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Membrane-targeting compounds are of immense interest to counter complicated multi-drug resistant
infections. However, the broad-spectrum effect of such compounds is often unmet due to the surges of
antibiotic resistance among majority of Gram-negative bacteria compared to Gram-positive species.
Though amphiphiles, synthetic mimics of antimicrobial peptides etc, have been extensively explored for
their potential to perturb bacterial membranes, small molecule-based supramolecular hydrogels have
remained unexplored. The design of supramolecular hydrogels can be tuned on-demand, catering to
desired applications, including facile bacterial membrane perturbation. Considering the strong biocidal
properties of Ag-based systems and the bacterial membrane-targeting potential of appended primary
amine groups, we designed self-assembled multicomponent supramolecular Ag(i)-hydrogels with urea
and DATr (3,5-diamino-1,2,4-triazole) as ligands, which are predisposed for hydrogen bonding and
interacting with negatively charged bacterial membranes at physiological pH. The synthesized
supramolecular Ag()-hydrogels exhibited almost similar antibacterial activity against both Gram-negative
(Campylobacter jejuni; C. jejuni) and Gram-positive (Staphylococcus aureus; S. aureus) bacteria, with
minimal inhibitory concentration (MIC) of ~60 pg mL™t. Ag()-hydrogels facilitated the disruption of the
negatively charged bacterial membrane due to electrostatic interaction and complementary hydrogen
bonding facilitated by DATr and urea. Sustained intracellular ROS generation in the presence of Agl)-

Received 21st June 2024, hydrogel further expedited cell lysis. We envisage that the multicomponent supramolecular Ag()-

Accepted 29th July 2024 hydrogels studied herein can be employed in designing effective antibacterial coatings on a range of
DOI: 10.1039/d4tb01355q medical devices, including surgical instruments. Moreover, the present form of the hydrogels has the
potential to improve the antibacterial functionality of conventional antimicrobials, thus revitalizing the

rsc.li/materials-b effective targeting of hard-to-treat multi-drug-resistant (MDR) bacterial infections in a clinical set up.

Introduction

The global rise of antimicrobial drug resistance among bacterial
pathogens is a major cause of a delayed healing process, subse-
quent treatment failure and patient death worldwide, necessitating
the development of novel antibacterial formulations, especially in
the post-pandemic scenario.' Traditional treatment approaches
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are often associated with over-prescription and injudicious use of
antibiotics, exacerbating the risk of emerging antibiotic resistance
among common pathogens. A large number of antibiotics are
rendered ineffective owing to the outer membrane barrier in both
Gram-positive and Gram-negative pathogenic strains. The bacterial
cell membrane is essential in maintaining cellular homeostasis,
transporting nutrients and waste, and cellular respiration. Thus,
compounds targeting the bacterial membrane have garnered
recent interest in countering multi-drug resistance (MDR).*

To this end, the antimicrobial activity of a range of
membrane-targeting complexes has been assessed in the past,
among which amphiphiles, synthetic mimics of antimicro-
bial peptides (AMR), are of note.>”” However, low molecular
weight gelator (LMWG)-based supramolecular hydrogels have
remained largely unexplored in this regard.® Supramolecular
hydrogels and xerogels are employable as antibacterial coatings
on surgical instruments or other medical devices. The available
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literature suggests the applications of hydrogels in wound
dressings, antibacterial coatings of medical equipment, and
implants.®™* Supramolecular hydrogels can be easily synthesized
and more importantly, their activity can be customized by intro-
ducing multifunctionality and self-healability to further substanti-
ate their applicability as antimicrobial coatings and dressings.®
Recent reports reveal the promising antibacterial activity of
triazole'*'* and urea-derivatives>'® against infections caused by
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aer-
uginosa, and Enterobacter spp.) including methicillin-resistant
Staphylococcus aureus (MRSA).

Hydrogels have emerged as an interesting therapeutic can-
didate in biomedical research due to their biocompatibility,
high water content, and ability to drive the sustained release of
active species as well as drugs to counter drug-resistant
pathogens.'” Supramolecular hydrogels with multiple hydrogen
bond donor and acceptor centres have the additional potential
to disrupt the polymeric bacterial cell membrane.> Primary
amines are known to interact with the negatively charged
bacterial membrane under physiological pH,'® which led us
to select 3,5-diamino-1,2,4-triazole (DATr) and urea as gelators
for the attempted synthesis of multicomponent hydrogels.

Bactericidal effects of Ag nanoparticles (Ag(0)) have been
extensively explored against Gram-positive and Gram-negative
bacteria,'>' though the antibacterial effect arises due to the
oxidation of Ag(0) to Ag(1) and its subsequent release.””>* However,
Ag(1)-based systems have been relatively less explored.”>*® There
are distinct scopes for employing stable, multicomponent Ag(1)-
hydrogels as a broad-spectrum antibiotic alternative against MDR
pathogens. DATT is known to stabilize Ag(1) in complexes and does
not allow its reduction under ambient conditions."® Considering
these advantages, we designed supramolecular multicomponent
Ag(1)-hydrogels employing an elegant combination of urea and
DATT as ligands, owing to the abundance of primary amine groups
and the possibility to participate in extensive hydrogen bonding
interactions with the bacterial membrane.

To explore the broad-spectrum antibacterial efficacy of the
fabricated Ag(1)-hydrogels, we selected two MDR bacteria,
Gram-negative (Campylobacter jejuni) and Gram-positive (Sta-
phylococcus aureus), as model pathogens. Among them, Campy-
lobacter jejuni (C. jejuni) is a common gut pathogen associated
with acute, self-limited gastrointestinal illness with several
extra-intestinal autoimmune disorders, including Guillain-Barre
syndrome (GBS), reactive arthritis, and inflammatory bowel
disease.””*® While diarrheal cases of Campylobacter origin can
be treated with macrolide antibiotics, the emergence of MDR
C. jejuni isolates has left us with limited treatment options.*®
No vaccine is available except for biosecurity measures to prevent
zoonotic transmission of C. jejuni to humans. On the other
hand, we chose methicillin-resistant Staphylococcus aureus
(MRSA) as a Gram-positive bacteria.">'® Staphylococcus aureus
(S. aureus) is known as an opportunistic ESKAPE pathogen that
can silently evade the host immune defence and ubiquitously
colonize almost any niche throughout the human body.*®
By releasing an array of toxins and enzymes, S. aureus causes
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complicated nosocomial infections responsible for ~20-80% of
global nosocomial infections.*"** In addition, S. aureus infection
can cause pneumonia, osteomyelitis, meningitis, toxic shock
syndrome, endocarditis and septicemia.**3*

In the present study, we observed marked growth inhibition
of both the model pathogens, C. jejuni and S. aureus, in the
presence of the Ag(1)-hydrogels. As expected, perturbation of
the bacterial membrane was found to be substantial for both
C. jejuni and S. aureus, following the treatment with Ag(1)-
hydrogels. Our results attested to an almost similar efficacy of
the hydrogels against C. jejuni and S. aureus, which is promising
considering the challenges to develop a broad-spectrum anti-
biotic owing to the higher intrinsic antibiotic resistance among
most Gram-negative bacteria compared to Gram-positive ones.**
We surmise that the disruption of the bacterial membrane
integrity owing to a combination of the positive zeta potential
of the Ag(i)-hydrogels and extensive hydrogen bonding in the
presence of appended -NH, groups in the gelator played a
pivotal role in the observed broad-spectrum antibacterial activity
of the hydrogels. Cell death was further triggered by the sus-
tained production and intracellular accumulation of reactive
oxygen species (ROS).*® Together, the present study suggests
that carefully tuned Ag(1)-hydrogels can be a promising alter-
native to broad-spectrum antibiotics in targeting hard-to-treat
MDR and ESKAPE bacterial infections in a clinical setup.

Experimental section
Synthesis of AgDU-Gel1

DATr (0.5 mmol, 0.05 g) and urea (0.5 mmol, 0.03 g) were
dissolved in water (0.5 mL) in a 5 mL glass vial upon slight
warming. A solution of silver triflate, i.e. AgOTf (0.5 mmol,
0.128 g) in water (0.5 mL), was separately prepared and added
to the ligand solution. Next, the mixture was stirred at room
temperature for about 10 minutes to obtain a white-colored
viscoelastic gel (AgDU-Gell). The as-prepared AgDU-Gell was
then lyophilized under vacuum to obtain the corresponding
xerogel AgDU-Xero1.

Synthesis of AgDU-Gel2

AgDU-Gel2 was prepared using a method similar to AgDU-Gel1,
using a solution of silver nitrate, i.e. AgNO; (0.5 mmol, 0.085 g)
in water (0.5 mL) instead of AgOT{. AgDU-Gel2 was lyophilized
similar to AgDU-Gell to obtain the corresponding xerogel
AgDU-Xero2.

Biological studies

C. jejuni TGH 9011 strain (BEI Resources, USA) was grown in
Mueller Hinton (MH) broth (HiMedia, India) for 24 h under
microaerophilic conditions (10% CO,, 5% O,, and 85% N,) at
37 °C in a tri-gas incubator (Thermo Fisher Scientific, USA). An
MRSA strain of S. aureus (a kind gift from Dr Samiran Bandyo-
padhyay, IVRI Eastern Regional Station, Belgachia, Kolkata)
was grown in Luria-Bertani (LB) broth media (HiMedia) under
constant shaking at 37 °C for 24 h in a BOD incubator.

This journal is © The Royal Society of Chemistry 2024
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Details of biological experiments have been provided
as ESLf

Statistical analysis

The GraphPad Prism statistical software (version 8) was used for
graphical presentations and data analysis. The CCs, of the test
compounds was calculated using a nonlinear regression curve. A
Shapiro-Wilk test was performed to confirm the normal distri-
bution. The Student ¢-test (two-tailed, unpaired) or nonpara-
metric Mann-Whitney U test was performed to compare
significance among various experimental groups. *P < 0.05
and **P < 0.01 were considered statistically significant.

Results and discussion
Synthesis and characterization of Ag(1)-hydrogels

Systematic screening and selection of metal precursors, organic
ligands, and solvent systems are essential for supramolecular
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metallogel formation. A lukewarm aqueous solution of DATr
and urea in equimolar proportions reacted with an aqueous
solution of Ag(1) precursors (AgOTf or AgNO; i.e. AgDU-Gell and
AgDU-Gel2, respectively) to form a white-colored hydrogel at
room temperature (RT) (Fig. 1). The gelation state was ascer-
tained as the hydrogel sustained its own weight upon the ‘inver-
sion of the glass vial’. The gelation was not observed in the
absence of Ag(i) salts. The hydrogels were stable on standing
overnight at RT, and for several days upon refrigeration (4-10 °C).
From the mass spectral pattern, we anticipate that the basic
repeating unit for the gels is a dimeric Ag(i) species, which is
bridged by two DATr ligands. The ring nitrogen atoms are
preferred for metal coordination, as these are better donors
than the exocyclic -NH, moieties. The urea ligand serves as a
linker between such units and is responsible for the propagation
of the Ag-DATTr chain (Fig. S1 and S2, ESIt). The Ag(i)-hydrogels
are soluble in both DMF and DMSO and insoluble in water
and common organic solvents (alcohol, acetonitrile, acetone,
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Fig. 1 (a) The synthetic scheme of the metallogels and photographs of the metallogels AgDU-Gell and AgDU-Gel2, (b) schematic representation of the
probable basic unit of AgDU-Gels and its self-assembly mechanism affording gelation and (c) assessment of the antibacterial potential of AgDU-Gels.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. B, 2024, 12, 8767-8777 | 8769


https://doi.org/10.1039/d4tb01355g

Published on 14 August 2024. Downloaded on 7/28/2025 4:36:17 PM.

Paper

chloroform). Lyophilization of the hydrogels AgDU-Gell and
AgDU-Gel2 resulted in the corresponding xerogels, AgDU-Xerol
and AgDU-Xero2, respectively. The minimum gelator concen-
tration (MGC) was evaluated at 0.15 and 0.125 mmol, respectively,
for the hydrogels AgDU-Gel1 and AgDU-Gel2 (Fig. S3, ESIY).

Fourier transform infrared (FT-IR) spectroscopy of the gels
and xerogels (Fig. S4, ESIt) provided insights into the gelation
phenomena and the role of hydrogen bonding in gelation. The
-NH (ring nitrogen) band merged with the amine (exocyclic)
bands in the gels (and xerogels), and the -NH, bands shifted to
~3332 em™ ' and ~3133 cm " in the hydrogels and corres-
ponding xerogels, respectively, indicating the participation of
-NH, groups in hydrogen bonding during gelation and the
removal of solvent molecules in the xerogels.®” The bands
attributed to C—=N and N=N at ~1500-1580 cm ' remained
almost unchanged in the xerogels. A new band at ~412-
414cm™! in the gels (and xerogels) was assigned to vag .y, and
supported the coordination of Ag(i) with the triazole ring
nitrogens.*® The analogous FT-IR bands of the hydrogels and
the corresponding xerogels indicate that the internal structure
of the gels was retained in the xerogels.

PXRD analysis (Fig. 2) of the Ag(1)-based hydrogels and their
corresponding xerogels suggested an ordered crystalline struc-
ture. The peak at ~20 = 29° (d-spacing of 3.09 A) confirms the
presence of metal-metal interactions, while ~26 = 13.99° (d-
spacing of 6.0-6.3 A) indicates the stacking distance of the Ag(1)-
DATr moieties.® Peaks around ~20 = 45.6° (d-spacing of
1.98 A) endorsed the presence of hydrogen bonds.**** The
slight shifts observed in the 20 values of the PXRD patterns of
AgDU-Gel(Xero)1 and AgDU-Gel(Xero)2 can be attributed to
changes in the hydrogen bonding interactions, and lattice
packing in the corresponding systems owing to the differing
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Fig. 2 PXRD profiles of the gels (and corresponding xerogels). (a) AgDU-
Gell and AgDU-Gel2; (b) AgDU-Xerol and AgDU-Xero2 respectively.
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counter anions, ie. triflate in AgDU-Gel(Xero)1 and nitrate in
AgDU-Gel(Xero)2. The scope, geometry, strength, and direction-
ality of hydrogen bonding interactions with anions depend on
the nature of the counteranions. Generally, the triflate anion is
considered as sterically bulky, and a weaker hydrogen bond
acceptor compared to nitrate anion, which is a relatively
stronger hydrogen bond acceptor.

Rheological analysis

Rheology is the defining characteristic of supramolecular gels,
and is used to assess the mechanical properties of the as-
synthesized gel samples.*’ Rheological measurements (ampli-
tude and frequency sweeps) indicated the viscoelastic nature of
both the hydrogels AgDU-Gell and AgDU-Gel2, as the storage
modulus (G') and the loss modulus (G”) remained virtually
constant at low strain regions, and the storage modulus (G’)
was higher than the loss modulus (G”). The amplitude sweep
experiments displayed a broad linear viscoelastic (LVE) region
at a constant frequency (1 rad s~ ') with a gradual increase in
the amplitude of oscillations (strain %), below a critical strain
(Fig. 3a and d). At higher imposed strain, a deviation from
linearity was observed due to a strain-induced weakening of the
gel network. The crossover between the G’ and G” beyond the
critical strain indicated a collapse of the gel network and a gel-
to-sol transformation (Fig. 3a and d). The critical strain
observed for AgDU-Gell and AgDU-Gel2 was 8.16% and
21.17%, respectively. These results suggested that the nitrate-
containing hydrogel AgDU-Gel2, is more organized and robust
compared to the triflate containing AgDU-Gell. The higher
elasticity and rigidity of AgDU-Gel2 compared to AgDU-Gell
was further supported by the higher magnitude of storage
modulus (G’) of AgDU-Gel2 compared to AgDU-Gell. Frequency
sweep experiments performed at a constant amplitude of strain
(0.1%) exhibited a frequency-invariant behaviour for both the
hydrogels over the applied frequency range (Fig. 3b and e). In
addition, the higher magnitude of G’ over G’ for both the
hydrogels substantiated their elastic nature. Time-dependent
step-strain experiments were carried out at a constant fre-
quency of 1 rad s~ ' by varying the strain % from low to high
beyond the critical strain and vice versa, allowing sufficient time
(5 min) to disintegrate (gel-to-sol, i.e., G" > G’) and re-form
(sol-to-gel, ie., G’ > G”) the hydrogen bond-mediated gel
network for both the hydrogels (Fig. 3c and f). Interestingly,
the original strengths (here G’) of the metallogels were regained
quickly when the breaking strain was removed and a much
lower strain (0.1%) was applied. AgDU-Gel1l and AgDU-Gel2
recovered 93.09%, and 79.25%, respectively, of their initial
strength immediately after the second cycle. Even after six
consecutive cycles, AgDU-Gell and AgDU-Gel2 were able to
recover 78.38%, and 58.12% of their original stiffness, respec-
tively, indicating a rapid thixotropic self-healing ability of
the gels.

Field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) (Fig. 4a-d) images of
the metallogels were recorded in order to understand the
microstructure of the self-assembled gels. The FE-SEM of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Rheological measurements for the metallogels AgDU-Gell and AgD
frequency sweep at constant strain and (c) and (f) represent the step-strain

AgDU-Gell, and AgDU-Gel2 afforded an entangled fibrillar
morphology (Fig. 4a and b). Similarly, fibres of xerogels
AgDU-Xerol and AgDU-Xero2 were revealed from FE-SEM
(Fig. S5 and S6, ESIt). The TEM images of the hydrogels
AgDU-Gell, and AgDU-Gel2 corroborated the intertwined
fibrous morphology observed from SEM analysis (Fig. 4c and d).
TEM images of the xerogels also endorsed the fibrillar morphol-
ogy (Fig. S7 and S8, ESIY).

X-ray photoelectron spectroscopy (XPS) of the xerogel samples
AgDU-Xerol and AgDU-Xero2 ascertained the oxidation state of
Ag and the chemical composition of the xerogels. The survey
spectrum revealed the presence of Ag, C, N, O, S and F for AgDU-
Xerol and Ag, C, N and O for AgDU-Xero2 (Fig. 4e and g). Two
well-resolved peaks at binding energies ~369 and ~375 eV

Intensity (CPS)

Intensity (CPS)

N

N
aQ
=]

U-Gel2. (a) and (d) represent the amplitude sweep, (b) and (e) represent the
measurements for AgDU-Gell and AgDU-Gel2, respectively.

corresponding to Ag 3ds/, and Ag 3d;,, with a spin-orbit separa-
tion of ~6 eV supported the presence of Ag(i) in both the
xerogels (Fig. 4f and h).*>*’ The C 1s signal of AgDU-Xero1 was
deconvoluted to reveal sp®/sp® carbon, C-N/C—=O and C-F
(corresponding to the triflate counter anion) at binding energies
284.90, 288.0 and 292.80 €V, respectively (Fig. S9a, ESIt). Similar
carbon species were present in AgDU-Xero2, except for the C-F
functionality, which was absent in AgDU-Xero2 (Fig. S10a, ESIt).
The N 1s spectrum states the presence of C-N/C=N/Ag-N, and
N-H at 399.85 (399.48) and 400.61 (400.23) eV, respectively, for
AgDU-Xero1 (and AgDU-Xero2). An additional peak at 406.82 eV
appears due to the nitrate counter anion in AgDU-Gel2 (Fig. S9b
and S10b, ESIt).** The O 1s spectra confirm the presence of
C=O0O and adsorbed moisture (water/OH ) at 532.40 and

AgDU-Xero1 | Ag 3d|

Ag 3d,
F1s Ag3d _ <
1s N1 L
S o Ag 3d,,

2

(72}

[

2

C1s S2p =

e) )

1000 750 500 250 0 378 375 372 369 366
Binding Energy (eV) Binding Energy (eV)

A
AgDU-Xero2| g 3d Ag 3] Ag3d,,
N1s &
Q1s é:)'/ Ag3d,,
2
[}
c
g
C/: 1s =

9) h)

1250 1000 750 500 250 O 378 375 372 369 366
)

Binding Energy (eV Binding Energy (eV)

Fig. 4 FE-SEM images of the gels (a) AgDU-Gell, and (b) AgDU-Gel2. Corresponding TEM images of the gels are presented in (c) AgDU-Gell, and (d)

AgDU-Gel2, respectively, attesting to the fibrillar morphology. (e) and (g) pres

ent the XPS survey spectra of AgDU-Gell and AgDU-Gel2, respectively, and

their corresponding high-resolution Ag 3d traces are presented as (f) and (h), respectively.
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534.28 eV, respectively, for both the xerogels (Fig. S9c and S10c,
ESIt). An almost similar surface elemental analysis was recorded
for both the xerogels (Fig. S11, ESIT).

Stimuli-responsive nature of AgDU-Gell and AgDU-Gel2

Changes in the hydrogel AgDU-Gell were monitored in the
presence of a gamut of physical and chemical external stimuli.
AgDU-Gell remained unaltered on prolonged sonication for 2 h
and when heated in a water bath (Fig. S13, ESIt). The thermal
stability of the AgDU-hydrogels was substantiated by TGA
profiles (Fig. S12, ESIT), which showed the thermal stability
of the materials up to ~150 °C. Gel-to-sol conversion was
observed with alkali metal halides except for fluoride, which
could not disintegrate the gel network, presumably owing to the
reduced solubility of LiF in water (Fig. S13, ESIt). AgDU-Gel1l
collapsed in the presence of oxyanions owing to a disturbance
of the hydrogen-bonded network or metal-ligand coordination
environment constituting the gel (Fig. S13, ESI}). Na,SO,
(S0,*7) was ineffective in disrupting the gel network. We sur-
mise that the retention of the gel network in the presence of
SO,>~ ions could be because SO,>~ is a strong hydrogen bond
acceptor, and is known for its strong coordination capacity to
metal ions.** The disruption of the gel network in the presence
of SO, is rarely observed for gels. The pH-responsive nature of
the hydrogels was ascertained in the presence of both acids and
bases. The gel nature in the hydrogel AgDU-Gell was lost upon
the addition of 100 pL each of 1(M) hydrochloric acid (HCI),
glacial acetic acid (AcOH), liquor ammonia (NH;) and NaOH
solution (Fig. S13, ESI{). The disintegration of the gel network in
the AcOH-treated gel is due to the formation of silver acetates
(Fig. S13, ESIY). The addition of a few drops (100 pL) of 0.5(M)
ethylenediaminetetraacetic acid (EDTA) solution (pH ~ 8) to the
gel resulted in a disintegration in the gel due to the formation of
white precipitates of silver-EDTA complex, i.e. Ag,Y species
(EDTA anion is Y*") with a clear sol (Fig. S13, ESIt). Tetrabuty-
lammonium bromide (TBABr) was found to disrupt the AgDU-gel
network, as the bulky cation and anion aided in weakening
the hydrogen-bonded network. The sol thus formed underwent
re-gelation upon the addition of excess AgNO;, which effectively
scavenged the Br~ by forming a AgBr precipitate, thus restoring
the hydrogen-bonded gel network (Fig. S13, ESIf). A similar
multi-stimuli responsive nature was observed for AgDU-Gel2
(Fig. S14, ESIY).

It is reported that positive charge on materials benefits their
bactericidal ability by facilitating the perturbation of the
negatively charged cell membrane, resulting in the development
of amphiphiles and antimicrobial peptides for their antibacterial
efficacy.’®*>*® Zeta potential measurements for the xerogels
AgDU-Xerol and AgDU-Xero2 disclosed a positive charge of
+18.1 mV and +17.4 mV, respectively (Table S2, ESIt), confirming
the overall positively charged surface. Ag(1)-hydrogels with the
prominent presence of pendant -NH, groups are expected to
enhance their reactivity via hydrogen-bond formation with the
bacterial membrane.*” In view of the bactericidal effects of Ag(r)
species, the purpose-built multicomponent supramolecular Ag(1)-
hydrogel with -NH, groups, and positive surface charge were
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explored as a broad-spectrum antimicrobial candidate against
both Gram-positive S. aureus (MRSA) and Gram-negative C. jejuni.

Cell cytotoxicity and biocompatibility of the AgDU-Xerogels

To determine the cytotoxic effect of AgDU-Xerogels, the 50%
cytotoxic concentration (CCsq) was calculated by a standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. Human Caco-2 cells, HEK293T and INT407 cells were treated
with different concentrations of AgDU-Xerogels (ranging from
0 pg mL~ " to 250 pg mL ") and incubated for 24 h. The CCs,
value of AgDU-Xerol is ~33 pg mL ™" for Caco-2, ~13.3 ug mL ™"
for HEK293T and ~6.4 pug mL~ " for INT407. The CCs, value of
AgDU-Xero2 is ~27 pg mL™ ' for Caco-2, ~14 pg mL " for
HEK293T and ~4.4 ug mL~" for INT407 (Fig. S15, ESI{).

Cytotoxicity data indicate that AgDU-xerogels as a multi-
composite formulation have some cytotoxic effects in human
cells. The AgDU-xerogel is composed of DATT, Urea, and AgNO,/
AgOTf, which are intrinsically cytotoxic;*®>* hence as a compo-
site, it is expected that our multi-composite xerogels would also
exhibit some cell cytotoxicity. However, considering the
intended application of the present supramolecular xerogels
as antibacterial coatings on inanimate objects and not for
in vivo use, biocompatibility may not be a concern.

Antibacterial activity against MRSA and C. jejuni

The antibacterial activity of Ag(1)-hydrogel-derived xerogels
AgDU-Xerol and AgDU-Xero2 was evaluated against drug-
resistant Gram-positive and Gram-negative pathogens. To
determine the MICs, of the test materials on bacterial growth,
the bacterial viability was plotted individually for AgDU-Xero1
and AgDU-Xero2, as shown in Fig. 5. The MIC was determined
by the micro-broth dilution method.>® The mean absorbance
(ODggonm) of the bacterial growth in the presence of xerogels (at
different concentrations starting from 0 to 250 pg mL™"') was
measured to calculate the bacterial viability. The data suggested
that the MIC;, value for both types of xerogels is ~60 pg mL
against MDR C. jejuni (Fig. 5a) and ~ 62.5 pg mL™ " against
MRSA (Fig. 5b, Table S3, ESIt), which compared favourably with
reported antibacterial formulations against C. jejuni and MRSA
(Table S4 and S5, ESIt). As a control, bacteria grown without
test compounds showed no changes in bacterial growth. Based
on the MIC value, the xerogel loadings chosen for subsequent
antibacterial studies were 40, 60, and 80 pug mL™ " for both
bacteria.

Concentration-dependent reduction of bacterial growth

To determine the effect of AgDU xerogels, bacterial cells were
co-incubated with AgDU-Xero1 and AgDU-Xero2 for 5 h at 37 °C
and plated on the respective selective agar medium. For both
test compounds, bacterial counts (colony forming unit; CFU)
were found to be reduced in a concentration-dependent man-
ner for both C. jejuni (Fig. 6a and b) and S. aureus (Fig. 6¢ and
d). Data suggested a significant reduction of bacterial count for
both bacteria in the presence of different concentrations of
AgDU-Xero1 and AgDU-Xero2 (ranging from 40 ug mL™" to 80
pg mL ™). AgDU-Xero2 showed better efficacy in restricting
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C. jejuni S. aureus
a) 125+ BN AgDU-Xerol MIC>60pg/mL b) 1257 mm AgDU-Xerol MIC >62.5 pg/mL
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Fig. 5 Minimum inhibitory concentration (MIC) of xerogels (AgDU-Xerol and AgDU-Xero2) against C. jejuni and S. aureus. The MIC value for both
xerogels is > 60 pg mL~* against C. jejuni (a) and > 62.5 pg mL™* for both compounds against S. aureus (b).

C. jejuni growth than AgDU-Xerol, while AgDU-Xerol and Enhanced cell death and generation of reactive oxygen species
AgDU-Xero2 portrayed similar efficacy against S. aureus. Also, (ROS) due to AgDU-Xerol and AgDU-Xero2 treatment of

as a multi-component formulation, AgDU-xerogels used herein bacteria

showed a marked reduction in bacterial growth compared to
the individual components (such as DATr, Urea, and AgNO;/
AgOTf) (Fig. S16, ESIt). The superposition of the activity of the
individual components, in addition to the abundance of pri-

To investigate the bactericidal activity of AgDU-Xerol and
AgDU-Xero2, a double-staining method was applied using 4',6-
diamidino-2-phenylindole (DAPI) and propidium iodide (PI) dyes
(Fig. 7) based on the principle that DAPI stains all bacterial cells
irrespective of their viability, while PI, a cell-impermeable dye,
only stains the nucleic acid of membrane-compromised cells.
Bacterial cells were incubated with three concentrations
(40 pg mL™", 60 pg mL ™", and 80 pg mL™") of the xerogels for
5 h and imaged under a confocal laser scanning microscope.

mary amine groups in both urea and DATT, which are envisaged
to exhibit synchronized non-covalent interactions, enhances
the likelihood of the composite hydrogel interacting with
bacterial membranes extensively via hydrogen bonding, leading
to an improvement in the antimicrobial activity.

0 pg/mL 40 pg/mL 60 pg/mL 80 pg/mL

a) C. jejuni b)
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+10°] g AgDU-Xero2

AgDU-Xero1

CKFU/mL

N
o
[
Q

ey

=

a
=

<

N ) Q

Concentration of xerogel (ng/mL)

0 pg/mL 40 pg/mL 60 pg/mL 80 pg/mL

c) S. aureus d)

3x10%+ o
B AgDU-Xerol

2x10°- mm AgDU-Xero2
1x10%
3x107

CFU/mL

2x107 7 *x
1x107

0-
S e e

Concentration of xerogel (ng/mL)

Fig. 6 Antibacterial activity of AgDU-Xerol and AgDU-Xero2 against C. jejuni and S. aureus. Both bacteria were cultured in an increasing concentration
of xerogels (40 pg mL™%, 60 pg mL~* and 80 pg mL™Y). After incubation for 5 h, approximately 50 pL from each set was plated on the respective agar
media. The resulting colonies were counted, and CFU was calculated as per the following formula: CFU/mL = (No. of colonies x Total dilution factor)/
(Volume of culture plated in mL). The data are presented as mean =+ SE from three independent experiments. The count (CFU mL™Y) of C. jejuni (a) and
S. aureus (c) after being treated with AgDU-Xerol and AgDU-Xero2, respectively. Representative plate images of recultivated bacterial colonies appeared
on the MH agar plate of C. jejuni (b) and the LB agar plate of S. aureus (d). Data suggest that the CFU counts decreased with the increment of the drug
concentration.
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Bacterial cells without test compounds were treated as a
control, and marked with green (pseudocolor) due to DAPI
staining. No red emission could be detected due to PI-staining
in the control cells, confirming that the bacterial membrane
was intact and the bacteria were largely alive. The images
captured for C. jejuni (Fig. 7a) and S. aureus (Fig. 7b) incubated
with AgDU-Xerol and AgDU-Xero2 displayed green color
(for DAPI stained nucleus) as well as strong red emissions
(from PI), which corroborates the bacterial membrane disrup-
tion due to AgDU-Xerol and AgDU-Xero2 treatment. The
merged images show the co-localization of both DAPI and
PI. Next, we investigated the effect of AgDU-Xerol and AgDU-

a) C. jejuni

View Article Online
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Xero2 to facilitate the ROS generation using 2’,7’-dichlo-
rodihydrofluorescein diacetate (H,DCFDA) dye. A critical
analysis suggests that the intracellular ROS generation
induced by AgDU-Xerol and AgDU-Xero2 is time-dependent
(Fig. 7c and d). With a function of time, ROS production
increased up to 1 h of incubation with the test compounds
for both the bacteria. After 2 h of incubation with the
test compounds, ROS generation was decreased. However, it
remained higher than that observed for the controls. Thus,
the data suggested that the fatal distress causing bacterial cell
death mediated by the Ag(1)-xerogels was aided by the involve-
ment of ROS.

b) S. aureus

Control DMSO control

-.

Control

DMSO control

AgDU-Xero1 (40 ug/mL)
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Fig. 7 Representative fluorescence microscopy images of C. jejuni (a) and S. aureus (b) incubated with AgDU-Xerol and AgDU-Xero2. The cells were
stained by DAPI (green) and PI (red) [Incubation time = 5 h]. The green colour represents live + dead bacteria, whereas red only represents dead bacteria.

Reactive Oxygen Species (ROS) induced in bacteria treated with AgDU-Xero!
S. aureus (d) in the presence of xerogels.
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Changes in membrane integrity and morphology of bacterial
cells triggered by AgDU-Xerol1 and AgDU-Xero2

To visualize the effect of AgDU-Xerol and AgDU-Xero2 treatment
on bacterial cells, FE-SEM was performed. For this, bacterial cells
were co-incubated with or without the test compounds for 5 h,
processed for FE-SEM and the images were captured. While
untreated C. jejuni cells (control) show a natural spiral shape
with smooth, continuous, and unbroken cell membranes, the
cells treated with AgDU-Xerol and AgDU-Xero2 resulted in
marked changes in morphology and compromised membrane
integrity with the prominent presence of holes in the bacterial
membrane (Fig. 8a). A similar observation was recorded in the
case of S. aureus when treated with AgDU-xerogel, displaying
shrinking and disruption of the bacterial cell membrane, in
contrast to the smooth spherical shape in control cells (Fig. 8b).

We surmise that the cumulative effect of extensive hydrogen
bonding interactions due to the predominance of pendant
-NH, groups and the positive surface potential in Ag(i)-
xerogels (Table S2, ESIt) culminate in disrupting the negatively
charged phospholipid bilayer of the bacterial cells (Fig. 9).**°
This results in the ejection of the cellular content which, in
conjunction with sustained ROS generation, causes bacterial
cell death. Electrostatic interactions between cationic AgDU-
xerogels and anionic phospholipid bilayers of the bacterial cell
membrane play a pivotal role in the bactericidal response of the
xerogels in addition to hydrogen bonding, hydrophobic and
ionic interactions.>” The physiologically demanding repair of
bacterial cell membranes is one of the reasons for positively
charged species developing less antimicrobial resistance.®>®
Generally, most antibacterial agents show high efficacy against

View Article Online
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Gram-positive bacteria; however, they often prove less effective
against Gram-negative bacteria due to the presence of the
additional protection afforded by the outer membrane.’*®°
Interestingly, our data suggest comparable efficacy of the
multicomponent Ag(i)-xerogels against Gram-negative and
Gram-positive bacteria.

Given that the counter anions play a significant role in
altering the antimicrobial activity of the common antibacterial
formulations,®® in our case, AgDU-Xerol and AgDU-Xero2
showed a similar MICs, value (~60 pg mL™'), indicating no
significant changes in their activity. However, in terms of
differential activity, we found that the antibacterial effect of
AgDU-Xero2 is more prominent than AgDU-Xerol. We surmise
that the reduced antimicrobial activity of AgDU-Xerol com-
pared to AgDU-Xero2 is possibly due to poor hydrogen bonding
ability of the triflate counter anion present in the former,
compared to the nitrate counter anion in AgDU-Xero2. The
CF; group in triflate localizes its charge density, affecting its
overall charge distribution and consequently its ability to
participate in hydrogen bond formation. In contrast, the nitrate
counter anion is more available towards the formation of
H-bonds through the oxygen atoms.®” In addition, the com-
paratively lower antimicrobial activity of AgDU-Xerol than
AgDU-Xero2 against C. jejuni could presumably be due to the
poor release of silver and low availability of antibacterial silver
ions. Therefore, we propose that the antimicrobial activity of
the studied multicomponent Ag(1)-hydrogel-derived xerogels is
influenced not only by the activity of the Ag-DATr-Urea
complex ion but also by the counter ion X~ (NO;~ or CF350;7),
though a conclusive trend has not been identified regarding the

a) C. jejuni

b) S. aureus

Without treatment DMSO control

Without treatment

DMSO control

AgDU-Xero2 (60 pg/mL)

: ~

Fig. 8 Changes in bacterial morphology after treatment with AgDU-Xerol and AgDU-Xero2. Distinct changes in C. jejuni (a) and S. aureus (b)
morphology in the presence of AgDU-Xerol and AgDU-Xero2, respectively, were observed under FE-SEM. The red arrows indicate morphological
changes of C. jejuni and S. aureus cells, respectively. Scale bar: 300 nm (C. jejuni) and 1 um (S. aureus).
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Fig. 9 Schematic of the mechanism of antibacterial action of the AgDU-
Xerogels.

utility of a certain counter anion towards antimicrobial activity,
compared to other counter anions.®*%*

Thus, our results delineate the potential of multicomponent
Ag(1)-hydrogels (and derived xerogels AgDU-Xerol and AgDU-
Xero2) as future alternatives to antibiotics in treating a broad-
spectrum of MDR pathogens.

Conclusions

The present study highlights the potential benefit of carefully
fabricated Ag(i)-hydrogels using DATr and urea ligands as broad-
spectrum antibacterial agents against drug-resistant “hard-to-
treat” bacterial pathogens. Our experimental evidence suggests
that the multicomponent Ag(1)-hydrogels could be a promising
candidate for controlling MDR and ESKAPE pathogens. The
cumulative effect of a positively charged hydrogel system with
Ag(1) and pendant -NH, groups on the gelators facilitates multi-
ple hydrogen bonding interactions with the negatively charged
bacterial cell membrane resulting in an enhanced antibacterial
activity due to the disintegration of the bacterial membrane and
intracellular ROS generation in multi-drug-resistant bacteria, C.
Jejuni and MRSA. We propose that these materials can improve
the antibacterial efficacy of known antibiotics, thus revitalizing
the treatment of MDR bacterial infections.
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