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To address always-on Ag* release of Ag() complexes for antimicrobial treatment, infection microenvi-
ronment-responsive composites with high antimicrobial efficiency and on-demand Ag* release were
constructed by coating hyaluronic acid (HA) or an Fe(i)—tannic acid complex (Fe(i)—TA) on a deliberately
designed silver complex (1) with a high silver content of 46.76%. The targeted Ag* leaching to eradicate
bacteria was dependent on stimuli-responsive coating decomposition. Infection microenvironment cues,
i.e. hyaluronidase (HAase) and acidity, were used as endogenous triggers, and the wrapped complex 1
acted as a carrier for antimicrobial Ag™. This smart design can avoid the use of additional carriers for the
antimicrobial agents required in previous approaches and reduces the side effects of degradation in the
infection microenvironment. Complex 1 was characterized by single-crystal X-ray diffraction as a 1D chain
assembled from Agj, clusters. It exhibits effective broad-spectrum antimicrobial activities with low
minimum inhibition concentrations (MICs) originating from high Ag* content. Under non-infection con-
ditions, Ag* release ratios of 1@HA and 1@Fe()—TA were suppressed significantly to 14.99% and 3.31%,
respectively. In a simulated infection microenvironment (1 wt% HAase or pH 5.5), the composites exhibi-
ted stimulus-switched coating disassembly, leading to increased Ag™ release ratios of 59.26% and 23.92%,
respectively. The moderate pH-induced Ag* release of 1@Fe()—TA was attributed to partial cleavage of
Fe—OH of Fe(n)-TA at pH 5.5, which was verified by the pH-dependent Ag* release of 1@Fe(n)-TA. The
stimuli-responsive coating deconstruction and the antimicrobial performance of the two composites
were confirmed by measurements of water contact angles, zeta potentials, inhibition zones, and MICs.
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1@Fe(n)-TA displayed more obvious acid-triggered performance for P. aeruginosa and carbapenem-
resistant E. coli due to their stronger acid-producing characteristics. The successful integration of an
efficient antimicrobial Ag() complex with infection microenvironment-responsive coatings highlights its

rsc.li/dalton potential as a facile strategy for on-demand antimicrobial treatment of targeted bacterial infection.

Introduction

Microbial infections pose an alarming and pressing global
health concern. Unfortunately, the prevalent treatments with
antibiotics have notably accelerated microbial resistance.
Metal-ion-containing materials that demonstrate efficient anti-
microbial activities” with distinct antimicrobial mechanisms
as conventional antibiotics®* have emerged as innovative solu-
tions due to their potential as promising alternatives to anti-
biotics that can address antimicrobial resistance.” Their anti-
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microbial activities stem from metal cations® (e.g. Ag*,” Cu>",?
Zn**? and Fe**'%) in the materials, which can oxidize and
destroy the integrity of the bacterial membrane,"" interrupt the
respiratory chain,"” and interfere with DNA replication, to
damage the lipids.'® The physical damage process for bacterial
cells displays low drug-resistance risk for microbial elimin-
ation with high antimicrobial efficacy. Silver ion materials,
including silver nanoparticles,'* silver polymers,'® silver com-
plexes,'® and silver-doped composites,'”” " have been
especially developed because of their superior antimicrobial
effects®® with broad-spectrum action,”® lower toxicity,”> and
photo-thermal stability.>> Among these, silver complexes rep-
resent a class of hybrid materials that are composed of silver
ion nodes connected with organic linkers through coordi-
nation bonds. They can serve as silver ion reservoirs that delay
the rapid release of Ag* and avoid severe cytotoxicity,>* benefit-
ing from their robust structural features.> Self-assembly of Ag*
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with antimicrobial ligands can further realize synergistic anti-
microbial effects of ‘1 + 1 > 2°.%° However, the sustained
release of Ag' from the pristine complex is generally passive
and uncontrolled, which can cause unregulated concentrations
of Ag", leading to biological toxicity and resource waste.””
Thus, developing silver complexes equipped with controlled
and on-demand Ag' release triggers solely at the site of
microbial infection are urgently needed for mitigating prema-
ture leakage of Ag".

Stimuli-responsive materials, as smart and innovative plat-
forms, could generate a controlled response upon contact with
specific stimuli classified as external (exogenous) and internal
(endogenous). External stimuli, such as temperature, light,
and magnetic fields, from the outside environment, can be uti-
lized to trigger the release of encapsulated agents at the
desired time. Internal stimuli refer to triggers inside the target
microenvironment, including high expression of specific
enzymes (e.g. hyaluronidase, HAase),”® high secretions of
organic acids,”® and elevated levels of ROS.*® Various intelli-
gent strategies have been reported with the fundamental prin-
ciple of achieving controlled delivery in response to external
and/or internal stimuli. Presently, stimuli-responsive materials
based on complexes are mainly investigated as carriers for
cancer drug release and biological imaging, whereas evalu-
ations of stimuli-responsive complexes for antimicrobial
therapy are relatively scarce. Functionalization of carriers or
modification of antimicrobial agents with stimuli-responsive
components or groups represents an effective strategy for tar-
geted antimicrobial treatment. For example, Zhang et al. con-
structed an antimicrobial platform by coating hyaluronic acid
(HA) on Ag*-loaded metal-organic frameworks (MOFs)*! and
achieved controlled HAase-responsive release of Ag" through
hydrolysis of HA triggered by HAase.>*> Gu et al. designed a pH-
responsive doxorubicin (DOX) encapsulated polymeric micelle
assembled with a pH-sensitive citraconic amide,*® which
demonstrated targeted release of DOX at pH 5.5.>* Other

release materials were developed, as
35-38

stimuli-responsive
reviewed elsewhere, to fight against bacterial infection.

We have concentrated on structures of Ag(1) complexes
and their antimicrobial effects.*"**> Our results confirmed that
their antimicrobial efficiencies are closely related to the Ag"
dose released in the microbial microenvironment.*' Therefore,
developing infection-responsive silver complexes with high Ag"
contents that are below the toxic limit is crucial to improve
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antimicrobial effects while minimizing toxic side-effects and
resource waste. Herein, stimuli-responsive composites were
fabricated by decorating HA or Fe(ur)-TA complexes on a Ag(i)
complex with high Ag" content to achieve on-demand HAase
or pH-responsive antimicrobial performance (Scheme 1). Ag(1)
complex (1) acted as an effective antimicrobial agent, and
infection microenvironment cues, i.e. hyaluronidase (HAase)
and acidity, were used as feasible endogenous triggers for
target-specific Ag' release from 1. Stimuli-responsive degra-
dation of the coatings was realized through HAase-induced
hydrolysis of HA and pH-sensitive cleavage of the coordination
bonds of Fe(m)-TA, respectively. Under neutral physiological
conditions, the Ag(r) complex was encapsulated within HA or
Fe(m)-TA coatings, and Ag" leaching was efficiently inhibited.
In an infection microenvironment, HA and Fe(um)-TA coatings
were disrupted in response to HAase or acid secreted by bac-
teria, leading to exposure of the incorporated Ag(i) complex.
The exposed Ag(1) complex could eliminate bacteria attached
to the surface first and then eradicate bacteria in solution by
releasing Ag ions sustainably.

To achieve efficient microbial eradication, the design of the
ligands is crucial. AgC=C'Bu was selected because it displays
a special ability for constructing Ag clusters with high silver
content, with silver nuclear numbers from 3 through 12**** to
even 70*° due to the linear geometry of the alkynyl unit,*® facil-
itating the formation of silver clusters assembled with Ag---Ag
metallophilic interactions.*”*® Biocompatible p-phenyldiaceto-
nitrile (p-phda) was employed as a bridging ligand because its
hard base character promotes the coordination with soft acid
Ag(1) ions to form a complex with moderate stability, favouring
sustained release of Ag’. It is noted that in previously pub-
lished stimuli-responsive platforms, metal complexes were
generally employed as carrier vehicles (hosts) for antimicrobial
drugs®™*°~' by utilizing their distinct attributes, such as well-
defined pore sizes and high loading capacity. In the current
system design, the Ag(i) complex behaves as both a carrier and
an antibacterial drug because the Ag ions form the node of the
carrier. This design strategy can avoid the use of an additional
carrier for the antimicrobial agents, thereby reducing cost and
the side effects of degradation in the infection microenvi-
ronment. A number of characterizations, including FT-IR spec-
troscopy, single-crystal X-ray diffraction analysis, thermo-
gravimetric analysis, UV spectroscopy, contact angle testing,
zeta potential, SEM, dynamic light scattering (DLS), and Ag"
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release studies, inhibition zone measurements, and minimal
inhibition concentration (MIC) determinations were con-
ducted to elucidate (1) the crystal structure of the Ag(i)
complex, (2) the relationship between Ag' content and Ag"
release, (3) the stimulus-responsive degradation of HA and Fe
(m)-TA coatings, and (4) the stimulus-triggered Ag' release and
antimicrobial performance of the composites.

Experimental
Materials and methods

Unless otherwise indicated, all starting materials were
obtained from commercial suppliers and used as received
without further purification. Infrared spectra were recorded as
KBr disks with an FT-IR-8900 (BRUKER). UV-vis spectra were
recorded with a JASCO V-550 spectrometer. Elemental analyses
were performed with a VarolEL III (Elementar) elemental
analyser. X-ray powder diffractions were conducted on an
XRD-7000 diffractometer (SHIMADZU). Thermogravimetric
analyses were recorded on a WRT-3P microthermal balance
(Shanghai Precision Instrument Company). Static contact
angles were investigated by advancing or receding ca. 2 pL of
deionized water using a syringe onto the sample surface, and
the drop was measured with an automated contact angle analy-
ser with a goniometer (SDC 100, SINDIN). The errors of the
contact angle measurements are +1°. At least six measure-
ments were performed on each surface. SEM imaging was per-
formed with a VEGA3 (TESCAN) by solution casting. The
hydrodynamic particle size and zeta potential were determined
by DLS with a laser particle size analyser (DelsaMax Pro,
Beckman Coulter). Silver ion release was measured with a
ZEEnit 700 P atomic absorption spectrometer (Analytik Jena
AG). The optical density at 450 nm and 660 nm (OD600) was
measured with an EPOCH2 microplate reader (BioTek).

X-ray crystallography

A selected single crystal of 1 was used for data collection with
a Bruker SMART APEX-II CCD diffractometer using the multi-
scan technique at 150 K with Cu-Ka radiation (1 = 0.154184 A).
A total of 16455 reflections were collected, and 7203 reflec-
tions were used for refinement. The linear absorption coeffi-
cient was 3.823. The structure was solved with ShelXL refine-
ment package®” using least-squares minimization and refined
with Olex2.>® The refinement suffered from high residual
peaks/electron density near the metal sites, resulting in high R
values.

Synthesis of AgC=C'Bu

AgC=C'Bu was synthesized by following a previously reported
protocol.>® Briefly, AgNO; (1.0450 g, 15 mmol) was added to a
three-necked flask and dissolved in acetonitrile (70 mL). After
stirring thoroughly, HC=C'Bu (2.4 mL) and triethylamine
(2.6 mL) were added, and the reaction was stirred for an
additional 48 h at room temperature. The resulting precipi-
tates were filtered out and washed 3 times with acetonitrile.

This journal is © The Royal Society of Chemistry 2026
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After drying at 70 °C, a white powder was obtained. Yield:
83.15% (0.8960 g, based on AgNO;). IR (KBr, v/em™): 2962(s),
2862(s), 2052(w), 1450(s), 1242(m).

Synthesis of [Ag;,(C=C'Bu)s(CF;CO0)¢(p-phda),], (1)

Complex 1 was prepared by mixing AgC=C'Bu (0.1211 g,
0.6 mmol), AgCF;COO (0.2214 g, 1 mmol) and p-phda
(0.1990 g, 1 mmol) in methanol (10 mL). After stirring for
30 min, ethanol (12 mL) was added to the resultant bright-
yellow solution, which was then introduced into a 9 mm dia-
meter glass tube. Colourless crystals of 1 suitable for single-
crystal X-ray analysis were obtained by slow evaporation at
room temperature. Yield: 30.14% (0.0600 g, based on p-phda).
Anal. Caled for C34H35N,06F0Ags C, 19.44; N, 2.02; H, 2.51%j;
Found: C, 19.15; N, 2.31; H, 2.31%. IR (KBr, v/cm™'): 2961(s),
2862(s), 2245(m), 2005(w), 1967(s), 1519(m), 1427(m), 1357(m),
1203(s), 1134(s), 840(m), 802(m), 725(s). Rapid synthesis of
complex 1 was accomplished according to the referenced
method,® and the phase purity was verified by PXRD (Fig. S1).

Synthesis of 1@HA

Mass ratios of 1: HA of 2:1, 1:1 and 1:2 were used to opti-
mize the preparation of 1@HA; the resulting composites were
labelled as 1@HA (2:1), 1®HA (1:1) and 1@HA (1:2),
respectively. Complex 1 (0.0100 g, 0.0500 mmol) was added to
10 mL of an aqueous solution of HA (0.0050, 0.0100 and
0.0200 g, respectively) at room temperature. After stirring for
30 min followed by sonicating for 30 min, 1@HA was obtained
by centrifugation (3000 rpm for 15 min).

Synthesis of 1@Fe(u)-TA

3 mL of an aqueous solution of TA (0.0100 g) and FeCl;-6H,0
(0.0030 g) was added to an aqueous solution of 1 (0.0693 g,
0.0500 mmol) (pH 8). The resulting 1@Fe(ur)-TA was purified
by centrifugation (3000 rpm for 15 min) and washed 3 times
with water to remove the excess of unreacted substances.

Antimicrobial tests

The antimicrobial activities of the compounds were trialled
against Staphylococcus aureus (CGMCC 1.2910), Pseudomonas
aeruginosa (CGMCC 1.2814), carbapenem-resistant Escherichia
coli (BW25113 (NDM-1)) and Candida albicans (CGMCC
2.2086) by using inhibition zones, minimal inhibitory concen-
trations (MICs) and growth inhibition assays. All routine hand-
ling of bacteria was performed using standard antimicrobial
methods for bacteria and yeast, as published by CISL.>*®”
Complex 1 (1024 mg L") was suspended in different medium
and DMSO (1%), and the effective dose was obtained by two-
fold dilution for antimicrobial testing.’®

Zone of inhibition technique

The well-diffusion method®® was used for antibiotic suscepti-
bility testing. The turbidity of the medium (which included the
above-mentioned) was adjusted to 10° CFU mL™" and spread
evenly over the surface of the agar plate. Subsequently, each
medium was drilled with four holes (diameter of 6 mm), and
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20 pL of antibacterial sample (1000 mg L.™!) was added to each
hole.*®® After storing in a biochemical incubator at 37 °C for
18 h, the diameters of the inhibition zones were measured
with vernier calipers.

Minimal inhibition concentration (MIC)

Continuous dilutions of 1, 1@HA and 1@Fe(m)-TA (32 to
256 mg L', with or without the culture medium containing
1 wt% HAase or with pH 5.5) were prepared in a 96-well plate,
and bacterial inoculum (10° CFU mL™") was added to each
well. After incubation for 18-24 h at 37 °C for carbapenem-
resistant E. coli, P. aeruginosa and S. aureus and at 30 °C for
C. albicans, the optical densities at 660 nm were measured,
and the MICs were determined. Broth containing bacteria
alone was used as a blank control. The microbial growth in
acidic conditions (pH 5.5) or in the presence of HAase was
examined and was not affected.

Growth inhibition assay

The serial dilution solution of 1 (16 to 256 mg L™') was added
to diluted bacteria cultures (10°~107 CFU mL™") in 96-well
plates and incubated at 37 °C for 48 h. The OD600 was
measured for all samples every 2 h in the first 12 h and then
every 12 h to construct growth curves for the bacteria. A
sample containing only broth was used as the blank control.

Silver release

The samples of 1, 1@HA and 1@Fe(u)-TA PBS aqueous solu-
tion (100 pL mL™") before and after treatment with pH 7.4,
1 wt% HAase or pH 5.5 were suspended in physiological
buffers and stirred vigorously. The supernatant fluids of sus-
pensions of different immersion times were sampled, diluted,
and quantified by atomic absorption spectroscopy to deter-
mine the Ag" concentrations. The release ratio of 1 was calcu-
lated from the released Ag" mass divided by the Ag* content in
1. The release ratios of 1@HA or 1@Fe(m)-TA were calculated
with the released Ag" mass divided by the mass of 1@HA or
1@Fe(m)-TA, respectively.

Cell viability

The in vitro cytotoxicity of 1 was evaluated using Human
Kidney 2 cells (HK-2) and determined with a Cell Counting Kit-
8 (CCK-8) assay, at doses ranging from 8 to 256 mg L™". HK-2
cells were seeded in 96-well plates and cultured in high-
glucose DMEM containing 1% streptomycin, 1% penicillin,
and 10% heat-inactivated FBS at 37 °C in a humidified incuba-
tor (5% CO,) for 24 h, followed by exposure to various concen-
trations of DMSO solutions of 1 for 24 h. Subsequently, 10 pL
of CCK-8 was added to each well and incubated for an
additional 1 h at 37 °C. Cell viability was determined by
measuring the optical density at 450 nm using an
EPOCH2 microplate reader (BioTek). Cell viability was calcu-
lated according to the following equation: CV (%) = [(OD of
treated cells — OD of blank cells)/(OD of vehicle control cells —
OD of blank cells)] x 100%. A 1% DMSO solution was used as
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a vehicle control, and 10% DMSO solution was used as a posi-
tive control.

Statistical analyses

Where appropriate, the data are presented as means with stan-
dard deviations (SD) as error bars, calculated from measure-
ments performed in triplicate in three independent
experiments.

Results and discussion

Infrared spectra analysis of 1

The FT-IR spectra of AgC=C'Bu and 1 are illustrated in
Fig. S2. The spectrum of 1 showed bands at 2245 cm™' and
2005 cm™', corresponding to the typical v5(C=N) of p-phda
(2249 cm™) and v4(C=C) of AgC=C'Bu (2052 cm™"). The
shifts of the C=N (+4 cm™") were considered to arise from the
contribution of a n-back-donation effect of the cyano group,*?
indicating p-phda was involved in the coordination. Besides,
typical 14(C=0) and v4(C-F) peaks of CF;COO™ anions
appeared at 1697 cm™", 1203 cm™', and 1134 cm ™", evidencing
the incorporation of anions. All the above information indi-
cated p-phda, AgC=C'Bu and CF;COO™ are all included in 1.

Crystal structure of 1

The crystal structure of 1 was determined by single-crystal
X-ray crystallographic analysis, with crystallographic data pre-
sented in Table S1 and selected bond distances listed in
Table S2. Complex 1 is revealed as a 1D chain assembled from
Agy, clusters with bridging p-phda ligands (Fig. 1a). Twelve
silver ions are held together by coordination with six
[C=C'Bu]” ligands and six CF;COO™ anions forming the Ag;,
cluster. The [C=C'Bu]™ ligands adopt psny,N:,N1,N1 and py-
M1,M1,M1,N2 connecting modes (Fig. 1b), while CF;COO™ exhibits
chelating coordination to the Ag centres. The cage-like Agi,
clusters contain three quadrilateral Ag, units (Agl-Ag6-Ag5-
Ag3, Ag2-Ag4-Ag2a-Agda and Agla-Ag3a-Ag5a-Ag6a), which are
parallel each other (Fig. 1c). In the Agy, cage, the Ag---Ag dis-
tances of Ag4/4a-Ag6 (2.8520(19) A) and Ag4a-Ag5/5a (2.8670
(19) A) are shorter than the covalent radii of two silver atoms
(2.88 A) and are defined as Ag-Ag bonds. The other Ag---Ag dis-
tances are in the range of 2.921(19) A-3.380(21) A, which are
shorter than twice the van der Waals radius of silver (3.44 A),
thus being considered as strong Ag---Ag interactions. The
silver ion content of 1 is as high as 46.76%, which is signifi-
cantly higher than the previous results (13.46%-16.29%,""
28.50%-30.67%"> and 39.57%°'). As expected, the rational
employment of AgC=C’Bu achieved a complex with high silver
content.

Thermal stability of 1

The TG curve of 1 showed two major weight losses (Fig. S3).
The first weight loss of 40.13% occurs from 99 °C to 276 °C,
corresponding to liberation of [C=C'Bu]~ and [CF3COO]
(caled. 40.70%). Further rapid weight loss of 22.07% occurs in

This journal is © The Royal Society of Chemistry 2026
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Agi2 cluster

Fig. 1 Crystal structure of 1 showing the polymeric chain (a), Ag;, cluster (b), and silver cage (c). Hydrogen and fluorine atoms are omitted for

charity. Symmetriccodea: 2 —x,1-y,1—z.

the range 350 °C to 420 °C, which is attributed to the removal
of p-phda (caled. 22.51%) to give an amorphous residue.

1@HA

A satisfactory HA coating should be able to effectively suppress
silver ion release under normal physiological conditions while
enabling a sensitive HAase-responsive decomposition under
infection conditions. Therefore, the mass ratio of 1/HA is
crucial and was optimized by combined evaluation of the
release of silver ions before and after treatment of the coating
with HAase (Fig. 2a). 1: HA ratios of 2:1, 1:1 and 1:2 (w/w)
were employed in the fabrication of 1@HA. Ag' release results
showed that 1@HA (1:2) exhibited the optimal Ag" release
inhibition (3.55%) yet the poorest responsive sensitivity with
the lowest Ag' release ratio of 23.92%. 1@HA(2: 1) exhibited
the highest Ag" release (19.50%) and comparable responsive
Ag' release (58.47%) after treatment. 1@HA (1 :1) achieved an
ideal combination, with moderate Ag" leakage (14.99%) under
normal physiological conditions and the highest HAase-trig-
gered Ag' release (59.26%). These results suggested the
optimal mass ratio of 1 and HA is 1: 1. Contact angle measure-
ments also supported the above optimization (Fig. 2a). The
water contact angle for 1 is 150.74°, which suggests its hydro-
phobicity. After coating with HA, the water contact angles of
1@HA (2:1), 1@HA (1:1) and 1@HA (1: 2) reduced to 63.66°,
29.74° and 17.35°, respectively, due to the formation of hydro-
gen bonds. The smaller the contact angle, the more complete
the HA coating. Upon treatment with HAase (1 wt%), the
contact angles of these composites increased to 117.71°,

This journal is © The Royal Society of Chemistry 2026

127.98° and 73.08°, respectively, indicating the decomposition
of the hydrophilic HA coating to varying degrees. Consistent
with the Ag' release analysis, 1@HA (1:1) displayed mild
hydrophilicity with a moderate water contact angle coupled
with the highest hydrophobicity, originating from the exhaus-
tive disassembly of the HA coating. Therefore, 1@HA (1:1)
was selected for further investigations and hereafter referred to
as 1@HA.

In addition to the above confirmation of HA coating from
changes in the water contact angles and Ag" release, the suc-
cessful coating of HA on 1 for 1@HA was further characterized
by FT-IR, zeta potential, SEM, and DLS examination. As antici-
pated, the FT-IR spectrum of 1@HA showed the characteristic
anti-symmetric out-of-plane ring stretch of the sugar group
(923 ecm™") and stretching vibration peaks for the C-O-C of HA
(1180 cm™"), indicating HA was coated on 1 (Fig. 2b). However,
v5(0O-H) (3325 cm™" for HA) shifts to a high-frequency region
(3448 cm™") attributed to coordination of unsaturated Ag" with
-OH upon HA modification.®® The inversion of the zeta poten-
tial of 1@HA from +5.05 mV for 1 to —14.27 mV provided
further evidence of successful coating of HA on 1, which orig-
inates from the negatively charged HA (Fig. 2¢).®* SEM images,
assisted by particle size statistical analysis, provided visual
proof of the successful coating (Fig. 2d). The prepared silver
complex 1 showed irregular spherical shapes with average par-
ticle sizes of approximately 0.68 pm. HA wrapping caused mor-
phological changes and a slight increase in the average particle
size, reflecting the effect of the coating. The hydrodynamic
particle size of 1 and 1@HA determined by DLS (intensity-
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Fig. 2 Characterization of 1@HA. (a) Optimization of 1/HA ratios with respect to Ag™ release and water contact angles, (b) IR spectra, (c) zeta poten-

tial, (d) SEM images with particle size analysis, and (e) DLS analysis.

weighted) was 722.13 nm and 838.97nm, respectively (Fig. 2e).
The hydrodynamic diameter of 1 measured by DLS was larger
than that determined by analysis of the SEM images, which is
attributed to the contribution of the hydration layer of par-
ticles in solution to particle sizes during DLS analysis as well
as to shrinkage of particles during SEM measurements.

1@Fe(m)-TA

The coating effects of the Fe(u)-TA complex on 1 were evalu-
ated by Ag" release. The Ag" release ratio of 1@Fe(u)-TA was
successfully restrained to 3.31% in PBS with pH 7.4 and
increased to 23.92% in PBS at pH 5.5, indicating the successful
coating of the Fe(ur)-TA complex on 1 (Fig. 3a). Considering
the moderated pH-responsive Ag" release of 23.92%, perhaps
due to the thicker coating, less mass of FeCl;-6H,0 and TA was
employed to prepare 1@Fe(m)-TA with thinner coatings for
elevated Ag' release. However, the change in the pH-responsive
Ag' release (24.25%) was not significant, while the Ag" release

3328 | Dalton Trans., 2026, 55, 3323-3335

ratio under normal conditions increased to 4.80%. Therefore,
the optimal Fe(in)-TA decoration was determined as that of the
originally described experiment.

The combined FT-IR, UV, zeta potential, SEM, EDAX
mapping and DLS analyses characterized the expected coating
of the Fe(m)-TA complex on 1. In the FT-IR spectrum of 1@Fe
(m)-TA, the v(C=C) and v4(C=O0) peaks assigned to TA were
observed around 1570 cm™" and 1718 cm ™", respectively, indi-
cating the incorporation of TA (1533 cm™" and 1718 cm™" for
free TA). The broad peak of v4,(O-H) at 3500 cm™" for free TA
shifted to 3458 cm™, indicating that the -OH groups of TA are
coordinated with Fe** (Fig. 3b).®* In UV-Vis spectra, newly
appearing absorptions at 204 nm, 346 nm, and 433 nm were
assigned to the intrinsic © — n* transition of TA, charge trans-
fer from ligand to metal (LMCT) in Fe(u)-TA complex,®> and
d-d transition of Fe**, respectively (Fig. 3¢).®® Inversion of the
zeta potential of 1@ Fe(m)-TA from +5.05 mV for 1 to
—19.50 mV provided added evidence for Fe(u)-TA complex dec-
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oration on 1 (Fig. 3d). SEM imaging revealed that particles of 1
presented extensive agglomeration and adhesion upon modifi-
cation with the Fe(um)-TA complex (Fig. 3e). The hydrodynamic
particle size displayed two distributions, corresponding to
non-agglomerated particles and aggregates (Fig. S4a). Finally,
EDAX mapping results for the elemental distribution revealed
that Fe components are distributed evenly in the samples
(Fig. S4b). All the above results demonstrated clearly that 1 was
coated uniformly with the Fe(u1)-TA complexes.

Responsive properties

The HAase-response of 1@HA and pH-response of 1@Fe(u)-
TA were examined by zeta potential measurements. After incu-
bation of 1@HA with HAase, its zeta potential was inverted

This journal is © The Royal Society of Chemistry 2026

from —14.27 mV to +9.21 mV, demonstrating its response to
HAase, which is attributed to exposure of the inherently posi-
tively charged 1 after HA film dissolution (Fig. 2c). In normal
PBS at pH 7.4, the zeta potential of 1@Fe(m)-TA is —19.5 mV
due to the -OH groups of TA (Fig. 3d). However, the value
reverted to +1.51 mV after treatment with acid to pH 5.5,
clearly indicating the designed pH-sensitivity of the Fe(ur)-TA
film. The HAase response of 1@HA and the pH response of
1@Fe(m)-TA were also evidenced visually by contact angle
(Fig. 2a) and/or SEM images (Fig. 2d and 3e). Treatment with
HAase for 1@HA led to wettability recovery from hydrophilicity
to hydrophobicity as well as obvious morphological changes
with a decrease in particle size. 1@Fe(m)-TA also exhibited
acid-triggered morphological transformations. Their stimulus-
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responsive performances were verified further by studying Ag"
release, as discussed in detail in the section on Ag" release.

Antimicrobial performance of 1

To evaluate the antimicrobial activity of 1, different strains,
including Gram-positive bacteria (S. aureus), Gram-negative
bacteria (P. aeruginosa and carbapenem-resistant E. coli), and
yeast (C. albicans) were used as model microorganisms, and
AgNO; ointment and cefazolin were selected as controls. The
inhibition zones of 1 for the four strains are displayed in Fig. 4
and Table S3. 1 exhibited antimicrobial activities with a wide-
spectrum action against all four strains. It showed effective
activities against C. albicans and P. aeruginosa (16.85 mm and
14.21 mm, respectively), as well as moderate activities against
the other two strains (10.01 mm for S. aureus and 10.89 mm
for carbapenem-resistant E. coli). In contrast, cefazolin dis-
played stronger antibacterial activities against S. aureus and
carbapenem-resistant E. coli, with inhibition-zone diameters
of 29.81 mm and 12.84 mm, respectively, as well as weaker
activities against C. albicans and P. aeruginosa, with inhibition-
zone diameters of 8.25 mm and 9.83 mm, respectively. These
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selective antimicrobial activities demonstrated the limited
efficiency of the antibiotic action against fungi and drug-resist-
ant bacteria. AgNO; ointment showed the lowest antimicrobial
activity against all four bacteria because of the lower content
of silver ions (0.1 wt%). Because the inhibition zone is a semi-
quantitative evaluation with limited precision, further studies
to determine the MIC values of 1 against the four strains were
conducted to quantify their antimicrobial activities; the results
are presented in Table S4.

1 exhibited the lowest MIC against C. albicans (32 mg L"),
and the values for the other three bacteria were all 128 mg L™".
The MICs of 1 were further expressed in the final concen-
tration of silver ion (hereafter referred to as AgMICs) because
the nature of its antibacterial activities is determined by the
silver ion content. The AgMICs of 1 are 1.39 x 10~ mol Ag per
L for C. albicans and 5.54 x 10> mol Ag per L for the other
three bacteria. 1 showed the best antimicrobial effect against
C. albicans due to its slower growth cycle than the other three
bacteria, which was consistent with the corresponding largest
inhibition-zone diameter. In comparison with our previous
results, 1 exhibits better antibacterial activities than {{Ag,(1,5-
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Fig. 4 Inhibition zones of 1, cefazolin, and AgNO3 ointment for C. albicans (a), S. aureus (b), P. aeruginosa (c), and carbapenem-resistant E. coli (d).

Treated medium: HAase (1 wt%) and pH 5.5.
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nds)(DMSO0),]DMSO},, (8.15-10.86 x 10~> mol Ag per L), {[Ag(p-
phda),](BF,)}, ** (5.92-7.89 x 107> mol Ag per L) and
[Ag,(CF;C00),(1,4-deb)(CgHyo)]-20tbp-H,0 ' (6.74-8.86  x
10~°mol Ag per L). These results suggest that the construction
of a high-silver-content complex is an effective approach to
improve antimicrobial activities.

It is interesting that 1 showed excellent inhibition of anti-
biotic-resistant P. aeruginosa and carbapenem-resistant E. coli.
Therefore, the growth of the two bacteria in the presence of
different concentrations of 1 was further investigated (Fig. 5).
At 32 mg L', 1 achieved complete suppression of P. aeruginosa
growth within 4 h, whereas at 64 mg L™, it extended the lag
phase of carbapenem-resistant E. coli to 7 h. In the presence of
128 mg L™ of 1, the growth of both bacteria was inhibited
thoroughly within 50 h, which indicated its effective and sus-
tained antimicrobial abilities. It is worth noting that, after
24 hours, 1 (32-64 mg L") exhibited inhibition effects on
P. aeruginosa, as evidenced by the decreased OD values. This
result is especially encouraging and demonstrates the merits
of long-term and slow release of 1.

Responsive antimicrobial performance of 1@HA and 1@Fe(m)-TA

It has been well-illustrated that intense bacterial metabolic
activities result in local hypoxia, which, in turn, leads to slight
acidity (pH 4.5-6.5) and high expression of enzymes (HAase)
in the infection environment.®”’°® Therefore, the HAase/pH-
responsive performances of the two composites were further
studied by examining the inhibition zones and MICs. The pH
value was adjusted to 5.5 (the average of 4.5 and 6.5). The dia-
meters of the inhibition zones of the blank in the treated
medium for all strains are almost the same as those of the
blank in normal PBS, suggesting the negligible influence of
the treated medium on the growth of all strains.

In non-stimulus environments, the inhibition-zone dia-
meters for 1@HA are 10.32 mm, 10.23 mm, 9.56 mm and
12.12 mm for P. aeruginosa, C. albicans, carbapenem-resistant
E. coli, and S. aureus, respectively (Table S5); the MICs of
1@HA for the four strains were 128 mg L', 512 mg L™, 64 mg
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L' and 256 mg L™", respectively (Table S6). In the presence of
HAase, the inhibition-zone diameters of HAase-treated 1@HA
increased from 10.32 mm to 14.56 mm (+4.24 mm) for
P. aeruginosa, from 10.23 mm to 10.86 mm (+0.63 mm) for
C. albicans, and from 9.56 mm to 11.45 mm (+1.89 mm) for
carbapenem-resistant E. coli, which indicated that HAase
could degrade HA and facilitate on-demand Ag" release. One
exception was for S. aureus, for which the inhibition zone dia-
meter decreased from 12.12 mm to 11.83 mm (—0.29 mm),
probably due to uneven spreading of the medium and experi-
mental error. The MICs of 1@HA decreased from 128 mg L™
to 64 mg L' for carbapenem-resistant E. coli and from
512 mg L' to 64 mg L™" for C. albicans. MICs of 1@HA for
P. aeruginosa and S. aureus remained unchanged, probably due
to the insignificant response triggered by 1 wt% HAase. The
inhibition-zone diameters and MICs shown by the above
results proved the potential of 1@HA for enzyme-responsive
on-demand antimicrobial applications.

Similarly, 1@Fe(m)-TA showed pH-responsive abilities, as
evidenced by the increase in the inhibition zones and a
decrease in the MICs. At pH 5.5, the inhibition-zone diameters
was enlarged by 0.1 mm for C. albicans (from 11.10 mm to
11.20 mm) compared to 1@Fe(u)-TA at pH 7.4, whereas for
P. aeruginosa the value showed a significant increase of
+5.70 mm (from 9.56 mm to 15.26 mm) and +1.98 mm for car-
bapenem-resistant E. coli (from 10.23 mm to 12.21 mm)
(Table S5). This is because P. aeruginosa and carbapenem-
resistant E. coli could generate larger amounts of acid than
C. albicans, leading to lower pH at the infected sites. The
phenomenon is interesting and demonstrates the superior
acid-triggered degradation of 1@Fe(u)-TA for acid-producing
bacteria. In addition, the MICs of 1@Fe(u)-TA at pH 5.5 are
256-512 mg L~ for the four strains and are lower than those
at pH 7.4 (1024 mg L™", Table S6).

Ag’ release

The antimicrobial activities of Ag(1) complexes are governed by
released Ag" quantities®””® and the extent of ligand displace-
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Fig. 5 Growth curves of (a) P. aeruginosa and (b) carbapenem-resistant E.
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coli in different concentrations of 1.
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ment by bacterial components.* The Ag® content of 1 is
46.76%, which is much higher than those of our previously
published structures.*"**> However, high Ag® content in the
complex does not always mean high Ag" release in solution.
Therefore, the amount of Ag" released from 1 and the two
composites was measured by suspending them in PBS buffer
with the same initial concentration of 100 mg L™" (Fig. 6(a)).

For 1, Ag" concentrations increased linearly within 4 h and
then slowly reached a plateau and remained at 23.50 mg L™
for the subsequent 2 days. This result indicated that 1 could
give a steady and prolonged release of Ag'. The Ag" release
ratio was calculated to be 50.79%, which is higher than the
43.82% release ratio reported in the previous study,* yet lower
than that of {[Ag(p-phda),](BF,)}, (72.59%).** The 2.22 g cm™>
density of 1 is significantly larger than those of the reported
structures (1.55-2.04 g cm°),** suggesting its compact
packing. The crystal structure revealed that 1 is assembled as a
chain of Ag-N, Ag-O, and Ag-C coordination bonds, as well as
extensive Ag-Ag bonds and Ag---Ag interactions. These bonds
and interactions inhibited the dissolution of Ag" to a certain
degree and resulted in a lower Ag® release ratio.*> Although
the original Ag™ content is increased greatly by the smart
choice of using AgC=C'Bu as a ligand, its contribution to the
antibacterial efficiency was meanwhile partially offset by the
generated compact structure assembled through extensive
interactions. These interpretations indicate that it is crucial to
keep a balance between increased Ag" content, while maintain-
ing a loose packing structure. Nevertheless, the Ag" concen-
tration of 23.5 mg L™" for 1 is still larger than those of our pre-
vious results (2.52-15.49 mg L™1).*"*?

Subsequently, the HAase-responsive Ag™ release of 1@HA
was examined. As shown in Fig. 6(a), in the absence of HAase,
the Ag' release ratio of 1@HA after 3 days is 14.99%, which is
much lower than for 1 (50.79%). Coating with HA achieved the
suppression of Ag" leaching, although not outright prevention.
However, in the presence of 1 wt% HAase, the value increased
sharply to 59.26%, revealing clearly the HAase-switched Ag"
release under infection conditions. These results are also con-
sistent with the increase in the inhibition zone and the
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reduction of AgMIC for 1@HA in the presence of HAase.
Therefore, 1@HA exhibits effective and controlled Ag* release
triggered by HAase, which allows it to specifically exert anti-
microbial effects within the infected sites while minimizing
damage to surrounding healthy tissues due to premature
leakage.

The pH-sensitive Ag" release of 1@Fe(m)-TA is shown in
Fig. 6(b). At pH 7.4, the Ag" release ratio is 3.31%, which is a
marked absolute decrease of 47.48% compared to that of 1
(50.79%). The negligible Ag" release demonstrated the effective
coating of Fe(u)-TA, in accord with the inversion of zeta poten-
tial and SEM mapping results of 1@Fe(u1)-TA (section 3.2.2).
At pH 5.5, the Ag" release ratio increased from 3.31% to
23.92%, indicating a clear pH-dependent acceleration of Ag"
release originating from the disassembly of Fe(u)-TA coating
in response to acidity. The lower silver release ratio of 1@Fe
(m)-TA at pH 5.5 can be used to further explain the negligible
increase in the inhibition-zone diameter against C. albicans
(section 3.5). Since the negligible degree of Ag" release and
SEM results of 1@Fe(m)-TA confirmed the complete coating of
Fe(m)-TA on 1, the lower pH-responsive Ag' release ratio can
reasonably be attributed to the less effective cleavage of coordi-
nation bonds of Fe(w)-TA at pH 5.5. In other words, only
partial coordination bonds between the OH groups of TA and
Fe** were cleaved, leading to less effective Ag”™ release
(Scheme $1).”° The observed lower zeta potential of 1.51 mV
for 1@Fe(u)-TA after treatment than that for 1 (5.05 mV) pro-
vided experimental evidence for incomplete disassembly of the
Fe(u1)-TA coating at pH 5.5. Further, pH-dependent Ag" release
was performed to clarify the proposed pH-dependent
decomposition of Fe(um)-TA (Fig. 3a). The results verified that
the Ag' release ratio increased monotonically with acidity.
When the acidity was elevated from pH 5 to 2, the Ag" release
ratio increased considerably from 25.12% to 62.63%.
Therefore, based on the above results and interpretations of
the acid-responsive antibacterial activity, 1@Fe(ur)-TA is more
suitable for killing high-metabolism Gram-negative bacteria
with stronger acid-production (i.e. P. aeruginosa and carbape-
nem-resistant E. coli).
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Fig. 6 Ag" release ratio as a function of time for 1, 1@HA (a), and 1@Fe()—TA (b) before and after treatment with HAase or pH 5.5.
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In vitro biocompatibility

Another key point concerns the in vitro biocompatibility of the
Ag complex as an antimicrobial agent in practical clinical
applications. It is reported that possible physical damage by
the Ag complex to bacterial cells did not induce in vitro cyto-
toxicity, even at high doses of 220 mg kg™ '.”' The largest
AgMIC for the current silver complex for the tested strains is
5.98 mg Ag per L (5.54 x 107> mol Ag per L), demonstrating its
potential in vitro safety. The cytotoxicity of 1 against normal
cells (HK-2) was evaluated experimentally (Fig. S5). The results
showed cell viability of HK-2 cells treated with a DMSO solu-
tion of 1 with a concentration range from 8 mg L™" to 128 mg
L™" was all more than 75%, exhibiting no significant cyto-
toxicity. Notably, the activity of cells treated with 256 mg L™" of
1 displayed a significant decrease in cell viability to 50.56%,
indicating clear cytotoxicity. In addition, the released p-phda
ligand is nontoxic. For composites, HA and Fe(m)-TA films are
also generally recognized as safe by the U.S. Food and Drug
Administration.”®

The biological samples used for the experiments were pro-
vided by Microbiology Institute of Shaanxi, Xi’an, Shaanxi,
710043, China.

Conclusions

Stimuli-responsive composites with the ability to respond to
pH and HAase were constructed successfully and realized on-
demand release of Ag" to target infection sites. The successful
responsive antimicrobial activities depended on stimuli-trig-
gered disassembly of coatings and excellent antimicrobial
efficacy of the wrapped Ag(i) complex. The innovative design
lies in the dual roles of the Ag(i) complex as the carrier and
antimicrobial agent. The composites exhibit decreased Ag"
leaching in non-infection environments and thereby minimize
off-target effects, whereas they exhibit controlled and sustain-
able Ag' release upon exposure to an infection environment.
The excellent antimicrobial efficacies originate from the high
Ag' content of the Ag(1) complex, although Ag' release is sup-
pressed partially by the extensive Ag-C bonds and Ag:---Ag
interactions. Therefore, the balance between high Ag* content
and loose packing is crucial for the structural design of the Ag
(1) complex.

The limitations of this work include the moderate pH-sensi-
tive deconstruction of the Fe(u)-TA coating at pH 5.5. Thus,
developing alternative approaches, such as adopting intrinsic
pH-responsive Ag(1) complexes to promote acid sensitivity, can
be considered in future works. Alternatively, external (exogen-
ous) stimuli could provide more powerful control over the
response, especially when the internal stimuli are not
sufficiently effective. Dual- or multi-responsive platforms can
be constructed to fully respond to various stimuli within the
infection microenvironment (i.e. redox gradient, hormone
levels, and glucose levels) and outside the physiological
environment (i.e. temperature, light, and electric pulses). The
synergy of response to multiple stimuli may further facilitate

This journal is © The Royal Society of Chemistry 2026
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efficient and targeted Ag" release while reducing systemic tox-
icity and resource waste. These related strategies will be
addressed in our further research.
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