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derived hybrid gel conjugate†
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Bacteria organized in biofilms show significant tolerance to conventional antibiotics compared to their

planktonic counterparts and form the basis for chronic infections. Biofilms are composites of different

types of extracellular polymeric substances that help in resisting several host-defense measures,

including phagocytosis. These are increasingly being recognized as a passive virulence factor that

enables many infectious diseases to proliferate and an essential contributing facet to anti-microbial

resistance. Thus, inhibition and dispersion of biofilms are linked to addressing the issues associated with

therapeutic challenges imposed by biofilms. This report is to address this complex issue using a self-

assembled guanidinium–Ag(0) nanoparticle (AD-L@Ag(0)) hybrid gel composite for executing

a combination therapy strategy for six difficult to treat biofilm-forming and multidrug-resistant bacteria.

Improved efficacy was achieved primarily through effective biofilm inhibition and dispersion by the

cationic guanidinium ion derivative, while Ag(0) contributes to the subsequent bactericidal activity on

planktonic bacteria. Minimum Inhibitory Concentration (MIC) of the AD-L@Ag(0) formulation was tested

against Acinetobacter baumannii (25 mg mL�1), Pseudomonas aeruginosa (0.78 mg mL�1), Staphylococcus

aureus (0.19 mg mL�1), Klebsiella pneumoniae (0.78 mg mL�1), Escherichia coli (clinical isolate (6.25 mg

mL�1)), Klebsiella pneumoniae (clinical isolate (50 mg mL�1)), Shigella flexneri (clinical isolate (0.39 mg

mL�1)) and Streptococcus pneumoniae (6.25 mg mL�1). Minimum bactericidal concentration, and MBIC50

and MBIC90 (Minimum Biofilm Inhibitory Concentration at 50% and 90% reduction, respectively) were

evaluated for these pathogens. All these results confirmed the efficacy of the formulation AD-L@Ag(0).

Minimum Biofilm Eradication Concentration (MBEC) for the respective pathogens was examined by

following the exopolysaccharide quantification method to establish its potency in inhibition of biofilm

formation, as well as eradication of mature biofilms. These effects were attributed to the bactericidal

effect of AD-L@Ag(0) on biofilm mass-associated bacteria. The observed efficacy of this non-cytotoxic

therapeutic combination (AD-L@Ag(0)) was found to be better than that reported in the existing

literature for treating extremely drug-resistant bacterial strains, as well as for reducing the bacterial

infection load at a surgical site in a small animal BALB/c model. Thus, AD-L@Ag(0) could be a promising

candidate for anti-microbial coatings on surgical instruments, wound dressing, tissue engineering, and

medical implants.
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Introduction

Most bacteria exist in sessile communities covered with bio-
lms, and biolm formation enables single-cell organisms to
assume a temporary multicellular lifestyle, which allows these
bacteria to subvert innate immune defenses.1–3 The widespread
distribution of biolms in various diseases and their resilience
to numerous conventional anti-microbial treatments and
increasing anti-microbial resistance have contributed towards
an alternate approach, “biolm inhibition and dispersal,” as
Chem. Sci., 2022, 13, 10103–10118 | 10103
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a major interventional option and a future strategy.4 Typically,
biolm development passes through three distinct stages:
attachment, maturation (active sessile cells), and release.
Within a biolm, one or more types of bacteria and/or fungi
share nutrients and DNA and undergo changes to evade the
immune system.5,6 The structural integrity of a biolm, self-
synthesized by microorganisms, primarily relies upon the
extracellular polymeric matrix, such as extracellular DNA
(eDNA), polysaccharides, proteins, amyloid bers, lipids, and
bacteriophages. Biolms protect bacteria from host defense,
anti-microbial chemotherapies, and extracellular enzymatic
activity, which leads to the manifestation of chronic, non-
healing infections.7,8 A high-density bacterial colony, protected
by a biolm, also triggers small molecule signals through
quorum sensing to induce virulence and drug resistance
mechanisms. Additionally, biolms form a physical barrier that
prevents most immune cells from detecting pathogenic
bacteria.9 Literature reports tend to suggest that the biolm-
associated anti-microbial resistance seems to be multifacto-
rial, which may vary from organism to organism and pose
a serious challenge to the conventional clinical therapeutic
options for treating microbial infections.7,8,10,11 Despite their
signicance, effective therapeutic options for inhibiting
biolm-associated microbial infections remain limited, and the
phenomenon of biolm resistance remains a subject that has
many unaddressed issues.6 There are two distinct phases of the
bacterial life cycle: unicellular (planktonic) and multicellular
(biolms or sessile cells).12,13 The alternation between the two
phases requires the transition from planktonic cells to sessile
cells to initiate biolm formation and from sessile cells to
detached cells to allow a return to the planktonic mode of
growth.14 The challenges to conventional mono-therapeutic
approaches posed by biolms have given way to combinato-
rial therapies that inhibit biolm formation and/or dispersion
of established biolms, as well as act as anti-microbial
chemotherapy.15–19 A recent report reveals that the use of
certain synthetic guanidinium derivatives could effectively
induce biolm disassembly in the developmental cycle of
Bacillus subtilis.20–22 It is proposed that the guanidine func-
tionalities participate in hydrogen bond formation in the
extracellular polymeric matrix weakening its mechanical
stability which induces dispersion. Guanidine is a strong base
(pKa is 13.6) and exists almost exclusively as guanidinium in
water. Presumably, a guanidinium derivative with pyridine
moieties (AD-L) as the additional hydrogen bond-forming
functionalities could be efficient in inhibiting the formation
of biolms and their dispersion.23 Importantly, AD-L is found to
form a hydrogel, which could be utilized for topical
formulations.

Guanidine is known to be a versatile ligand that can form
stable complexes with various metal ions.24 However, its use for
the reduction of Ag(I) to Ag(0) is not reported in the literature. In
contrast, hydrazine and its derivatives, including hydrazide, are
known to produce Ag(0) from Ag(I).25,26 Inhibitory and bacteri-
cidal effects of nanoparticulate Ag(0) (AgNPs) on Gram-positive,
Gram-negative, and fungal pathogens are well established.27–30

Despite such advantages, the applications of AgNPs
10104 | Chem. Sci., 2022, 13, 10103–10118
inadvertently suffer from various limitations. AgNPs are prone
to oxidation, which causes the loss of antibacterial activity,
apart from contributing to health and environmental issues
induced by Ag+.31–35 Furthermore, the synthesis and function-
alization processes for the generation and stabilization of
AgNPs oen raise health issues.36–38 Literature reports also
reveal that AgNPs smaller than 10 nm could directly modify the
penetrability of the bacterial cells and induce cell lysis.39–41

However, biolm formation hinders the transport of AgNPs,
and the bacterial pathogens get eventual protection from the
bactericidal effects of AgNPs. This gives a distinct scope for
using AgNPs along with a therapeutic agent that exhibits bio-
lm dispersion/inhibitory inuence. More recently, hydrogels
with high water content and biocompatibility have been widely
used in biomedical applications such as tissue engineering and
also as controlled release materials.42–48 A hydrogel could be
used for the sustained release of AgNPs to induce bactericidal
inuence on planktonic bacteria with a prolonged inhibition
time.29,30,42,49–52 We have exploited the coordination as well as the
reducing property of the guanidinium-hydrazide derivative, AD-
L, for in situ reduction of Ag(I) to nanoparticulate Ag(0) and
stabilize such AgNPs within the gel matrix of AD-L. A recent
report has also demonstrated that the in situ synthesized AgNPs
can be effectively stabilized in hydrogel networks without using
any external capping agent for developing a well-ordered AgNP-
hybrid hydrogel as a so composite.53 Typically, Ag(I)–Ag(0)
redox potential is�0.22 V (vs.NHE), and being amild oxidant, it
is expected to oxidize hydrazine to ammonia and its derivatives
to the corresponding amine forms.25,54 We intend to pursue
a small molecule-based hybrid gel for inhibition of biolm
formation and dispersion of established biolms, with the
subsequent use of a bactericidal agent for eradication of the
planktonic cells—a proof of concept for a combination therapy
approach.55 In this study, an improved efficacy is demonstrated
by using a cationic guanidinium core for biolm inhibition and
dispersion of preformed biolms, along with subsequent
bactericidal activity towards planktonic bacteria by using in situ
generated Ag(0) through reduction of Ag(I) by the hydrazide
derivative of the guanidinium ion. Minimum Inhibitory
Concentrations (MICs) of the AD-L@Ag(0) formulation for
certain extremely drug-resistant biolm-forming bacterial
pathogens are assessed, and most importantly, the evaluated
MIC for the respective pathogens is superior to that in the
available literature reports. Further, the efficacy of this hybrid
gel formulation is also demonstrated in the reduction of
bacterial infection load at a surgical site in a small animal
BALB/c mouse model.

Materials and methods
Synthesis of AD-L

The AD-L ligand was synthesized following a literature proce-
dure (Scheme 1).56 To a water solution of triaminoguanidinium
chloride (0.25 g, 2.38 mmol), 4-pyridinecarboxaldehyde (0.675
mL, 7.17 mmol) dissolved in ethanol was added and stirred for
6 h at 85 �C. Then the obtained reaction mixture was kept at
ambient temperature to yield a yellow precipitate. The obtained
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The methodology adopted for the synthesis of AD-L.
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precipitate was washed using ethanol–water (1 : 1, v/v) and
dried under a vacuum. Yield 1.5 g (82%). 1H NMR (600 MHz,
DMSO-d6) d (ppm) 8.76 (6H, d, J ¼ 6.3 Hz), 8.68 (3H s), 7.99 (6H,
d, J¼ 5.8 Hz). MS (ESI):m/z calculated for [M–Cl�]+ (C19H18N9)

+:
372.1836; found: 372.1696. Elemental analysis calculated for
C19H18ClN9: C, 55.58; H, 4.92; N, 30.76. Found C, 55.55; H,
4.90; N, 30.75. (FT-IR) (n cm�1): –C]N str. frequency
(�1595.92 cm�1).

Characterization techniques

X-ray photoelectron spectroscopic (XPS) studies were performed on
xerogel samples of AD-L and AD-L@Ag(0) using a Thermo Scien-
tic instrument (Model: ESCALAB 250 Xi XPS) equipped with
a monochromatic AlKa X-ray excitation source having an X-ray
spot size of 650 � 650 mm2. Pass energies of 150 eV for survey
scans and 20 eV for narrow scans with the C1s SP3 hydrocarbon
peak set at a BE of 284.8 eV were used. To overcome the issue of
sample charging, a low-energy electron ood gun was used. Data
were processed using a Thermo Scientic™ Avantage data system
and CasaXps processing soware. Peak areas were measured
typically aer satellite subtraction and background subtraction,
either with a linear background or by following the methods of
Shirley. The deconvolution of the core-level spectra was performed
by choosing a Shirley or spline Tougaard background with the
GL(30) line shape (70% Gaussian, 30% Lorentzian) to determine
the chemical species of the xerogel. Scanning electron microscopy
(SEM) images were recorded by utilizing a high-resolution scan-
ning electronmicroscope (SEM; JEOL JSM 7100F, Japan) having an
accelerating voltage of 15 kV. Samples were prepared on a silicon
wafer substrate/HPAN support/alumina support, and a thin (z4
nm) gold coating was sputtered deposited (EM ACE200, Leica
Microsystems) to avoid sample charging under the electron beam.
A transmission electron microscope (TEM; JEOL JEM 2100, Japan)
operated at 200 kV was utilized for recording the images while
studying the morphology of the xerogel transferred onto copper
grids. Zeta Cad streaming current and a zeta potential meter were
used to measure the surface charge of the xerogel. UV-visible
absorption spectra were recorded using a Shimadzu UV-2600
spectrophotometer in the range of 200–800 nm. Dynamic rheo-
logical measurements were performed on a rheometer (TA
instruments AR2000; New Castle Delaware 19720). Viscosity at
varying shear rates was measured using a cone plate geometry
(diameter 40 mm, 52 mm gap).

Determination of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)

The minimum inhibitory concentration (MIC) was estimated as
the lowest concentration of the anti-microbial agent that will
© 2022 The Author(s). Published by the Royal Society of Chemistry
suppress the visible growth of microorganisms aer a certain
incubation period. As per the Clinical and Laboratory Standards
Institute (CLSI) guidelines, the minimum bactericidal concen-
tration (MBC) determination57–60 (MBC) assay was used for
evaluating this new anti-microbial agent/drug for predicting its
efficacy towards eradication (killing of 99.9% of a specic
bacterial species) of a particular type of bacterium. TheMIC and
MBC were estimated for each isolate that we used in the present
study, i.e., Acinetobacter baumannii (ATCC BAA-2800), Pseudo-
monas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC
33592), Klebsiella pneumoniae (ATCC 19050), Escherichia coli
(clinical isolate P10192), Klebsiella pneumoniae (clinical isolate
16280), Shigella exneri (clinical isolate 1A) and Streptococcus
pneumoniae (ATCC 49619), by following standard protocols
elaborated in S2 (ESI†).

Time kill assay

Time kill assay was used to study the time kinetics of the activity
of AD-L@Ag(0) against a bacterial strain for determining the
bacteriostatic and/or bactericidal activity(ies). Time kill assays
were performed for Klebsiella pneumoniae (clinical isolate,
16280) and Staphylococcus aureus (ATCC 33592) by following
a literature procedure. Concentrations equal to half of MIC,
MIC, twice the MIC, and four times the MIC of the AD-L@Ag(0)
nano-formulation were tested. The detailed procedure is
described in S2 (ESI†).

Crystal violet (CV) for MBIC (minimum biolm inhibitory
concentration) determination

Crystal violet (CV) is a basic dye that binds non-specically to
negatively charged surface molecules such as polysaccharides
and eDNA in the extracellular matrix and is generally used to
evaluate biolm biomass. Previously mentioned isolates of
Acinetobacter baumannii, Pseudomonas aeruginosa, Staphylo-
coccus aureus, Klebsiella pneumoniae, Escherichia coli, Klebsiella
pneumoniae, Shigella exneri and Streptococcus pneumoniae were
used for this assay. For crystal violet staining, a 48 hour old
biolm was used aer removing planktonic cells. Then the
biolm was stained with an equal volume of 0.5% CV and
incubated for 45 minutes at room temperature. Excess CV was
then removed by washing twice with sterile PBS. The biolm
was then detached using 95% ethanol and quantied on the
basis of turbidity. Turbidity was measured by taking OD595 in
a microplate ELISA reader.

EPS quantication for MBEC (minimum biolm eradication
concentration) determination

Exopolysaccharide (EPS) quantication was carried out to
measure the biolm eradication effect of AD-L@Ag(0) in Acine-
tobacter baumannii, Pseudomonas aeruginosa, Staphylococcus
aureus, Klebsiella pneumoniae, Escherichia coli, Klebsiella pneu-
moniae, Shigella exneri and Streptococcus pneumoniae. Sulfuric
acid (ACS reagent, 95.0–98.0%, Cat. No. 258105, Sigma), phenol
(Sigma-Aldrich), and a 96-well at-bottomed (polystyrene)
microplate (Corning, Cat. No. 3595) were used in the phenol–
sulfuric acid assay.61 For EPS quantication, 2� MBIC, MBIC,
Chem. Sci., 2022, 13, 10103–10118 | 10105
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and 0.5� MBIC concentrations of AD-L@Ag(0) were used in
triplicate along with no-treatment control. Details of the EPS
quantication method are elaborated in S2 (ESI†).
Microscopic visualization of biolms

For a better understanding of the effect of AD-L@Ag(0) on bio-
lms, biolms with or without AD-L@Ag(0) treatment were
observed under a confocal microscope. Initially, a mature bio-
lm that formed on glass coverslips was washed thrice with
sterile PBS (0.1 M, 7.4 pH) to remove any planktonic cells. Then
it was xed using a xative (4% paraformaldehyde, 2.5%
glutaraldehyde, and 0.1 M phosphate buffer having pH 7.2) and
stained with the extracellular polysaccharide dye Filmtracer
Sypro Ruby (Thermo, Waltham, Massachusetts, United States).
The nuclei of all cells were stained with DAPI stain. The image
was captured in the confocal microscope FV300 Olympus.
Cytotoxicity analysis of AD-L@Ag(0)

Cytotoxicity of the AD-L@Ag(0) formulation was evaluated
against the commonly used epithelial cell line (Vero-E6, Vero,
ATCC CCL-81) using the methyl thiazolyl tetrazolium (MTT)
method. The MTT method was performed as per the previously
published standard protocol by ATCC (S2 in the ESI†).62
In vivo proof-of-concept for AD-L@Ag(0)

All experiments were performed in compliance with the
national and institutional guidelines regarding biosafety (The
Department of Biotechnology Biosafety Guidelines, Govt. of
India) and animal ethics (Committee for the Purpose of Control
Fig. 1 The schematic representation of the plan of analysis with AD-L@

10106 | Chem. Sci., 2022, 13, 10103–10118
and Supervision of Experiments on Animals – CPCSEA). The
protocols were approved by the Institutional Biosafety
Committee (certicate no. IBSC/107/2019) and Institutional
Animal Ethics Committee (certicate no. IEAC/THSTI/63).
Further, to demonstrate in vivo evidence of reduction of
surgical site infection by AD-L@Ag(0), experiments with a BALB/
c mouse were planned. Prior to the experiment, all 6–8 week old
mice were anaesthetized using ketamine/xylazine mouse cock-
tail at 0.1 ml per 20 g mouse weight. A surgical wound was
created on the right-hand side of their backbone with a sterile
scalpel by making a longitudinal incision of 1 cm in length. The
wound was infected by the insertion of a segment of silk suture
through the skin with a suturing needle and was secured by
knotting. 5 mL bacterial suspensions of Klebsiella pneumoniae
(clinical), Staphylococcus aureus and Pseudomonas aeruginosa
were added onto the suture with a pipette (1� 103 CFU per mL).
The control group was maintained as such. The treatment
group was treated with the AD-L@Ag(0) suspension gel at
a concentration of 100 mg ml�1 for Klebsiella pneumoniae and 5
mg ml�1 for Staphylococcus aureus and Pseudomonas aeruginosa.
Each mouse was housed separately in a ventilated cage to
protect them from further injuries with proper bedding and
diet. AD-L@Ag(0) application to each treatment group mouse
was carried out every 24 hours for 3 days, and skin swab
sampling was performed until day 4 post-infection. All the mice
were checked twice daily throughout the experiment. The swab
sample was cultured on a MHB agar plate by the spread plate
method. At the end of the experiment, themice were euthanized
humanely using an overdose of inhalant CO2.
Ag(0).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Statistical analysis

The overall plan of analysis of the anti-biolm and bactericidal
effect of the formulation is described in Fig. 1. Two independent
sets of each experiment were performed in triplicate for all
biological assays. The difference in proliferation levels of
treatment and control groups was compared by using GraphPad
Prism version 9.0.0 for Windows (GraphPad Soware, San
Diego, California USA). Statistical analysis was performed by
using a non-parametric test as follows – for MBIC and cytotox-
icity analysis, two-way ANOVA followed by Dunnett's multiple
comparison test; for EPS, one-way ANOVA followed by Dunnett's
multiple comparison test; and for animal study, two-way
ANOVA corrected by Tukey's multiple comparison test.
Fig. 2 Physico-chemical characterization of AD-L@Ag(0) using UV-
Vis absorbance spectra and emission spectra of the corresponding
systems in methanol–water (1 : 1, v/v): (a0) and (a00) (blue traces) show
the absorbance and emission spectra of the pure ligand AD-L, and (b0)
and (b00) (red trace) show the absorbance and emission spectra of the
AD-L@Ag(0) material.
Results and discussion
Synthesis and characterization of AD-L@Ag(0)

The guanidinium derivative AD-L was synthesized by following
a previously reported literature procedure.56 The gelation ability
of the pure ligand (AD-L), as well as AD-L in the presence of
silver nitrate, was examined in a MeOH–H2O mixture solvent.
The gel was achieved at a solvent ratio of MeOH–H2O (1 : 1, v/v).
The synthesized ligand was dispersed initially in 1 ml of MeOH–

H2O (1 : 1, v/v) in a glass vial and was thoroughly dissolved
through sonication of the dispersion in the glass vial. Aer that,
the solution was kept at room temperature without any further
disturbance. The solution containing pure AD-L took 4 hours to
form a mechanically stable gel, while a mechanically stable gel
was found to form instantly for the other solution containing
equimolar amounts of AD-L and AgNO3. The critical gelation
concentration (cgc) was evaluated as 6.2 wt% in the case of pure
AD-L, and the stability of the gels was examined through the vial
inversion technique. Importantly, in the presence of AgNO3, the
critical gelation concentration was found to be lower and was
evaluated as 3.4 wt%. The pure ligand AD-L produced a yellow
colour gel, whereas the metallogel (AD-L@Ag(0)) showed a light
orange colour. Recent studies revealed that the pKa value of the
guanidinium derivative varies between 12 and 13.5.63–65 The pKa
of the pyridine moiety with extended conjugation at the 4-
position is �4.5.66,67 Thus, AD-L is expected to present solely as
a mono-cationic species in neutral or physiological pH.
Guanidine is known to be a versatile ligand that can form stable
complexes with various metal ions.19 Nandibewoor and his co-
workers reported oxidation of guanidinium ions to urea by
Ag(I) species.68 Also, hydrazide derivatives are known to act as
reducing agents for Ag(I) species and generate nanoparticulate
Ag(0) following a two-electron redox process.24,68–70 Silver is more
efficient in exhibiting plasmon excitation than gold and copper,
which show surface plasmon resonances (SPR) in the visible
region of the spectrum. AgNPs contain localized plasmons, and
their interaction with an electromagnetic wave leads to local-
ized plasmon resonance. Importantly, the SPR of AgNPs can be
tuned to a wavelength in the visible spectrum as a function of
their size, shape, and morphology.71,72 Spherical AgNPs with
a diameter of �2–5 nm show typically a surface plasmon reso-
nance (SPR) band around 400 nm, and this accounts for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectral change and the visually detectable colour change from
light yellow to light orange for the gel.72,73 Further, methanol is
not known to reduce Ag(I) to Ag(0) under the normal experi-
mental conditions that we have followed in this study.74,75

Various alcohols can only reduce Ag(I) to Ag(0) under strongly
alkaline conditions,76 which is not the case for the present
study. Thus, in the present situation, guanidinium and hydra-
zide could both contribute to the effective reduction of Ag(I) to
Ag(0). Importantly, both urea (oxidized form of AD-L) and gua-
nidinium (unreacted) derivatives are known to form stable gels
(vide infra) and induce dispersion of biolms.20–22,77,78 The
presence of Ag(0) in the xerogel of AD-L@Ag(0) was proved from
the data obtained from an XPS experiment (vide infra). It is
important to note that the solvent composition has a signicant
role in the stabilization of the metallogel (AD-L@Ag) and the gel
from the pure ligand (AD-L). No gelation was noticed in pure
methanol or pure water. Deviation of solvent composition from
methanol–water (1 : 1, v/v) resulted in precipitation. However,
a stable gel was formed in the methanol–water (1 : 1, v/v)
medium without any signicant change in the rheological
properties (vide infra).

UV-vis spectroscopic studies were performed for AD-L and
AD-L@Ag(0) in their respective gel state in a methanol–water
(1 : 1, v/v) solvent mixture. The UV-visible spectra of AD-L are
shown in Fig. 2 (a0 – blue trace). It shows an absorbance
maximum at 317 nm and a hump at �359 nm. The UV-visible
spectra of the as-synthesized metallogel (AD-L@Ag(0)) show
a new hump in the region�410 nm with a maximum at 311 nm.
Thus, the absorbance of the 340–393 nm band for AD-L was
found to decrease, and an increase in absorbance at around
�410 nm was observed, apart from the shi in the absorption
maximum to 311 nm for AD-L@Ag. This new hump at �410 nm
matches well with the characteristic spectral band of the
spherical Ag(0) nanoparticles having diameters in the range of
2–5 nm.72,79,80 It was observed that the nanoparticles were stable
for more than 6months when stored in the gel matrix at�10 �C.
Importantly, characteristic photoluminescence of the nano-
clusters of Ag(0) nanoparticles was observed in the solution. The
Chem. Sci., 2022, 13, 10103–10118 | 10107
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emission spectra of the respective gel (methanol–water (1 : 1, v/
v) medium) were also recorded and are shown in Fig. 2a00 and b00.
Fig. 2a00 shows the emission spectrum of AD-L@Ag(0), having
a maximum at 447 nm (lExt ¼ 410 nm). However, only a weak
luminescence was observed for the precursor ligand, i.e. AD-L,
following excitation at 359.81 The observed blue emission
strongly supports the formation of silver nanoparticles through
the reduction of Ag(I) to Ag(0).81 The ligand stabilized Ag
nanoparticles were found to be stable under ambient
conditions.

X-ray photoelectron spectroscopic studies were performed
using xerogel samples of AD-L and AD-L@Ag(0) to understand
the chemical composition and valence state of Ag, C, and N-
atoms. The XPS spectrum of pure ligand AD-L exhibited four
peaks at binding energies of 196.99 eV, 284.85 eV, 399.13 eV,
and 532.01 eV, which were ascribed to Cl 2p, C 1s, N 1s, and O 1s
elements, respectively (Fig. 3a). The O 1s peak of ligand AD-L
may arise due to the presence of a small amount of carbonate
counter anions. Fig. 3b shows the survey spectra of the silver
metal-containing AD-L@Ag(0) gel. The core-level XPS spectrum
of AD-L@Ag(0) showed the corresponding peaks at binding
energies of 197.5 eV (Cl2p), 284.8 eV, 398.85 eV (N1s), and
531.09 eV (O1s). The Ag 3d spectrum in Fig. 3b-(v) is found to
Fig. 3 XPS analysis: XPS survey spectra of (a) AD-L and (b) AD-L@Ag(0), r
and O of AD-L, respectively; (d, f and h) high resolution deconvolution s
region for AD-L@Ag(0).

10108 | Chem. Sci., 2022, 13, 10103–10118
split into 3d5/2 and 3d3/2 with a spin–orbit splitting of �6 eV,
which corresponds to unperturbed metallic silver and is typi-
cally anticipated for Ag(0) atoms in the nanoparticle core.82,83

The ne splitting of O1s and N1s conrms the formation of urea
functionalities in AD-L@Ag, which is evident from the N 1s
spectrum, as shown in Fig. 3. These results conrm the pres-
ence of O]C–N at 402.87 eV and the formation of urea func-
tionalities as the oxidation product of AD-L by AgNO3. Further,
the enhancement of the peak intensity at 287.66 eV of carbonyl
functionalities in the O 1s spectrum also conrms such
a proposition (Table 1).

Rheology is the most important dening feature of supra-
molecular gels and is used to analyze the mechanical properties
of bulk gel samples.84 Several factors can inuence the rheo-
logical properties, e.g., ber morphology, ber length and
strength, the number and type of crosslink, and the distribution
of the bers in space. However, the situation is rather complex
for a gel that is formed from two different gelator molecules
either through a self-sorting or a co-assembly process, which
could be the process for AD-L@Ag(0). Rheological measure-
ments (strain and frequency sweeps) were carried out to gain
insight into the mechanical properties of the synthesized ligand
gel and metallogel in terms of elastic storage modulus (G0, the
espectively. (c, e and g) High resolution deconvolution spectra for C, N
pectra for C, N and O of AD-L@Ag(0); and (i) the high resolution Ag 3d

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 XPS analysis of AD-L and AD-L@Ag

Fine spectra Energy (eV) Species AD-L (at%) AD-L@Ag (at%)

C1s 284.5 C]C, C–C, C–H 26.34 31.57
286.1 C–N 57.12 46.94
287.8 O–C]O (COOO) 15.64 23.41

N1s 398.7 C–N 31.93 39.56
401.7 C]N 58.33 51.56
403.3 O]C–N — 9.74

O1s 531.6 C–O 68.56 77.12
532.8 C]O 29.56 22.79

Ag 3d 368.24 Ag (3d3/2) — 61.32
376.19 Ag (3d5/2) — 28.68
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contribution of elastic, i.e., solid-like) and elastic loss modulus
(G00, liquid-like) (Fig. 3). For rheological experiments, these gels
were obtained by adding an aqueous solution of silver salt to
a solution of the ligand in methanol to attain the nal meth-
anol–H2O ratio of 1 : 1 (v/v). For both ligand AD-L and metal-
logel AD-L@Ag(0), the strain sweep experiments displayed
linear viscoelastic behavior when varying the strain amplitude
below a certain level known as the critical strain to a xed
frequency (f ¼ 1 Hz) (Fig. 4a and c). However, above the critical
strain, the G0 values were found to decline rapidly and a cross-
over between G0 and G00 suggested that the gel network had
collapsed and converted to a sol (Fig. 4a and c). The strain sweep
experiment further exhibited that the metallogel undergoes
a transition into a sol above 10% strain, whereas the ligand gel
displayed a continuous decline even below 10% strain (Fig. 4a
and c). This result proposes that the metallogel is more orga-
nized than the ligand gel. In frequency sweep experiments with
a small amplitude of strain (0.1%), the storage modulus (G0) was
observed to be invariant with the variation of frequency for both
the gels. Further, G0 was higher than G00 in both cases, which
suggests the elastic nature of the gels (Fig. 4b and d). While the
Fig. 4 Oscillatory rheology measurements of the ligand (AD-L) and
metallogel (AD-L@Ag(0)) were obtained in methanol–water (1 : 1, v/v).
Strain sweeps (at a frequency of 1 Hz) of the storage modulus G0 (-)
and loss modulus G00 (C) for (a) AD-L and (c) metallogel AD-L@Ag(0).
Frequency sweeps (at 0.1% strain amplitude) for (b) AD-L, and (d)
metallogel AD-L@Ag(0).

© 2022 The Author(s). Published by the Royal Society of Chemistry
general behaviors of the G0 and G00 were analogous for all the
gels, the G0 of the metallogel (AD-L@Ag(0)) was found to be
higher in magnitude than the G0 of the ligand gel (AD-L). This
result indicated the higher rigidity of the metallogel than that of
the ligand gel. To investigate the morphological properties of
the metallogel, transmission electron microscopy (TEM) and
eld-emission scanning electron microscopy (FE-SEM) were
employed. The TEM images of the as-synthesized nanoparticles
at different magnications are presented in Fig. 5a and b. The
HRTEM image (Fig. 5c) shows the lattice fringes which are
symbolic of plasmonic Ag(0) nanoparticles. The most inter-
esting observation from the TEM images is that the metallogel
has an entangled bril morphology, and all the Ag nano-
particles are uniformly distributed on the bril network. We
successfully detected the SAED patterns of the silver nano-
particles (Fig. 5e and f). The SAED pattern reveals that the
nanoparticles consist of (111) and (200) planes. The HRTEM
images reveal that the silver nanoparticles are crystalline, con-
sisting of good quality lattice fringes with signicant d-spacing
values. Careful analysis of the HRTEM images reveals two
groups of lattice fringes; the lattice distances are 0.20 nm and
0.23 nm, which are the indicators of the (200) and (111) planes
of Ag(0), respectively.37 From the statistical analysis (Fig. 5d) of
the TEM images, we can conclude that the average particle size
of the Ag nanoparticles is 5 nm. Fig. 5g shows the FE-SEM
images of the metallogel, which has a brillar morphology.

Literature reports reveal that Ag(0) nanoparticles with posi-
tive surface charge typically show the best bactericidal activity
against various bacterial pathogens, followed by the Ag(0) NPs
that do not possess any surface charge.85–88 This is true for both
Gram-positive and Gram-negative bacteria. Ag(0) NPs release
Ag+-ions following a slow oxidation process.89 The zeta potential
(z) evaluated for Ag(0) in the AD-L@Ag(0) gel carries a positive
charge (+30 mV), while that for AD-L is +13.4 mV. This conrms
an overall positive surface potential for the Ag(0) NPs that are
produced in situ. Literature reports also reveal that hydrogel
matrices as self-assembled networks protect the NPs from
aggregation or cluster formation.88,90 In the present study, the
presence of the pyridine functionalities of the cationic guani-
dinium ions or the corresponding urea functionalities in their
oxidized form would further help in stabilizing the Ag(0) NPs
from agglomerate formation, and indeed Ag(0) NPs were not
Chem. Sci., 2022, 13, 10103–10118 | 10109
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Fig. 5 (a and b) TEM images of themetallogel from AD-L@Ag(0) showing the gel fibres with in situ formed silver nanoparticles. (c) Representative
HR-TEM image of nanoparticles showing lattice fringes. (d) Particle size distribution of Ag(0) nanoparticles based on the TEM image analysis. (e
and f) SAED pattern of Ag nanoparticles. (g) FE-SEM image of the AD-L@Ag(0) gel. (h and i) Photographs of gels developed from AD-L and AD-
L@Ag(0).
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found to form bigger aggregates when examined during one
month.

One would expect that cationic guanidinium derivatives
would be attracted towards the negatively charged cell
membrane of bacteria and interact with the biolm compo-
nents such as exopolysaccharides, nucleic acids, lipids, and
proteins via electrostatic, hydrophobic, H-bonding, van der
Waals forces and ionic interactions, respectively. However, such
reports are rather scarce in the contemporary literature.91,92

Banerjee and his co-workers have shown that guanidinium-
based Ionic Covalent Organic Nanosheets (iCONs) possess
a bactericidal effect against both Gram +ve (S. aureus) and Gram
�ve (E. coli) bacteria. Electrostatic interactions between the
positively charged covalent organic nanosheets (CONs) derived
from guanidinium ions and the negatively charged phospho-
lipid bilayer of the bacterial membrane were speculated to be
the reason for the bactericidal effect of guanidinium-based
CONs.22 A recent report also tends to suggest that polyhexa-
methylene guanidine hydrochloride (PHMG-Cl) could adversely
affect the biolm-associated antibiotic-resistant eDNA release
by Klebsiella strain—a key factor for a pan-drug-resistant Kleb-
siella strain.93 These results have helped us in developing Ag(0)
NPs (with positive surface charges) stabilized in a hydrogel
matrix of cationic guanidinium ion derivatives.
Antibacterial activity of AD-L@Ag(0)

The antibacterial activity of the biosynthesized AD-L@Ag(0) was
evaluated against various antibiotic-resistant bacteria in
nutrient broth through turbidity measurement. The MIC values
of AD-L@Ag(0) for Acinetobacter baumannii, Pseudomonas aeru-
ginosa, Staphylococcus aureus, Klebsiella pneumoniae, Escherichia
coli, Klebsiella pneumoniae (clinical), Shigella exneri and Strep-
tococcus pneumoniae were found to be 25 mg mL�1, 0.78 mg
10110 | Chem. Sci., 2022, 13, 10103–10118
mL�1, 0.19 mg mL�1, 0.78 mg mL�1, 6.25 mg mL�1, 50 mg mL�1,
0.39 mg mL�1, and 6.25 mg mL�1 respectively (Fig. 6a–h). The
zero CFU and lower ATP reading suggest that the MBC remains
the same as the MIC concentration except for Acinetobacter
baumannii, Staphylococcus aureus and Klebsiella pneumoniae
(clinical) and changed to 50 mg mL�1, 100 mg ml�1, and 0.39 mg
mL�1, respectively (Fig. 6i). Although there is no signicant
difference between theMICs of Gram-positive vs.Gram-negative
and ATCC vs. clinical strains, the MIC of ATCC Gram-positive
strains (0.19 mg ml�1) is much lower than the average ATCC
MIC (8.5 mg ml�1), and in the case of clinical isolates also, the
MIC of Gram-positive strains (6.25 mg ml�1) is much lower than
that of Gram-negative strains (18.89 mg ml�1). A similar trend
was observed in MBC values. All the clinical isolates used in this
study are multi drug-resistant and AD-L@Ag(0) was able to kill
all bacterial isolates at less than 10 mg ml�1 concentration,
except two isolates Acinetobacter baumannii (50 mg ml�1) and
Klebsiella pneumoniae (100 mg ml�1). The respective MIC and
MBC values along with the MBIC and MBEC values for all
isolates are provided in Table 2.

The time kinetics for killing the bacteria by AD-L@Ag(0) at
different concentrations (above MIC, MIC and half of MIC) was
also tested by the conventional plate count method. The time–
kill curves for AD-L@Ag(0) were made using the highly anti-
microbial resistant clinical strains of Klebsiella pneumoniae
(Fig. 7a) and Staphylococcus aureus (Fig. 7b).

Rapid killing during the rst 2 h of the assay was observed
for concentrations above 2� MIC, and MIC and half of MIC
showed little effect from zero to 4 h but the growth rate then
decreased eventually. 3� MIC concentration exhibits the best
bactericidal activity time–kill curve for Staphylococcus aureus
(Fig. 7b) during the rst 4 hours of the assay. But for the rest of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Graphical representation of a broth microdilution method to determine the MIC and MBC of the AD-L@Ag(0) nano-formulation and
ligand (guanidine alone) against (a) Acinetobacter baumannii, (b) Pseudomonas aeruginosa, (c) Staphylococcus aureus, (d) Klebsiella pneu-
moniae, (e) E. coli, (f) Klebsiella pneumoniae (clinical), (g) Shigella flexneri, and (h) Streptococcus pneumoniae. The minimum inhibitory
concentration (MIC) was estimated as the lowest concentration of AD-L@Ag(0) that will suppress visible growth ofmicroorganisms after a certain
incubation period. As per the Clinical and Laboratory Standards Institute (CLSI) guidelines, the minimum bactericidal concentration (MBC)
determination assay was used for evaluating this new antimicrobial agent/drug for predicting its efficacy towards eradication (killing 99.9% of
a specific bacterial species) of the species used in this study. (i) MBC in the form of RLU as a measure of bacterial viability. The encircled values on
the X-axis are theMICs of AD-L@Ag for each species. RLU – relative light unit, AB– Acinetobacter baumannii, PA– Pseudomonas aeruginosa, SA
– Staphylococcus aureus, KP(a) – Klebsiella pneumoniae (ATCC), EC – E. coli, KP(b) – Klebsiella pneumoniae (clinical), SF – Shigella flexneri, and
SP – Streptococcus pneumoniae.

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 10103–10118 | 10111
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Table 2 MIC, MBC, MBIC and MBEC concentrations of AD-L@Ag(0) against bacterial isolates Acinetobacter baumannii, Pseudomonas aeru-
ginosa, Staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli, Klebsiella pneumoniae (clinical), Shigella flexneri and Streptococcus
pneumoniae

S. No. Bacterial isolate MIC MBC MBIC (50/90) MBEC

1 Acinetobacter baumannii 25 mg ml�1 50 mg ml�1 6.25/12.5 mg ml�1 25 mg ml�1

2 Pseudomonas aeruginosa 0.78 mg ml�1 0.78 mg ml�1 3.125/1.56 mg ml�1 —
3 Staphylococcus aureus 0.19 mg ml�1 0.39 mg ml�1 0.78/— mg ml�1 0.39 mg ml�1

4 Klebsiella pneumoniae 0.78 mg ml�1 0.78 mg ml�1 0.78/— mg ml�1 0.39 mg ml�1

5 Escherichia coli 6.25 mg ml�1 6.25 mg ml�1 3.125/50 mg ml�1 —
6 Klebsiella pneumoniae (clinical) 50 mg ml�1 100 mg ml�1 50/200 mg ml�1 500 mg ml�1

7 Shigella exneri 0.39 mg ml�1 0.39 mg ml�1 0.78/3.125 mg ml�1 0.39 mg ml�1

8 Streptococcus pneumoniae 6.25 mg ml�1 6.25 mg ml�1 6.25/12.5 mg ml�1 —

Fig. 7 Time–kill curves of AD-L@Ag(0) for two different strains, (a) Klebsiella pneumoniae (clinical) and (b) Staphylococcus aureus, are shown.
Four doubling dilutions are plotted, the highest concentration corresponds to 0.5� to 4� MIC. The antimicrobial agent was added at timepoint
0 and monitored until 24 h.
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the MIC concentration, the curve shows a delayed killing
pattern.
Anti-biolm activity of AD-L@Ag(0)

Inspired by the antibacterial property and good dispersibility of
AD-L@Ag(0) we attempted to assess the biolm inhibition and
eradication properties of the formulation. During evolution,
bacteria develop different mechanisms to get rid of antibiotics
i.e., via efflux pump, changing the conformation of the drug
target, enzymatic degradation of the antibacterial drug,
changing the membrane permeability of the drug, biolm
production etc.94. Among all these strategies, biolms have
received signicant attention for the discovery of new thera-
peutics. Biolms are complex structures having bacterial colo-
nies inside, and these are embedded inside extracellular
polymeric substances, a matrix which is generally composed of
eDNA, proteins, and polysaccharides, leading to high resistance
to antibiotics. In this study, the MBIC50 and MBIC90 (Minimum
Biolm Inhibitory Concentration at 50% and 90% reduction,
respectively) were measured for the AD-L@Ag(0) formulation
and only the guanidine ligand by crystal violet assay for
different bacterial strains including both Gram positive and
Gram negative bacteria.
10112 | Chem. Sci., 2022, 13, 10103–10118
The MBIC50 values for Acinetobacter baumannii, Pseudomonas
aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae,
Escherichia coli, Klebsiella pneumoniae (clinical), Shigella exneri
and Streptococcus pneumoniae were found to be 6.25 mg mL�1,
3.125 mg mL�1, 0.78 mg mL�1, 0.78 mg mL�1, 3.125 mg mL�1, 50
mg mL�1, 0.78 mg mL�1, and 6.25 mg mL�1, respectively (Fig. 8).
Furthermore, the MBIC90 values were 12.5 mg mL�1, 1.56 mg
mL�1, 50 mg mL�1, 200 mg mL�1, 3.125 mg mL�1, and 12.5 mg
mL�1 for Acinetobacter baumannii, Pseudomonas aeruginosa,
Escherichia coli, Klebsiella pneumoniae (clinical), Shigella exneri
and Streptococcus pneumoniae, respectively. This MBIC concen-
tration of the AD-L@Ag(0) formulation is considered based on
statistically signicant inhibition levels (p < 0.0001) compared
to no treatment control. Furthermore, the exopolysaccharide
quantication of biolms was performed to check the biolm
eradication property of AD-L@Ag (0). The MBEC was deter-
mined with the treatment of AD-L@Ag(0) at 2�MBIC50, MBIC50

concentration and half of the MBIC50. Signicant reductions in
exopolysaccharides were observed even in half of the MBIC in
most of the bacteria (Fig. 9). The MBEC values for Staphylo-
coccus aureus, Klebsiella pneumoniae, and Shigella exneri were
0.39 mg mL�1 (51.22% reduction), 0.39 mg mL�1 (68.64%), and
0.78 mg mL�1 (35.59%), respectively. The clinical isolate of
Klebsiella pneumoniae (clinical) showed signicant reduction of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Graphical representation of the Minimum Biofilm Inhibitory Concentration (MBIC) of AD-L@Ag(0) in (a) Acinetobacter baumannii, (b)
Pseudomonas aeruginosa, (c) Staphylococcus aureus, (d) Klebsiella pneumoniae, (e) Escherichia coli, (f) Klebsiella pneumoniae (clinical), (g)
Shigella flexneri, and (h) Streptococcus pneumoniae.
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biolms at the MBIC (1.56 mg mL�1), that is 46.53%. However,
for Acinetobacter baumannii, upon treatment with AD-L@Ag(0)
at the MBIC and half of the MBIC, no signicant eradication
of biolms was observed; however, it does have a signicant
impact (35.51%) on biolm integrity at the 2� MBIC
© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration. On the other hand, non-signicant eradication
was observed in Escherichia coli, Pseudomonas aeruginosa, and
Streptococcus pneumoniae even at 2� MBIC. From these results,
we can hypothesize that AD-L@Ag(0) has biolm eradication
activity at a higher concentration and it can disintegrate or
Chem. Sci., 2022, 13, 10103–10118 | 10113
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Fig. 9 Graphical representation of the Minimum Biofilm Eradication
Concentration (MBEC) of AD-L@Ag(0) in (a) Acinetobacter baumannii,
(b) Staphylococcus aureus, (c) Klebsiella pneumoniae, (d) Klebsiella
pneumoniae (clinical), and (e) Shigella flexneri.

Fig. 11 Graphical representation of the cytotoxicity assay. Grouped
graph from 4 hour and 24 hour data plotted with stranded error mean.
Vero E6 – cells only, 100–100 mgml�1, 50–50 mgml�1, 25–25 mgml�1,
12.5–12.5 mg ml�1, and 6.26–6.26 mg ml�1 concentration of the AD-
L@Ag(0) formulation.
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disperse the EPS component of mature biolms resulting in
planktonic cells exposed to the bactericidal effect of the
formulation.

Additionally, to understand the alterations in the ultra-
structural and physicochemical properties of biolms aer AD-
L@Ag(0) treatment, confocal microscopy images were obtained
at settings for DAPI – laser transmission – 0.8% and PMT
voltage – 468, and for SYPRO – laser transmission – 0.6% and
PMT voltage – 538. The extensive damage of the biolm
membrane was reected through a dramatic reduction of DAPI
emission (Fig. 10). A decrease in uorescence of DAPI following
treatment with colistin, an anti-microbial peptide, was also re-
ported by Doktycz et al., respectively.95 Thus, confocal micros-
copy images demonstrated alteration in the ultrastructural
morphology of the biolm surface and provided an important
insight into the anti-microbial mechanisms of AD-L@Ag(0).
Biocompatibility and in vivo proof-of-concept

Furthermore, biocompatibility studies using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay performed on an epithelial cell line (Vero, ATCC CCL-81)
Fig. 10 Confocal images (60� magnification) illustrating the (a)
Pseudomonas aeruginosa biofilm grown for 24 hours onto the surface
of a glass coverslip (control), and (b) residual biofilm after 24 h of AD-
L@Ag(0) formulation treatment.

10114 | Chem. Sci., 2022, 13, 10103–10118
(Fig. 11) indicate that AD-L@Ag(0) is non-cytotoxic and
biocompatible thereby making it an excellent candidate for
biomedical applications. To investigate further the application
of AD-L@Ag(0) to treat multi-drug-resistant infections in vivo,
we employed a mouse surgical site infection model to examine
the efficacy of AD-L@Ag(0). The surgical wound was created on
the right-hand side of their backbone with a sterile scalpel by
making a longitudinal incision of 1 cm in length. The wound
was infected by the insertion of a segment of silk suture through
the skin using a suturing needle with 5 mL bacterial suspensions
of Klebsiella pneumoniae (clinical), S. aureus (ATCC) and Pseu-
domonas aeruginosa (ATCC). The mice treated with the AD-
L@Ag(0) suspension gel at the MIC concentration showed
signicant inhibition of bacterial growth in vivo (Fig. 12, Table
S1†). The local bacterial counts in wound areas in control
groups are much higher than those in the AD-L@Ag(0) treated
group, which is consistent with wound sizes. Thus, AD-L@Ag(0)
possesses outstanding anti-microbial activity and has potential
Fig. 12 Day-wise reduction of bacterial CFUs with AD-L@Ag treat-
ment (a), with representative images of surgical wound generation and
topical application of the AD-L@Ag(0) formulation in BALB/c mice. (b)
Bacterial strains used, PA – Pseudomonas aeruginosa (ATCC 27853),
SA – Staphylococcus aureus (ATCC 33592), KP – Klebsiella pneumo-
niae (ATCC 19050). SC – control uninfected.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in clinical multidrug resistant pathogen-induced wound treat-
ment. This pilot experiment validates the efficacy of the current
formulation in clearing bacterial infection at surgical sites and
opens up prospects for detailed biocompatibility and safety
studies in small animals.
AD-L@Ag(0) as a combination therapy: bactericidal, biolm-
inhibitory, biolm-eradicatory

Antibiotics that are highly active against Gram-negative bacteria
are usually found to be less toxic to Gram-positive bacteria.96 In
this study, we have shown that the AD-L@Ag(0) gel has similar
antibacterial and anti-biolm properties against Gram-positive
and Gram-negative isolates. The zeta potential evaluated for
Ag(0) in the AD-L@Ag(0) gel carries positive charge (+30.2 mV).
Literature reports have established that cationic guanidinium
derivatives and Ag+ are found to be attracted to the negatively
charged membrane of bacteria and interact with the biolm
components such as exopolysaccharides, nucleic acids, lipids,
and proteins via electrostatic, hydrophobic, H-bonding, van der
Waals forces and ionic interactions, respectively.91,92 PHMG-Cl
might form a DNA–PHMG-Cl complex, bind to AT base pairs
by molecular docking, and inactivate biolm-associated
antibiotic-resistant eDNA release by Klebsiella strain.93

Guanidinium-based Ionic Covalent Organic Nanosheets
(iCONs) were earlier shown to have a bactericidal effect against
both Gram +ve (S. aureus) and Gram �ve (E. coli) bacteria.
Electrostatic interactions between positively charged iCONs and
the negatively charged phospholipid bilayer of the bacterial
membrane were speculated to be the reason for the bactericidal
effect of guanidinium-based iCONs.22 Presumably, the posi-
tively charged surface of the AD-L@Ag(0) hydrogel in the
present study favored an electrostatic interaction with the
bacteria and biolm components, which are majorly negatively
charged.31 TEM studies show that the average particle size of Ag
nanoparticles is�5 nm (Fig. 5g). Zhang et al. (2016) showed that
the smaller-sized Ag nanoparticles were found to be more toxic
to bacteria than large-sized Ag nanoparticles.97 Previous studies
showed that the antibacterial efficacy improved for AgNPs
having a size <10 nm, while those with �5 nm are most effi-
cient.31,98 Certain reports reveal that AgNPs having a size of
�5 nm could infuse through biolm pores,99 and the larger
particles are reported to be removed by efflux activity.100 The
guanidinium derivative alone has been shown to have
a minimal antibacterial effect even at 120 mg ml�1 and is prone
to cause regrowth within 6–8 h of treatment.101 Our formulation
has an augmented bactericidal effect integrating the function-
alities of Ag(0) and the cationic guanidinium ions in AD-
L@Ag(0). Data from the MIC, MBC, MBIC, MBEC, and time–
kill assays in the current study corroborate these characteristics
and demonstrate that the present formulation showed signi-
cant bactericidal activity at 50 mg ml�1 in as soon as 2–4 hours
even for XDR clinical isolates.

In addition to the bactericidal effect, AD-L@Ag(0) has
demonstrated a biolm inhibitory as well as a biolm dispersal
effect at higher concentrations. It has also been reported that
the acidic environment of the biolm favors the disassembly of
© 2022 The Author(s). Published by the Royal Society of Chemistry
ligand–metal coordinations, as well as the supramolecular
assembly.102 These factors presumably would favor access of
AgNPs and guanidinium ions to the bacterial membrane and
biolm components to induce an enhanced bactericidal
activity. For most of the physical or chemical agents with bio-
lm dispersal activity, there is a risk of mobilization of plank-
tonic cells to nearby tissues and the bloodstream causing
bacteremia.103 The present formulation with an efficient bacte-
ricidal activity can potentially address this challenge by exter-
minating the detached planktonic cells.
Conclusions

In this study, we have successfully demonstrated the efficacy of
a unique organic–inorganic hybrid gel, derived from a guanidi-
nium derivative and in situ generated Ag(0) nanoparticles
stabilized in a so gel matrix, as a therapeutic combination
reagent for biolm inhibition, dispersion and eradication of
certain extremely drug-resistant bacterial pathogens that have
clinical relevance. Experimental results conrm that the
hydrazido derivative of the guanidinium ion is primarily effec-
tive in the inhibition and dispersion of biolms observed in
different multidrug resistant clinical isolates. Whereas, the
AgNPs generated through in situ reduction of Ag(I) species and
stabilized in the gel matrix are effective chiey in inducing the
bactericidal property of this hybrid gel through effective killing
of planktonic bacteria. Importantly, this gel-hybrid and the Ag-
nanoparticle bound nano-bers were found to be non-cytotoxic.
The formulation showed a signicant bactericidal effect on
laboratory strains as well as clinical isolates of clinically relevant
extremely drug-resistant bacterial species, including both Gram
positive and Gram negative bacteria. Further, in vivo proof-of-
concept study showed that the formulation was effective in
reducing the bacterial infection load at the surgical site in
a small animal model. These results demonstrate that the
current formulation harbors a signicant promise for treating
surgical wounds, as well as for use as a coating for surgical
accessories, biomedical implants and engineered human
tissue. To the best of our knowledge, the efficacy achieved by
this hybrid gel formulation as a combination therapeutic agent
in biolm inhibition, dispersion, eradication and bacterial
killing of the above-mentioned pathogens is superior to that
reported in the presently available literature. The nano-
formulation was observed to be a membrane disruptor,
showing a reduction in membrane integrity and up-regulation
of membrane associated proteins.74,78 Detailed cellular and
molecular studies for elucidating the mechanism of action of
the formulation are being conducted and will be part of our
future report. This study opens up a new paradigm for devel-
oping anti-microbial agents with hybrid functionalities for
effectively controlling extremely drug-resistant pathogens.
Author contributions

AD, SC and SKP has conceptualised, executed, analysed data
and draed the manuscript. AD, MY, DK, ST, SS and DS have
Chem. Sci., 2022, 13, 10103–10118 | 10115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02980d


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

li 
20

22
. D

ow
nl

oa
de

d 
on

 0
2.

04
.2

02
6 

08
:2

6:
07

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performed the experiments. All authors have contributed in
rening the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

A. Das acknowledges SERB (India) Grants (CRG/2020/000492 &
JCB/2017/000004). AD and SKP acknowledge a DBT (India) grant
(BT/PR22251/NNT/28/1274/2017) for partially supporting this
research. A. Dey acknowledges the CSIR for a senior research
fellowship. M. Yadav acknowledges a UGC fellowship. D. Kumar
acknowledges a DBT research fellowship. S. Chaudhuri
acknowledges the DBT-THSTI for fund support. We also thank
the Analytical & Environment Science Division & Centralized
Instrument Facility of the CSIR-CSMCRI, Bhavnagar, and Small
Animal Facility, THSTI. This manuscript bears a CSIR-CSMCRI
PRIS No. 153/2022.

Notes and references

1 M. Kostakioti, M. Hadjifrangiskou and S. J. Hultgren, Cold
Spring Harbor Perspect. Med., 2013, 3, a010306.

2 D. Lebeaux, J. M. Ghigo and C. Beloin, Microbiol. Mol. Biol.
Rev., 2014, 78, 510–543.

3 A. S. Lee, H. de Lencastre, J. Garau, J. Kluytmans,
S. Malhotra-Kumar, A. Peschel and S. Harbarth, Nat. Rev.
Dis. Primers, 2018, 4, 18033.

4 N. Rabin, Y. Zheng, C. Opoku-Temeng, Y. Du, E. Bonsu and
H. O. Sintim, Future Med. Chem., 2015, 7, 493–512.

5 R. David, Nat. Rev. Microbiol., 2010, 8, 613.
6 D. Davies, Nat. Rev. Drug Discovery, 2003, 2, 114–122.
7 G. Hughes and M. A. Webber, Br. J. Pharmacol., 2017, 174,
2237–2246.

8 R. J. Melander and C. Melander, ACS Infect. Dis., 2017, 3,
559–563.

9 D. H. Limoli, C. J. Jones and D. J. Wozniak, Microbiol.
Spectrum, 2015, 3, 1–19.

10 Y. Jiao, G. D. Cody, A. K. Harding, P. Wilmes, M. Schrenk,
K. E. Wheeler, J. F. Baneld and M. P. Thelen, Appl.
Environ. Microbiol., 2010, 76, 2916–2922.

11 L. Hall-Stoodley, J. W. Costerton and P. Stoodley, Nat. Rev.
Microbiol., 2004, 2, 95–108.

12 A. Penesyan, I. T. Paulsen, S. Kjelleberg and M. R. Gillings,
npj Biolms Microbiomes, 2021, 7, 80.

13 I. Guzmán-Soto, C. McTiernan, M. Gonzalez-Gomez,
A. Ross, K. Gupta, E. J. Suuronen, T.-F. Mah, M. Griffith
and E. I. Alarcon, iScience, 2021, 24, 102443.

14 K. Lee Calvin, J. de Anda, E. Baker Amy, R. Bennett Rachel,
Y. Luo, Y. Lee Ernest, A. Keefe Joshua, S. Helali Joshua,
J. Ma, K. Zhao, R. Golestanian, A. O'Toole George and
C. L. Wong Gerard, Proc. Natl. Acad. Sci., 2018, 115, 4471–
4476.

15 J. V. d. O. Santos, A. L. F. Porto and I. M. F. Cavalcanti,
Antibiotics, 2021, 10, 520.
10116 | Chem. Sci., 2022, 13, 10103–10118
16 N. Goel, S. W. Fatima, S. Kumar, R. Sinha and S. K. Khare,
Biotechnol. Rep., 2021, 30, e00613.

17 M. R. Kiedrowski and A. R. Horswill, Ann. N. Y. Acad. Sci.,
2011, 1241, 104–121.

18 H. Koo, R. N. Allan, R. P. Howlin, P. Stoodley and L. Hall-
Stoodley, Nat. Rev. Microbiol., 2017, 15, 740–755.

19 N. Kandoth, S. Barman, A. Chatterjee, S. Sarkar, A. K. Dey,
S. K. Pramanik and A. Das, Adv. Funct. Mater., 2021, 31,
2104480.

20 I. Kolodkin-Gal, S. Cao, L. Chai, T. Böttcher, R. Kolter,
J. Clardy and R. Losick, Cell, 2012, 149, 684–692.
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