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Two silver-based coordination polymers, [Ag2(O-IPA)(H2O)]�(H3O) (CP1) and [Ag2(bpe)2(Cl)2] (CP2), were
facilely synthesized from AgNO3 and 5-hydroxyisophthalic acid (HO-H2IPA)/1,10-(1,4-phenylene-bis
(methylene))-bis(pyridine-3-carboxylic acid) (1pbb3ca) and 1,2-di(4-pyridyl)ethylene (bpe) by the slow
evaporation method at room temperature. These two coordination polymers exhibited excellent and
long-term antibacterial properties toward Gram-negative bacteria named Escherichia coli (E. coli), in
which CP1 achieved the lowest minimum inhibitory concentration (MIC) of 5 ppm and largest inhibition
zone of 11.12 mm due to its fastest Ag+ release rate and highest equilibrium concentration. These coor-
dination polymers could destroy the membrane of the bacteria, leading to the death of cells. The stable
and slow release of Ag+ ions in aqueous solutions for 5 d ensure the potentially further application in the
purification of polluted water or medical purpose.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Coordination polymers (CPs) are organometallic polymer struc-
tures containing metal cation centers linked by organic ligands
[1,2]. Recently, CPs are being widely investigated due to their
potential applications in the various fields including but not lim-
ited to environmental pollutants adsorption [3–5], catalysis [6–
9], fluorescence [10,11], sensing [12,13], drug delivery [14,15]
and anti-microbial [4,5,16]. The structure and properties of CPs
vary with the different coordination modes of metal ions and the
choice of organic ligands. In particular, the 2–6 coordination stere-
ochemistry of Ag(I) ions in Ag-based CPs results in more diverse
architectures, ranging from one-dimensional (1D) polymers to
three-dimensional (3D) metal-organic frameworks [2,17,18]. In
some recent studies, various Ag-based CPs have been fabricated
with aromatic stacking [4,5], chirality [19], spin-transition
[19–21], non-linear optics (NLO) [22], stereoelectronic properties
of supporting ligands and presence of metallophilic interactions
[18,23].

Over the past decades, the design of antibacterial agents has
been extensively concerned in water disinfection [16,24]. With
the increasing use of antibiotics, the resistance of pathogens is
growing [25] via changing the expression of genes [26]. Conse-
quently, researches turn to focus on some novel materials with
non-selective antibacterial properties. Several works have demon-
strated that aqueous Ag+ ions have excellent antibacterial activities
toward both Gram-positive and Gram-negative bacteria by interac-
tions with DNA and some cell-sustaining components [27,28].
However, how to control the release of Ag+ ions in traditional Ag
nanoparticles is still a great challenge [16,29]. As a kind of new
class antibacterial agents, Ag-based CPs can allow the controllable
release of Ag+ ions due to their fascinating structures consisting of
both organic and inorganic components [16], which ensures the
stable antibacterial activity and high biocompatibility in polluted
water [29,30]. Ag-based CPs can also exhibit multiple properties
including antibacterial activities, adsorption performances, photo-
catalytic properties, etc. Liu et al. reported that two Ag-based CPs
constructed from 1,1-cyclopropanedicarboxylic acid/1,1-cyclobu-
tane dicarboxylic acid and 4,40-bipyridine exhibited both
antibacterial performances and adsorption properties toward
several organic dyes [5]. The anti-microbial activity can prevent
the biofilm adhering to the surface of two materials, enhancing
the adsorption ability in polluted water with bacteria. Wang
et al. developed a shape-memory silver polymer network by first
synthesizing an isonicotinate-functionalized polyester via classical
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melt-condensation polymerization [31]. The polymer can be
deformed into a compact form and recover to final shapes in vivo
upon exposure to body temperature, meanwhile exhibiting the
antibacterial action and good cytocompatibility by slow release
of Ag+ ions. These studies shed light on the great potential of silver
coordination polymer for applications in smart medical devices.

Based on the above-mentioned points, two new coordination
polymers namely [Ag2(O-IPA)(H2O)]�(H3O) (CP1) and [Ag2(bpe)2
(Cl)2] (CP2) were successfully synthesized by the reaction of silver
nitrate, 5-Hydroxyisophthalic acid/1,10-(1,4-phenylene-bis(methy-
lene))-bis(pyridine-3-carboxylic acid) and 1,2-di(4-pyridyl)
ethylene. The as-prepared CPs were characterized by single-crystal
X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD) and
Fourier transform infrared (FTIR) spectra. The antibacterial
performances, the release of Ag+ ions and the structure-property
relationship of these two CPs were also discussed.
2. Experimental

2.1. Materials and methods

All chemicals and solvents were commercially available and
used without any further treatment. The structural formula of
organic linkers is shown in Fig. 1. Escherichia coli (CICC 23429)
were purchased from the China Center of Industrial Culture Collec-
tion (Beijing, China). Fourier transform infrared spectra (FTIR) were
recorded from 400 cm�1 to 4000 cm�1 on a Nicolet 6700 FTIR spec-
trophotometer with KBr pellets. Powder X-ray diffraction patterns
were recorded using a Dandonghaoyuan DX-2700B diffractometer
with Cu-Ka radiation. The release concentrations of Ag+ ions from
CPs were determined by ICP-5000 inductively coupled plasma
atomic emission spectrometer (ICP-OES, Focused Photonics (Hang-
zhou), Inc.). The morphological change of the bacteria was
observed by Hitachi-HT7700 transmission electron microscope
being operated at 20 kV.
2.2. Synthesis of [Ag2(O-IPA)(H2O)]�(H3O) (CP1)

An ammonia solution (125 mL, 0.5 mol/L) of AgNO3 (1.25 mmol,
0.21 g) and 5-hydroxyisophthalic acid (HO-H2IPA, 1.25 mmol,
0.23 g) was added dropwise to an EtOH solution (125 mL) of tri-
ethylene diamine (1.25 mmol, 0.14 g), and the mixture was stirred
for 15 min, then was allowed to evaporate slowly at room temper-
ature in the dark. Block-like yellow crystals of [Ag2(O-IPA)(H2O)]�
(H3O) (CP1) were obtained after 2 weeks (yield 80% based on
AgNO3). FTIR (KBr)/cm�1: 3,290 s, 3,068w, 2,925w, 2,850w,
2,548w, 2,515w, 1,792w, 1,687w, 1,622 m, 1,608w, 1,560 s,
1,537 s, 1,423 m, 1,388 s, 1,360 s, 1,306 m, 1,282 m, 1,219w,
1,119w, 1,092w, 1,003w, 980w, 939w, 906w, 885w, 783 s, 721 s,
685w, 663 m, 636 m, 567w, 555w, 488 m, 409w.
Fig. 1. The chemical structure of (a) 5-hydroxyisophthalic acid, (b) 1,10-(1,4-phenylene
2.3. Synthesis of [Ag2(bpe)2(Cl)2] (CP2)

The synthesis of block-like yellow crystals of [Ag2(bpe)2(Cl)2]
(CP2) followed the same procedure as for CP1 except that HO-
H2IPA and triethylene diamine were replaced by 1,10-(1,4-pheny-
lene-bis(methylene))-bis(pyridine-3-carboxylic acid) (1pbb3ca,
1.25 mmol, 0.53 g) as the provider of Cl- and (1,2-di(4-pyridyl)
ethylene (bpe, 1.25 mmol, 0.53 g) (yield 88% based on AgNO3),
respectively. FTIR (KBr)/cm�1: 3,045 s, 1,601 s, 1,557w, 1,500w,
1,425 m, 1,353w, 1,306w, 1,206w, 1,075w, 1,010 m, 975 s, 956w,
840w, 827 s, 740w, 554 m, 547 s.
2.4. Single-crystal X-ray crystallography

Single-crystal X-ray diffraction (XRD) data collection for CP1
and CP2 were performed with a Bruker CCD area detector diffrac-
tometer with graphite-monochromatized Mo-Ka radiation
(k = 0.71073 Å) using u-x mode at 298(2) K. The SMART software
was used for data collection and the SAINT software for data
extraction [32,33]. Empirical absorption corrections were per-
formed with the SADABS program [34]. The structures were solved
by direct methods (SHELXS-2015) and refined by full-matrix-least
squares techniques on F2 with anisotropic thermal parameters for
all of the non-hydrogen atoms (SHELXL-2015) [35]. All hydrogen
atoms were located by Fourier difference synthesis and geometri-
cal analysis. These hydrogen atoms were allowed to ride on their
respective parent atoms. All structural calculations were carried
out using the SHELX-2015 program package [35]. Crystallographic
data and structural refinements for CP1 and CP2 are summarized
in Table S1. Selected bond lengths and angles along with the
hydrogen bonds are listed in Tables S2 and S3, respectively.
2.5. Antibacterial activities

The agar plate diffusion method followed by the National Com-
mittee for Clinical Laboratory Standards was adopted to test the
antibacterial properties of the as-prepared CPs [36,37]. Surface lake
water in Beijing University of Civil Engineering and Architecture
was sampled and used to investigate the antibacterial properties
of the two CPs. Two micrograms CP1 and CP2 were added to
200 mL lake water, and the control experiment was conducted at
the same time without any bactericides. After 6 h, the supernatant
was inoculated onto sterilized Agar plate to observe the growth
status of bacterial colony. Meanwhile, antibacterial activities of
the compounds were tested against Escherichia coli (E. coli, F-
1693) by determining the minimal inhibitory concentration
(MIC), growth inhibition assay and zone of inhibition technique.
All bacterial routine handlings were conducted with Luria Bertani
(LB) broth at 37 �C, and long-term storage was performed in glyc-
erol stocks stored at �30 �C. The medium was made up by dissolv-
ing agar and LB broth in distilled water.
-bis(methylene))-bis(pyridine-3-carboxylic acid) and (c) 1,2-di(4-pyridyl)ethylene.
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2.6. Zone of inhibition technique

The test method of inhibition zone is derived from a standard-
ized single disk method [38]. The mixture of dissolved agar and LB
broth was autoclaved for 15 min at 121 �C and then dispersed into
sterilized Petri dishes, which was allowed to solidify and used for
inoculation. The target microorganism cultures were prepared sep-
arately in 100 mL of liquid LB broth medium for activation. Acti-
vated strain (50 lL) was placed onto the surface of an agar plate
and spread evenly over the surface by means of a sterile bent glass
rod. Then the CP suspension and stroke-physiological saline solu-
tion (SPSS, control sample) infiltrated by the neutral filters (diam-
eter of 6 mm) were put into each plate. The diameters of inhibition
zones were measured by Vernier calipers [4,16,29].
2.7. Minimum inhibitory concentration (MIC)

Minimal inhibition concentration (MIC) is the lowest concentra-
tion of an antimicrobial agent that can inhibit the visible growth of
a microorganism after overnight incubation [39]. In this study, bac-
teria were placed on general LB liquid media and were shaken at
37 �C overnight. Diluted overnight bacteria and LB liquid cultures
with serial concentrations (0 ppm as the control sample, 5 ppm,
10 ppm, 15 ppm, 20 ppm, 25 ppm and 30 ppm) of CP1 and CP2
were shaken for 24 h at 37 �C, respectively. The concentration of
bacteria cultures was measured at 600 nm (OD600) via UV–vis spec-
trometer, following the optical density method [40]. LB liquid
media and bacteria liquid wavelength scanning spectrum is shown
in Fig. S1.
2.8. Growth inhibition assay

Diluted bacteria and LB liquid cultures were treated with differ-
ent concentrations of CP1 and CP2 for 48 h while shaking at 37 �C,
respectively. During the cultivation time, OD600 was measured for
all samples through a UV–vis spectrometer at predetermined time
Fig. 2. (a) Highlight of the coordination polyhedron for Ag(I) atoms in CP1. (b) The coor
CP1. (c) The 2D sheet of CP1. (d) The 3D framework structure of CP1.
intervals to draw the growth curves of bacteria. The growth curves
of E. coli without antibacterial agents were also treated as blank.
Bacteria liquid absorbance and the relationship between the con-
centrations of bacteria are listed in Table S4 [5].

2.9. The silver release

The sample of the two CPs were dispersed in distilled water in
250 ppm for 5 days. The released Ag+ concentrations in the super-
natant fluids of solutions were measured every 2 h and 4 h in the
first day and once a day after the 1st day by ICP-OES.
3. Results and discussion

3.1. Structure descriptions of CP1

As illustrated in Fig. 2(a), the asymmetric unit of CP1 consists of
two Ag(I) ions and one O-IPA3- ligand. As shown in Fig. 2(b), Ag1 is
four coordinated by one oxygen atom from a hydronium ion H3O+,
two oxygen atom from two different O-IPA3- ligands and one
equivalent Ag(I) ion[Ag(1)-O(4)#1, 2.216(4) Å; Ag(1)-O(3)#2,
2.234(4) Å; Ag(1)-O(5), 2.444(4) Å; O-Ag1-O, 90.99(15)�~158.91
(16)�; O-Ag1-Ag1, 75.03(12)�~165.91(9)�]. By contrast, Ag2 occu-
pies a distorted tetragonal geometry by three oxygen atoms from
three O-IPA3- ligands and another Ag2 atom [Ag(2)-O(1) 2.193(4)
Å; Ag(2)-O(2)#5, 2.194(4) Å; Ag(2)-O(6), 2.451(5) Å; O-Ag2-O,
91.64(17) ~ 163.19(16)�; O-Ag2-Ag2, 80.12(11)�~166.59(12)�]
[16]. The unique aspect is that the completely deprotonated O-
IPA3- acts like a polydentate ligand, linking five Ag(I) ions to gener-
ate an infinite neutral 2D [Ag2(O-IPA)(H2O)]�(H3O) net-like sheet.
(Fig. 2(c)) [41]. Finally, the adjacent 2D [Ag2(O-IPA)(H2O)]�(H3O)
sheets are constructed into 3D framework structure by Ag-O weak
interactions (2.19 ~ 2.45 Å, much shorter than their Van der Waals
contact distance of 3.24 Å) [42,43], abundant hydrogen bonding
and p-p stacking interactions, as shown in Fig. 2(d) [44]. The
introduction of multi-chelating ligand HO-H2IPA and diverse
dination environment of the two crystallographically independent Ag(I) centers in
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coordination stereochemistry of Ag(I) contribute to high dimen-
sional framework [45]. It is worth noting that we failed to obtain
CP1 without triethylene diamine although it was not coordinated
with other components, implying triethylene diamine might play
a role of a catalyst or pH regulator [46].
3.2. Structure descriptions of CP2

Compared with CP1, CP2 crystallizes in monoclinic P21/c space
group [29]. As illustrated in Fig. 3(a), the Ag(I) ion sits on a center
of inversion, forming the distorted tetrahedron structure [47]. Each
Ag(I) ion of AgNO3 is connected to three chlorine ions dissociated
from 1pbb3ca (Fig. 1) and one nitrogen atom from bpe [Ag-Cl,
2.5391(12) Å to 2.7658(11) Å; Ag-N, 2.248(3) Å; Cl-Ag-Cl, 100.36
(4)�~107.93(3)�; N-Ag-Cl, 98.36(9)�~128.03(10)�], but entirely
deprotonated 1pbb3ca2+ ions are not participate in the construc-
tion, as shown in Fig. 3(b). The interaction between Ag(I) and Cl-

formulates zigzag chains extending parallelly and endlessly by a-
axis, while the bpe acts as a typical 4,40-bipyridine-like bidentate
ligand, linking two Ag1 atoms with nitrogen atoms from two pyr-
idyl rings to form interlaced vertical chains [48]. The dihedral angle
between these two pyridyl rings is 0�, indicating that they are
coplanar. Eventually the 2D net-like framework of CP2 is built up
due to the numerous bpe and Ag-Cl interactions, as shown in
Fig. 3(c). The structural and topological differences between CP1
and CP2 demonstrate that the ligand effect plays an important role
in different framework formation.
Fig. 3. (a) Highlight of the coordination polyhedron for Ag(I) atoms in CP2. (b) The asymm
2D net-like framework of CP2.

Fig. 4. Agar plate diffusion experiment to estimate antibacterial activity of CP1 and CP2 o
presence of CP1 and CP2, respectively. Incubation conditions: 310 K, 48 h).
3.3. Antibacterial activities

As illustrated in the Fig. 4(a), without CP1 and CP2, several
kinds of colonies like Enterobacter cloacae (ATCC 23355), Enterobac-
ter aerogenes (ATCC 35029) and Citrobacter freundii (ATCC 43864)
emerged in Salmonella chromogenic mediums, but with the pres-
ence of two CPs (Fig. 4(b) and (c)), no colonies were found in
plates, indicating that all of these CPs had remarkable antibacterial
performances against a wide range of strains. The category of qual-
ity-control strains in Salmonella chromogenic medium are shown
in Table S5 [5,49,50].

Meanwhile, Gram-negative bacteria (E. coli) were chosen as
model microorganism to examine the antibacterial properties of
the two CPs, in which the MIC test of them was determined via
using an optical density method [51]. The inhibitory effects on
the growth of E. coli for these two CPs in different concentrations
are shown in Fig. 5. As shown in embedded figures of Fig. 5, the
LB liquid mediums turned to be transparent with the increasing
concentration of CP1 and CP2, indicating that the bacteria were
successfully inhibited. As illustrated in Fig. 5(a) and (b), the
OD600 value decreased over 80% when the concentration of CP1
and CP2 reaching 5 ppm and 25 ppm respectively. Therefore, the
MICs of these two CPs against E. coli were confirmed in the range
of 5–15 ppm and 20–25 ppm respectively, which revealed that
the two CPs exhibited higher antibacterial performances than most
commonly used silver-based compounds in reports [26,52,53].
etric unit of CP2 and the coordination environments around the Ag(I) atoms. (c) The

nto surface layer of lake water. ((a) with the absence of CP1 and CP2. (b), (c) with the



Fig. 5. MICs of CP1 (a) and CP2 (b) against E. coli.

Fig. 6. Images and diameters of inhibition zones of CP1 (a), CP2 (b) and SPSS (c).
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Additionally, the inhibition zones of two Ag-based compounds
are shown in Fig. 6. The diameters of inhibition zones against
E. coli of CP1 and CP2 were 9.27 ~ 11.12 mm and
7.50 ~ 8.32 mm, respectively, which were larger than 6.00 mm of
SPSS [5]. Also, the pure ligand HO-H2IPA and bpe exhibited
neglectable antibacterial activity with the inhibition diameter
being similar to 6.00 mm [29,54], further confirming the superior
antibacterial performances of CP1 and CP2. The improved antimi-
crobial performance of two CPs may be attributed to Overtone’s
concept and the Tweedy’s chelation theory [55,56]. On the coordi-
nation process, the overlap of the ligand orbitals and the partial
sharing of the positive charge between the metal ions and the
donor group may reduce the polarity of the metal ions. Therefore,
the lipophilicity of the coordination polymer is enhanced. Accord-
ingly, the permeability of the coordination polymer to the lipid
membrane of the bacterial cell was enhanced, as well as improving
the biological activity of CPs.

The time-dependent growth curves of E.coli in different concen-
trations of two Ag-based CPs are illustrated in Fig. 7. Characterized
by OD600 value, the maximum density of E.coli decreased, and the
logarithmic phase was postponed with the increasing concentra-
tion of the two CPs. The obvious inhibition effects against E. coli
started at less than 15 ppm with CP1 and less than 20 ppm with
CP2 for a long period of time (48 h). By contrast, Ag nanoparticles
had no impact on E.coli below the concentration of 40 ppm [29],
which demonstrated that these two compounds showed much
higher antibacterial performances at relatively low concentration.

3.4. Antibacterial mechanism

Judging from the above-stated inhibition zones, MIC values and
bacterial growth curves results, the antibacterial performances of
CP1 is higher than that of CP2. It is assumed that the differences
of antibacterial activities in Ag-based materials may derive from
the different release of Ag+ ions [26,29,57,58]. In this study, the
Ag+ concentrations in aqueous solutions of two CPs were tested
by ICP-OES. As shown in Fig. 8, the concentration of Ag+ ions signif-
icantly increased during the first 16 h and retained at a stable level
with the average concentrations of 37.21 ppm for CP1 and
18.90 ppm for CP2 in the following four days. This can be explained
by an equilibrium that involves the silver ions in solution and the
silver ions immobilizing in the surface of materials [59]. The differ-
ence of Ag+ release over CP1 and CP2 is consistent with the
antibacterial activities from the above results, proving the
hypothesis.

From the viewpoint of correlation between structures and prop-
erties, the Ag(I) in both CP1 and CP2 are four-coordinated and form
the similar quadrihedron, but CP1 exhibits 3D sandwich-like
framework and triclinic P-�ı space group while CP2 is constructed
by 2D net-like sheet with monoclinic P21/c space group
(Table S1). The variation of topological structures may affect the
release of Ag+, despite the fact that the process to release Ag+ in dif-
ferent structures is not clear up to now [60,61]. On the other hand,
the main factors influencing the antibacterial activity of CPs in this
study might also be the different coordination modes of Ag(I) and
the interaction between metal and ligand group [60,62]. For
instance, CPs containing Ag-O bonds and Ag-N bonds exhibit better
antibacterial properties because of the relatively weak interaction
between Ag-O bonds and Ag-N bonds, which may cause the
organic ligands connected by Ag(I) to be more easily replaced by
O-, N- and S- donor groups (especially thiol groups) in microbial
biomolecules [60,62-64]. Thus, Ag+ ion would be easily released
and interacted with cells leading to the death of bacteria. In CP1,
the adjacent 2D layers are connected with weaker Ag-O interac-
tions and hydrogen bonds, which might lead to the easily dissoci-
ation of sub-structures of CP1 releasing more Ag+ ions in aqueous
solution [65]. Meanwhile, compared with CP2, CP1 has a wider



Fig. 7. Growth curves of E. coli in different concentrations (5 ~ 30 ppm) of CP1 (a) and CP2 (b).

Fig. 8. Concentrations of Ag+ released in CP1 and CP2 aqueous solution in (a) 16 h and (b) 5 days.

6 H.-Y. Chu et al. / Polyhedron 188 (2020) 114684
range of bond length (2.192 ~ 2.844 Å of Ag-O versus
2.5391 ~ 2.7658 Å of Ag-Cl), and the flexibility of bond length
may facilitate the exchange reaction with the ligand of microor-
ganisms [60]. Although the antibacterial properties and silver ion
release of CP2 are not relatively high, it may have lower cytotoxi-
city for further possibilities of the therapeutic application like
medical implants [65,66]. Electrospray ionization mass spectrome-
try (ESI-MS) and pKa of organic ligand would be measured in the
Fig. 9. TEM (a [4], b, c) morphological images of cell st
future study to characterize the volume of the central Ag(I) coordi-
nation sphere and the bonding strength of Ag+ and ligand to further
clarify the factors influencing Ag release capacity [67–70].

To further investigate the antibacterial process of the two CPs,
the structure of cells was observed by transmission electron micro-
scope (TEM) [5,40] (CP1 was chosen as the representative antimi-
crobial material). As shown in Fig. 9, intact E. coli had distinct outer
membranes, which suggested that the bacteria cell structures were
ructures: CP1 impacted and damaged E. coli (2 h).
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well-preserved even under ultra-circumstances with high vacuum
and energy electron beam. However, when the E. coli bacteria were
exposed to CP1, they lost the cellular cohesion and their outer
membranes were seriously destroyed, leading to the outflow of
bacteria’s cytoplasm and final death [26,52,71].

Based on our experimental results, a possible antibacterial
mechanism of these two silver-based CPs (taking CP1 as an exam-
ple) is proposed as illustrated in Fig. 10. First, CP1 could diffuse on
the surfaces of E. coli bacteria, releasing Ag+ ions that change the
ion balance and destroy ion channels [5,72,73]. Simultaneously,
the CP1 particles could also penetrate into the interior cytoplasm
of cells to have interaction with lipotropic acid, hydroxyl groups
of peptidoglycan membranes, as well as phosphate groups of
Fig. 10. Schematic representation of the bactericida
phospholipid membranes [74]. Additionally, the Ag+ ions may
interact with DNA and thiol groups of proteins, which can damage
enzymes and disrupt the bacteria’s integrity and permeability [75].
Finally, the rupture of the cell membrane results in the outflow of
cytoplasm, leading to the death of bacteria.
4. Conclusions

In all, [Ag2(O-IPA)(H2O)]�(H3O) (CP1) and [Ag2(bpe)2(Cl)2] (CP2)
were successfully synthesized via the slow evaporation method.
CP1 processed 3D framework structures while CP2 exhibited 2D
net-like framework. The steady slow-released Ag+ ions controlled
l mechanism for Ag-based CPs as disinfectants.
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by different metal-ligand interactions contributed to excellent and
long-term antibacterial performances toward Gram-negative bac-
teria E. coli with the low minimal inhibition concentrations and
the wide inhibition zones, which allows the potential practical
application of wastewater treatment and medical disinfection. Fur-
ther studies are underway to focus on the detailed correlation
between ligand effects on structure and antimicrobial perfor-
mances as well as the biocompatibility of Ag-based CPs.
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