surpassing even cancer as a leading
cause of mortality [5-7]. This highlights the urgent need to develop
effective antibacterial agents. Despite the introduction of numerous
antibacterial materials, including organic, inorganic and hybrid agents
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[8-23], critical challenges remain: (i) toxicity and irritancy, (ii) gener-
ation of undesirable by-products, and (iii) increasing bacterial resistance
to existing treatments [24-26]. These issues highlight the need for
further research into nanomaterials with enhanced disinfection prop-
erties and reduced drawbacks.

Silver ions are well-known for their broad-spectrum bactericidal
properties, combining high efficacy against bacteria fungi, and viruses
with relatively low toxicity toward mammalian cells [16-20,27,28]. To
date, thousands of silver-based antimicrobial agents have been patented
[29,30], reflecting their versatility and effectiveness. Their antibacterial
activity is primarily attributed to mechanisms such as physical contact,
release of silver ions, oxidative stress, and photothermal effects [31,32].
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Silver nanoparticles (Ag-NPs) are particularly promising due to their
synergistic effects and adaptability, but they face limitations such as
aggregation, and environmental release, which pose health risks such as
argyria or argyrosis (chronic disorders affecting skin microvessels and
eyes) [33-35]. To address these limitations, Ag(I) coordination com-
plexes have emerged as superior alternatives. These complexes ensure
efficient physical contact with bacteria, promote membrane rupture,
and offer tunable structures for controlled release of silver ions and
organic linkers [17-20]. Their high crystallinity allows precise deter-
mination of intrinsic structures, enabling rational design and optimiza-
tion for specific applications [16,36].

According to the Lewis rule of hard and soft acids and bases, Ag(I),
classified as a soft acid, exhibits a strong affinity for soft bases, partic-
ularly sulfur compounds. Coordination complexes with S-donor ligands
demonstrate greater stability compared to N- and O-donor ligand-based
systems, making them ideal for long-lasting antibacterial agents
[37-40]. The bactericidal mechanism of Ag(I) coordination complexes
primarily involves the release of silver ions, which trigger multiple
biophysical disruptions in bacteria. These disruptions include binding to
enzymes or DNAs, blocking phosphate uptake and exchange, and
altering proton transmembrane behavior, ultimately leading to bacterial
inactivation [1-5].

Asillustrated in Scheme 1, the Ag-S bonding enables the formation of
diverse structural ensembles with significant flexibility [39,40], ranging
from discrete Ag(I)-thiolate clusters [41-43] to high-dimensional Ag
(D-thiolate coordination polymers, including 1-D chains, 2-D lamellar
structures, and 3-D frameworks [44]. Given the urgent need for effective
antibacterial agents in combating multidrug-resistant bacteria, biofilm
formation, and foodborne pathogens, silver-thiolate materials offer a
promising alternative to conventional treatments. Their antibacterial
efficacy primarily stems from the controlled release of silver ions, a
critical factor in balancing bactericidal efficiency and longevity, while
minimizing the drawbacks associated with silver nanoparticles, such as
aggregation and potential toxicity [16-20,27,28].

Among Ag(I)-thiolate coordination polymers, the chain-type struc-
tures emerge as particularly attractive candidates for practical applica-
tions. They offer a higher effective Ag(I) content per unit compared to 2-
D layers or 3-D frameworks, ensuring potent antimicrobial activity,
while also providing better dispersibility than discrete Ag(I)-thiolate
clusters [45]. Their well-defined crystalline nature enables rational
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structural tuning, allowing optimization for sustained silver ion release
and enhanced antibacterial performance. These properties align with
the growing demand for nanomaterials that not only exhibit superior
disinfection capabilities but also mitigate resistance development,
making Ag(I)-thiolate coordination polymers a compelling direction for
next-generation antimicrobial solutions.

Additionally, iodine, an efficient and inexpensive biocide, enhances
antibacterial efficacy by causing irreversible damage to microbial cells
[46-48]. However, few studies have explored iodide-encapsulated
Ag-coordination polymers, leaving a gap in understanding the syner-
gistic effects of sulfur and iodide ligands.

To address this, two double-stranded chain-type Ag(l)-thiolate co-
ordination polymers (with and without iodide incorporation) were
synthesized using a hydro-solvothermal method (Scheme 2). Structural
analysis revealed the formation of multi-Ag(I) nanocages: [Age(u-
StBu)eln (University of South China Coordination Polymer USC-CP-2)
and [Agy4(u-StBu)12l21, (USC-CP-3).

Both exhibited significant antibacterial activity against Escherichia
coli, a clinically relevant pathogen selected for its prevalence and role in
infections. USC-CP-3 outperformed USC-CP-2 due to a synergistic
mechanism involving Ag(I) release, radical generation, and iodide ions.
These findings highlight the potential of 1-D Ag(I)-thiolate coordination
polymers as promising antibacterial nanocomposites, with their
composition and nanocage microstructure offering opportunities for
optimization. This study validates a rational design strategy for devel-
oping efficient antibacterial agents.

2. Experimental
2.1. Materials and methods

All reagents and solvents were obtained from commercial suppliers
and used without further purification. Elemental analyses (C, H, and N)
were performed on a Vario MICRO CHNOS Elemental Analyzer. Powder
X-ray diffraction data were collected on a DMAX-2500 diffractometer
using CuKoa. Thermogravimetric analyses were carried out on a
NETZSCH TG 209F3 instrument in an Ny atmosphere. Infrared absorp-
tion spectra were measured on a Fourier-transform infrared spectrom-
eter (Bruker VERTEX 70) in the range of 400-4000 cm~ L. Electron
paramagnetic resonance spectra were recorded on a Bruker A300
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Scheme 1. Proposed configurations and arrangements of S and Ag atoms in Ag(I)-thiolate coordination complexes: (A) discrete clusters, (B) single chain and double-

stranded chains, (C) 2-D networks, (D) 3-D coordination polymer.
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Scheme 2. Schematic representation of the synthesis and antibacterial properties of CP-2 and CP-3.

spectrometer (X-band) equipped with a Bruker ER4141VTM liquid ni-
trogen system. Transmission electron microscopy (TEM) images were
taken using a JEOL JEM-2100 Plus field emission microscope. Scanning
electron microscope (SEM) images were collected on a Hitachi
Regulus8100 field emission scanning electron microscope. Electron
paramagnetic resonance (EPR) spectra were recorded under white LED
light irradiation for 5 min using DMPO as a radical scavenger (instru-
ment model: EMXPLUS10/12). The Ag' content was quantified using
inductively coupled plasma mass spectrometry (ICP-MS) with a Nex-
ION™ 350X ICP-MS.

2.2. Synthetic procedures

[Age(p-StBu)gl , (USC-CP-2) Sodium ethylate (0.028 g, 0.4 mmol)
and 2-methyl-2-propanethiol (0.043 mL, 0.4 mmol) were dissolved in 6
mL of ethanol and stirred for 30 min. Subsequently, AgNO3 (0.034 g, 0.2
mmol), dissolved in a mixture of 1 mL water and 2 mL ethanol, was
added slowly to the solution. Upon addition, the solution turned milky
white, and flocs began to form. The resulting turbid mixture was
transferred to a 20 mL Teflon-lined autoclave and heated at 130 °C for
33 h. After cooling, strip-shaped colourless crystals of USC-CP-2 were
isolated and repeatedly washed with water. Yield: 51 % (based on Ag).
Elemental analysis - calculated for AgeSeCa4Hs4: C 24.38, H 4.60; found:
C 24.32, H4.72 %.

[Ag14(u-StBu)12I5], (USC-CP-3) Sodium ethylate (0.028 g, 0.4
mmol) and 2-methyl-2-propanethiol (0.043 mL, 0.4 mmol) were dis-
solved in 6 mL of ethanol and stirred for 30 min. AgNO3 (0.034 g, 0.2
mmol), dissolved in 1 mL of water and 2 mL of ethanol, was then added
in slowly to the solution. The mixture turned milky white and and flocs
began to form. Subsequently, a mixture of potassium iodide (0.033 g,
0.2 mmol) in 2 mL of acetone and 1 mL of ethanol was added. The turbid
mixture was transferred to a 20 mL Teflon-lined autoclave and heated at
130 °C for 33 h. Upon cooling, light yellow crystals of USC-CP-3 were
isolated and repeatedly washed with water. Yield: 19 % (based on Ag).
Elemental analysis - calculated for Ag;SeCo4Hs4l: C 20.34, H 3.84;
found: C 20.22, H 3.93 %.

2.3. X-ray crystallography

Single crystal data were collected on a Rigaku SCXmini CCD
diffractometer equipped with graphite-monochromated Mo-Ka radia-
tion source (1 = 0.71073 A) in w scan mode. The structures were solved
by direct methods using the SHELXTL Version 5 software package and
refined with a full-matrix least-squares refinement on F2. Metal atoms
were located from electron-density maps and refined anisotropically.
Non-hydrogen atoms were located using difference Fourier maps based
on initial atomic positions and were also refined anisotropically.
Hydrogen atoms were added according to theoretical models. Crystal
data and structure refinement details are provided in Table S1, while
selected bonds lengths and angles are summarized in Tables S2 and S3,
respectively.

2.4. Bacterial strains and culture conditions

To evaluate the antibacterial efficacy of the coordination polymers,
Escherichia coli was selected as a representative bacterial strain due to its
widespread use as a model organism in antimicrobial studies. Its well-
characterized physiology and clinical relevance make it an ideal
candidate for assessing the antibacterial performance of newly devel-
oped materials. Escherichia coli MG1655 was cultured in LB medium at
37 °C. The bacterial cell concentration was determined by measuring the
absorbance of the suspension at 600 nm (ODgog) using a microplate
reader (Varioskan Flash 3001, Thermo Fisher, USA).

2.5. Measurement of minimum inhibitory concentration (MIC)

The minimum inhibitory concentration of [Age(u-StBu)gl, (USC-CP-
2) and [Ag14(u-StBu)12l2], (USC-CP-3) against Escherichia coli (E. coli,
MG1655) was determined using the flatbed coating method. Briefly,
varying amounts of USC-CP-2 and USC-CP-3 powders were added to LB
nutrient agar medium, thoroughly mixed, and sterilized. The mixture
was then poured into petri dishes and allowed to cool and solidify. E. coli
cells were cultured in LB medium until reaching the logarithmic growth
phase. A diluted bacterial suspension (10* CFU/mL, 30 pL) was evenly
spread onto the prepared LB nutrient agar plates. The experiment
involved two test groups: dark groups, in which samples were wrapped
in tinfoil, and light groups, exposed to an LED lamp (0.7 mW/cm?)
positioned 30 cm above the petri dishes. To confirm that the antibac-
terial effects were specifically due to USC-CP-2 and USC-CP-3, bacterial
suspensions without coordination polymers served as blank controls.
These controls verified the normal growth and viability of E. coli under
the experimental conditions. Both groups were incubated at 37 °C for 18
h, after which the remaining E. coli colonies were counted, and the re-
sults were expressed as colony-forming units per square centimeter
(CFU/cmz).

2.6. Electron microscopy characterizations of bacteria

The morphological changes of Escherichia coli before and after in-
cubation with USC-CP-2 and USC-CP-3 were observed using SEM. E. coli
was incubated with antibacterial agent (0.8 mg/mL) for 3 h, respec-
tively. After incubation, the bacteria were collected by centrifugation
(5000 rpm, 5 min) and fixed with 2.5 % glutaraldehyde (100 pL) for 12
h. The fixed bacterial cells were centrifuged at 5000 rpm for 5 min, and
the resulting pellet was collected and washed three times with
phosphate-buffered saline (PBS) to remove any residual fixative.

For TEM analysis, a fresh copper grid was hydrophilized using an
ultraviolet ozone cleaner for 3-5 min. Then, 6-8 pL of the sample so-
lution was deposited onto the grid and allowed to air dry. Morphological
changes were observed using TEM at an operating voltage of 200 kV.

For SEM analysis, bacterial dehydration was performed after fixative
removal. Briefly, the bacterial suspension was sequentially treated with
0.5 mL of ethanol solutions at concentrations of 30 %, 50 %, 70 %, 90 %,
and 100 %, with each treatment lasting 15 min to ensure complete water
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removal. After gold sputtering, the samples were imaged using SEM at
an accelerating voltage of 5.0 kV.

2.7. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted to assess the
thermal stability of USC-CP-2 and USC-CP-3. The coordination polymer
crystalline powder was dried at 80 °C for 10 h to remove any residual
solvent molecules. After drying, 3 mg of the powder was accurately
weighed and placed in an AlyO3 pan. The sample was then heated from
50 °C to 650 °C at a rate of 10 °C/min, while nitrogen gas was contin-
uously supplied at a flow rate of 25 mL/min throughout the TGA
procedure.

2.8. Ag' release test

After overnight cultivation, the bacterial suspension was diluted
1:100 and further incubated for 2 h to reach the logarithmic growth
phase. E. coli cells in this phase were treated with each antibacterial
agent (0.8 mg/mL) and incubated at 37 °C for 2 h. The bacterial sus-
pension was then centrifuged at 5000 rpm for 5 min and washed three
times with phosphate-buffered saline (PBS) containing 0.1 % Triton X-
100. After collection, the bacterial cells were lysed using an ultrasonic
cell disruptor. The resulting lysates were digested with nitric acid, and
silver absorption and uptake by the bacteria were quantitatively
analyzed using ICP-MS.

2.9. Statistical analysis

All statistical data were obtained from at least three independent
samples or replicates. A P-value of <0.05 was considered statistically
significant.

3. Results and discussion
3.1. Structure characterization

Single-crystal X-ray diffraction analysis reveals that USC-CP-2 crys-
tallizes in the triclinic system with the space group P1. As shown in Fig. 1
and Fig. S1, the asymmetric unit of the crystal structure comprises an
Agg cage containing six Ag atoms and six StBu bridging ligands. Each Ag
atom is bonded to two sulfur atoms, adopting a linear geometry, with all
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sulfur atoms acting as us-bridges. The Ag-S bond distances range from
2.369(2) to 2.400(1) 10\, with an average length of 2.385 A. The Ag---Ag
separations range from 3.059(6) to 3.336(7) A, which are slightly longer
than the Ag---Ag separation in metallic silver (2.889 A) but considerably
shorter than the sum of the van der Waals radii (3.44 [o\) [26], indicating
the existence of weak metal-metal interactions. Each Agg-cage is con-
nected to adjacent clusters through two uy-StBu bridging ligands,
forming an infinite chain structure. These chains are further stacked
together by weak intermolecular forces, resulting in a 3-D supramolec-
ular aggregate.

USC-CP-3 crystallizes in the monoclinic system with the space group
P2;/C. As shown in Fig. 2 and Fig. S2, the asymmetric unit consists of
seven Ag atoms, six StBu bridging ligands, and one I™ anion. The latter
resides within the Agig-cage, adopting a triangular pyramid geometry
by coordinating with three silver(I) atoms, with Ag---I distances ranging
from 2.991(2) to 3.256(1) A. Six silver atoms in the Agie-cage are
bonded to three sulfur atoms and one iodide ion, forming a distorted
tetrahedral AgSsl geometry. The remaining ten silver atoms are bonded
to two sulfur atoms, forming a V-shaped AgS, geometry. The sulfur
atoms from the thiol ligands primarily act as u-3 bridges, with one
serving as a u-2 bridge. The Ag-S bond distances range from 2.269(6) to
2.695(2) A, with an average bond length of Ag-S of 2.444 A. The Ag--Ag
separations vary between 2.980(7) and 3.344(2) 10\, indicating weak
metal-metal interactions [26]. The Agie-cage is stabilized by sixteen
2-methyl-2-propanethiol ligands encasing its periphery. Adjacent
Agje-cages are connected through edge-sharing, forming a continuous
chain structure. These chains are stacked via weak intermolecular forces
to create the 3-D supramolecular aggregate, USC-CP-3.

3.2. Structural comparisons and stability

The simulated and experimental powder X-ray diffraction patterns of
USC-CP-2 and USC-CP-3, shown in Fig. 3, display consistent peak posi-
tions, confirming the phase purity of the products. This demonstrates the
stability of the crystals, as they remain undamaged after being stored in
a drawer for three months or immersed in water for half a month. In
addition, thermogravimetric analysis (TGA) in N reveals that all sam-
ples exhibit thermal stability up to 230 °C (Fig. 3). The weight loss
observed beyond 250 °C is ascribed to the decomposition of the coor-
dination polymer framework.

Although both coordination polymers form 1-D coordination poly-
meric structures through Ag-S coordination bonds and argentophilic

Fig. 1. (A) View of the asymmetric unit; (B) Structure of the Agg.cage; (C) 1-D chain structure formed by Age cages; (D) Representation of argentophilic interactions
between individual chains; and (E) Packing arrangement of the chains in USC-CP-2 (Ag: turquoise, S: yellow, C: gray, H: bright green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) View of the asymmetric unit; (B) Structure of the Ag;¢.cage stabilized by 2-methyl-2-propanethiol ligands; (C) 1-D chain structure formed by edge-shared
Ag6.cages; (D) Representation of the argentophilic interactions within the polymeric chain; and (E) Packing arrangement of the chains in USC-CP-3 (Ag: turquoise, S:
yellow, I: purplish red, C: gray, H: bright green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 3. (A), (B) powder X-ray diffraction patterns, (C), (D) TGA, and (E), (F) FT-IR spectra of USC-CP-2 and USC-CP-3.

interactions, the introduction of iodide results in a more complex
structure with distinct building units and a greater variation in bond
lengths for similar types of bonds. USC-CP-2 features sulfur-bridged,
isolated Age-cages in which the silver ions adopt an approximately
linear coordination configuration. In contrast, USC-CP-3 consists of
edge-shared Agig-cages, where the silver ions are in a tetrahedral co-
ordination environment with a V-shaped geometry. These differences in
building units, coordination numbers, and coordination configurations
lead to variations in Ag-S bond lengths between the two coordination
polymers. In USC-CP-2, the Ag-S bond distances within each isolated
Age-cage are consistently shorter than 2.4 A (Table S2). However, in
USC-CP-3, the Ag-S bond distances within each edge-shared Ag;¢-cage
are more diverse (Table S3). Only three Ag-S bonds are shorter than 2.4
A, while the remaining thirty are longer than 2.5 A, including two bonds
measuring 2.669(2) and 2.695(2) A. According to previously reported
silver coordination polymers, the elongation of Ag-S bonds generally
reduces their stability [32,49]. Consequently, the relatively lower

stability of USC-CP-3 likely facilitates the release of more silver ions
under identical conditions compared to USC-CP-2.

3.3. Antibacterial activity

The antibacterial efficacy of the coordination polymers against
Escherichia coli was evaluated by their minimum inhibitory concentra-
tions (MICs) using the agar diffusion method as well as the colony-
forming units per square centimeter (CFU/cm?) under both light and
dark conditions. Due to their insolubility in water and most organic
solvents, the antibacterial properties of the coordination polymers USC-
CP-2 and USC-CP-3 were assessed in the form of finely ground crystal
powders using a dilution plate coating test (35 mm x 10 mm) [16,
21-23,50]. As shown in Fig. 4A, the bacterial colony counts of E. coli on
agar plates decreased continuously with increasing concentrations of
CP-2 from 0 to 1.0 mg/mL under both dark and light conditions. Spe-
cifically, the remaining bacterial colony counts of E. coli decreased from
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Fig. 4. (A) and (B) photographs illustrating the antibacterial effects of USC-CP-2 and USC-CP-3 at various concentrations against E. coli cells, measured using the
spread plate method; (C) and (D) TEM images of E. coli cells before and after treatment with USC-CP-3.

59.46 to 8.94 CFU/cm? in the dark, and from 46.88 to 0 CFU/cm? under
light exposure. CP-3 exhibited a similar antibacterial trend (Fig. 4B). As
the concentration of CP-3 increased from 0 to 0.8 mg/mL, the remaining
bacterial colony counts of E. coli, as shown in Table S5, decreased from
50.42 to 6.96 CFU/cm? in the dark, and from 40.09 to 0.62 CFU/cm?
under light exposure. Under light conditions, CP-3 demonstrated supe-
rior antibacterial activity, achieving a lower MIC value of 0.8 mg/mL,
compared to 1.0 mg/mL for CP-2. This indicates that CP-3 is more
effective, particularly in the presence of light. These results clearly
demonstrate that both coordination polymers exhibit enhanced photo-
dynamic effects, comparable to those of previously reported silver
complexes, highlighting their potential as effective antibacterial agents
[16,44].

3.4. TEM and SEM observations of bacteria

The morphological changes induced by the coordination polymers
USC-CP-2 and USC-CP-3 on E. coli cells were systematically analyzed
using TEM and SEM. As shown in Fig. 4C, untreated E. coli cells main-
tained intact structures and normal morphology. In contrast, cells
treated with USC-CP-3 exhibited severe structural damage and signifi-
cant morphological alterations (Fig. 4D). TEM images further revealed
that E. coli cells co-incubated with USC-CP-2 single crystals lost cellular
cohesion, with extensive outer membrane damage or complete
destruction (Fig. S3 and Fig. S4). Additionally, SEM images (Fig. S5 and
Fig. S6) demonstrated that the fine crystalline powders of USC-CP-2 and
USC-CP-3 effectively disrupted the bacterial cell wall, ultimately leading
to cell death, consistent with the TEM observations.

3.5. Mechanistic study of bactericidal activity

The germicidal effect of Ag(I) complexes is well known to result from
physical contact, metal ion/ligand sterilization, oxidative stress, and
photothermal effects [1-5,11-16,51]. However, it remains unclear
whether the antimicrobial mechanism is driven by any single factor or
by the synergistic action of multiple factors. To better understand the
internal antibacterial behavior of the two coordination polymers under
dark conditions and in the presence of light, electron paramagnetic
resonance (EPR) and ICP-MS studies were systematically conducted.

5,5-dimethyl-1-pyrroline N-oxide (DMPO)-trapped EPR experiments
were carried out to identify the active species produced by both coor-
dination polymers. As shown in Fig. 5, characteristic signals of hydroxyl
radicals (eOH) were detected under LED irradiation (400-700 nm), but
not under dark conditions, which demonstrates that the coordination
polymers generate eOH radicals upon illumination. Under dark condi-
tions, their antibacterial properties are primarily attributed to the slow
release of Ag(I) ions. These results are consistent with previous reports
on Ag-MOF antibacterial agents [41,52,53]. In the presence of light, the
enhanced antibacterial activity is ascribed to the generation of hydroxyl
radicals along with the continuous Ag(I) release, leading to stronger
antimicrobial effects.

Based on structural analysis, the weight percentage of Ag(l) in USC-
CP-3 is lower than that in USC-CP-2, with values of 53.29 and 54.74 wt
%, respectively. Because of the strong Ag-S bond (Ag™ is a soft acid and
StBu is a soft base), the release amount of Ag+ ions is small. In order to
accurately determine their content, ICP-MS was employed. The data
showed that the concentrations of Ag(l) ions released were 1.11 mg/L
for USC-CP-2 and 5.71 mg/L for USC-CP-3 (Fig. 5C), corresponding to
10.3 and 52.9 mM, respectively, both well below the approximately 600
mM of a 3D Ag-MOF [54]. The higher Ag(I) release from USC-CP-3 is
attributed to the relatively weaker Ag-S bonds and the reduced struc-
tural stability of the iodide ions trapped in Agis-cages.

The antibacterial activity of USC-CP-2 operates through two primary
mechanisms: the release of intrinsic Ag™ ions and the generation of ¢OH
radicals, both of which serve as active agents in bacterial eradication. In
contrast, USC-CP-3 releases iodide ions encapsulated within Ag;¢-cages,
contributing to a three-in-one synergistic antibacterial mechanism. This
combined effect, along with iodide ion release, enhances the bactericidal
efficacy of USC-CP-3, making it superior to USC-CP-2. It is well estab-
lished that antimicrobials with multiple mechanisms of action are more
effective in combating drug resistance [55,56]. By targeting bacteria
through diverse pathways, they minimize the risk of resistance devel-
opment, as bacteria are less likely to simultaneously evade multiple
mechanisms. Furthermore, synergistic interactions, such as membrane
disruption enhancing drug uptake, further amplify efficacy while
reducing the likelihood of resistance [56]. By integrating multiple
antimicrobial mechanisms, USC-CP-3 addresses a critical gap in current
strategies, which often rely on single- or dual-mechanism agents that are
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Fig. 5. (A) EPR spectra of DMPO with USC-CP-2; (B) EPR spectra of DMPO with USC-CP-3; and (C) ICP-MS analysis of Ag™ ion release concentrations.

more susceptible to resistance.
4. Conclusions

In this study, two Ag(I)-thiolate coordination polymers were syn-
thesized using multinuclear Ag(I) nanocages as building blocks, with or
without encapsulated iodide ions. [Age(u-StBu)gl, (USC-CP-2) featured
a chain-like structure composed of discrete Ages-cage units linked by -
StBu ligands, while [Agy4(u-StBu)q2l2], (USC-CP-3) was constructed
with edge-shared Ag;¢-cages containing two encapsulated iodide ions.
Both coordination polymers demonstrated significant antibacterial ef-
ficacy against Gram-negative bacterium Escherichia coli. For USC-CP-2,
which lacks iodide ions, the antibacterial activity was primarily
ascribed to the gradual release of Ag(I) ions and the generation of hy-
droxyl radicals under light conditions, leading to moderate antimicro-
bial activity (MIC value of 1.0 mg/mL). In contrast, USC-CP-3, with
iodide ions trapped in its Agjg-cages, exhibited enhanced antimicrobial
activity due to a three-in-one antimicrobial mechanism involving Ag(I)
release, hydroxyl radical production, and iodide release (MIC value of
0.8 mg/mL). This synergistic interaction between the Ag(I) coordinated
0-D nano-cage and 1-D nano-chain structures provided the materials
with both suitable stability and exceptional antimicrobial potency.
Overall, this study highlights the potential of these newly developed
materials as effective solutions for mitigating bacterial contamination,
addressing a critical challenge to public health and disease control.
Looking ahead, several key areas require further investigation to
advance the practical application of USC-CP-3. Biocompatibility studies
are essential to assess its safety for medical use, while environmental
impact assessments are needed to evaluate its persistence and degra-
dation in real-world settings. These investigations will not only validate
the practical utility of USC-CP-3 but also contribute to the development
of next-generation antimicrobial agents capable of combating the
growing threat of drug-resistant infections.
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