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A hydrogel based on Fe(i)-GMP demonstrates
tunable emission, self-healing mechanical strength
and Fenton chemistry-mediated notable
antibacterial propertiest
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Supramolecular hydrogels serve as an excellent platform to enable in situ reactive oxygen species (ROS)
generation while maintaining controlled localized conditions, thereby mitigating cytotoxicity. Herein, we
demonstrate hydrogel formation using guanosine-5"-monophosphate (GMP) with tetra(4-carboxylphenyl)
ethylene (1) to exhibit aggregation-induced emission (AIE) and tunable mechanical strength in the pres-
ence of divalent metal ions such as Ca®*, Mg?*, and Fe*. The addition of divalent metal ions leads to
structural transformation in the metallogels (M-1gmp). Furthermore, the incorporation of Fe?* jons into
the hydrogel (Fe-1gmp) promotes the Fenton reaction that could be upregulated upon adding ascorbic
acid (AA), demonstrating antibacterial efficacy via ROS generation. In vitro studies on AA-loaded Fe-1gmp
demonstrate excellent bacterial killing efficacy against E. coli, S. aureus and vancomycin-resistant entero-
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cocci (VRE) strains. Finally, in vivo studies involving topical administration of Fe-1gmp to Balb/c mice with
skin infections further suggest the potential antibacterial efficacy of the hydrogel. Taken together, the
hydrogel with its unique combination of mechanical tunability, ROS generation capability and antibacterial
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Introduction

Bacterial infections have far-reaching consequences for global
health, constituting a significant burden on healthcare
systems and necessitating continuous efforts in research and
treatment." The predominant approach in the therapeutic
management of bacterial infections has so far been through
antibiotic treatment. Yet, the irrational and rampant use of
antibiotics is leading to the threat of antimicrobial resistance
(AMR) due to the bacteria developing self-mechanisms to
resist the action of these pharmacological agents.>* Of late,
there has been an upsurge in the development of alternative
and effective treatment strategies to mitigate such threats.* In
this regard, hydrogels have evolved as promising candidates to
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efficacy can be used for biomedical applications, particularly in wound healing and infection control.

mitigate bacterial infections, especially in wound healing,
tissue engineering and other disease conditions.” These
nanostructured materials can possess inherent antibacterial
activity or can be utilized toward the targeted and controlled
release of antimicrobial drugs, enhancing both specificity and
potency in combating bacterial infections.'®"® Moreover,
hydrogels due to their cargo loading efficacy, mechanical
strength, response to different stimuli and wettability have
evolved as a primary tool to be employed in various strategies
of microbial management."® These strategies include loading
antibacterial drugs into hydrogels for controlled release at
infected sites, utilizing active antibacterial agents as gelators
that can form gels through interactions with other molecules
and developing hydrogels capable of exhibiting photothermal
therapy (PTT) or photodynamic therapy (PDT).'**®

Recently, such biomaterials and hydrogels have been devel-
oped for the prevention of bacterial infections in wound
healing while addressing challenges of AMR.""*" Such hydro-
gels primarily act as carrier systems for delivering anti-
microbial agents or as templates for ROS production to control
bacterial infections. Through the localized delivery of anti-
biotics or ROS, hydrogels minimize the exposure of bacteria to
the sublethal concentrations of these agents in a bid to miti-
gate the development of bacterial resistance. Therefore, hydro-
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gels offer a promising approach for combating bacterial infec-
tions while minimizing the risk of resistance development.
Haldar et al. developed a polymeric hydrogel-based wound
dressing that shows a broad spectrum of bactericidal activities
and potent wound healing capability.>? In another approach,
Bajaj et al. developed a cholic acid-derived non-immunogenic
supramolecular hydrogel for the treatment of Staphylococcus
aureus infections in topical wounds.>® Recently, peptide-based
hydrogels showed great promise as potential antimicrobial
and antibiofilm agents to address chronic wound healing
owing to the presence of charged amino acids, e.g. arginine
and lysine, and conjugation of anti-inflammatory drugs.>*">’
In another strategy, Chatterjee et al. have reported the effect of
the hydrophobic side chain length of peptides on antibacterial
activity and cytotoxicity.”® Stupp et al. reported self-assembled
peptide nanofiber-anchored silver nanoparticles in organic-in-
organic hybrids to exhibit robust antimicrobial properties.>

Recently, we also reported a strategy to mitigate bacterial
multidrug resistance by forming a charge transfer complex
between the donor-acceptor pair of peptide-tethered pyrene
and tetracyanoquinodimethane to inhibit bacterial growth
owing to its high charge mobility to perturb the electro-
chemical potential of bacterial cell membranes.*® In this
regard, PDT has emerged as a targeted and minimally invasive
approach with fewer side effects and high cure rates in the
treatment of certain types of cancer, skin diseases and
microbial infections.>’**> This involves a photosensitizing
agent that absorbs light and generates ROS to stimulate oxi-
dative stress and ultimately trigger a cascade of events leading
to cell death. Reactive oxygen species include the superoxide
anion (O,””), singlet oxygen ('0,) and the hydroxyl radical
("OH). Srivastava et al. reported temporal ROS generation in
phenylalanine self-assembled hydrogel composites for anti-
cancer applications.*® Recently, Zheng et al. showcased anti-
bacterial PDT by generating 'O, using a boron dipyrromethene
photosensitizer.>* Such ROS generation can also be mitigated
by multiple chemical reactions such as oxidative phosphoryl-
ation, NADPH oxidases, the heme oxygenase reaction and the
Fenton reaction.”® The Fenton reaction is a chemical reaction
involving the generation of ROS, specifically hydroxyl radicals,
through the interaction of hydrogen peroxide (H,0,) with Fe**
ions.*® The amount of H,0, available for oxidation may also
account for the production of “OH.*” Harnessing the Fenton
reaction to address microbial contamination holds promise
for diverse applications, including water decontamination and
the formulation of antimicrobial coatings.*®*°

However, challenges, such as the need for controlled ROS
generation with minimal H,O, usage and considerations of
cytotoxicity, must be addressed to mitigate microbial
infections.

Thus, achieving precise spatiotemporal control over ROS
generation is crucial for achieving their biomedical appli-
cation.*® Supramolecular hydrogels,*'™** especially metallo-
gels, offer an ideal platform for this purpose, providing a bio-
logically relevant and adjustable nanostructure capable of
accommodating the Fenton reaction. Shen et al. reported
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photothermally enhanced 'OH radical production towards
crosslinking hydrogels and subsequent bacteria-infected dia-
betic wound management.** However, a rational control over
the crosslinking of hydrogels for hosting such a Fenton reac-
tion is rather limited. This prompted us to develop biocompa-
tible supramolecular hydrogels with tuneable architectures
and properties for ROS generation.

Herein, we envisaged guanosine monophosphate (GMP)-
based hydrogels as driven by the extensive Hoogsteen-type
hydrogen bonding among the guanosine nucleobases to facili-
tate metal ion stabilized G-quadruplex self-assembled
structures.*>*® Herein, we demonstrate additional hydrogen
bonding interactions of a GMP-based G-quadruplex with tetra-
valent tetra(4-carboxylphenyl) ethylene (1) to generate a 1gmp
hydrogel (Scheme 1). Such additional cross-linking presumably
reinforces the G-quadruplex secondary structures to form
hydrogels and exhibit AIE behavior. Interestingly, upon
binding with divalent metal ions, the change in secondary
structures modulates the AIE and increases the mechanical
strength of the resulting metallogels (M-1gpmp). Furthermore,
we exploited the Fe-1gyp hydrogel for in situ ROS generation
using the Fenton reaction in the presence of H,O,, which was
upregulated upon addition of ascorbic acid (AA). To our knowl-
edge, hosting the Fenton reaction in metallogels for controlled
evolution of ROS has so far not been attempted. We showed
efficient antibacterial efficacy against E. coli, S. aureus and van-
comycin-resistant enterococci (VRE) mediated by ROS gene-
ration in the Fe-1gmp hydrogel. Finally, we validated the anti-
bacterial efficacy of the hydrogel hosting Fenton reaction
against E. coli in an in vivo Balb/C mouse model.

Experimental section

Preparation of the hydrogel (1gmp)

A powdered form of GMP (12 mg) was taken in 500 pL of
60 mM acetate buffer at pH 4 and heated to complete dis-
solution to obtain a GMP (60 mM) solution of pH 4.
Subsequently, various concentrations (1 mM to 9 mm) of tetra
(4-carboxylphenyl) ethylene (1) in ethanol was added to the
GMP solution, followed by heating at 80 °C for 10 min and
then gradual cooling which ensued gelation. We noticed that
only an optimum concentration range of 1 (4.5 to 6 mM) furn-
ished strong hydrogels of 1gmp.

For the preparation of metallogels (M-1gmp), divalent metal
salt solutions of Ca®*, Mg”*, and Fe>* (1 mM) were added to
the hot solution of 1gmp at 70 °C, followed by subsequent
gradual cooling to room temperature. The metallogel for-
mation was optimized by varying the ratio of metal ions w.r.t.

1 GMP:

Spectral studies of the hydrogels

The samples were prepared by drop-coating 100 pL of the
hydrogel on a quartz slide for circular dichroism and fluo-
rescence spectral studies. Fluorescence spectra were recorded
with an Edinburgh Instruments spectrofluorometer FS5.
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Scheme 1 Supramolecular hydrogels mediated by the crosslinking of GMP with 1 and divalent metal ions (M) as in M-1gup to exhibit aggregation-
induced emission. The Fe-1gmp hydrogel exhibits upregulation of the Fenton reaction in the presence ascorbic acid to generate ROS for eventual

application in controlling bacterial growth in topical wounds.

Circular Dichroism (CD) spectra were recorded using a JASCO
J-1500 circular dichroism spectrometer from Easton, MD, USA.
Samples for "H-NMR analysis were prepared from the lyophi-
lized hydrogel powder after suspending it in D,0 and "H-NMR
spectra were recorded using an FT-NMR Bruker 400 MHz NMR
spectrometer.

Rheology of the hydrogels

Rheological assessments were carried out using an Anton Paar
rheometer MCR302 device equipped with Rheocompass
version 1.31 software and a cone plate (CP-25) configuration
featuring a controllable Peltier system. The measurements
were performed with a 0.2 mm gap distance.

ROS generation

The Fe-1g\p hydrogel (0.6 mM) was taken with and without AA
in 1000 pL of acetate buffer at pH 4. Methylene blue (MB) solu-
tion (0.1 mM) in water was added to record the UV-visible
absorption spectra. Furthermore, H,O, was gradually added
(ranging from 0.05 mM to 50 mM) to monitor the reduction in
the intensity of absorbance due to MB. The percentage degra-
dation of dye was calculated by taking the absorbance of the
hydrogel with MB before adding H,0, as 100%.

In vitro antimicrobial studies

Antimicrobial properties were evaluated against the strains of
bacteria, E. coli and S. aureus that were grown overnight in
Luria-Bertani (LB) at 37 °C to a final bacterial concentration of
3 x 10° CFU mL™'. For drugresistant bacterial strain,
Enterococcus faecium was grown in brain heart infusion broth
(BHIB) media at 37 °C to a final concentration of 5 x 10° CFU
mL~". Then, 100 pL of the bacterial stock was suspended in
2 mL of the corresponding medium. The hydrogels were steri-
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lized under UV light. In the test samples, H,0, was injected
just before adding the hydrogels to the media containing bac-
teria. A control with only H,0, was also taken for comparison.
The treated samples were kept in a BOD incubator at 37 °C
and thoroughly shaken for 16 h. Then, 100 pL of suspension
was taken as an aliquot from each sample and diluted accord-
ingly using autoclave water. Furthermore, 100 pL of this
diluted suspension was spread on the LB agar, BHI agar plates
were incubated at 37 °C for another 14 h before taking the
agar plates for visualizing bacterial colonies. For comparison,
the microbial assay was conducted taking silver sulfadiazine
as a standard. Furthermore, for quantification, colony forming
units per mL (c.f.u per mL) of bacterial cells was calculated.

Cellular compatibility of the hydrogels

The biocompatibility and cellular proliferation ability of the
hydrogels (Fe-1gmp and Fe-lgyp + AA) were assessed using
mouse fibroblast L929 cell lines in a cytotoxicity assay. The
cells were individually cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Cytiva) supplemented with 10% fetal bovine
serum (FBS) (Gibco, Thermo Fisher Scientific) at 37 °C and 5%
CO,. Culturing was performed in 25 cm cell culture flasks
from Cole-Parmer and the cells were passaged upon reaching
60-70% confluency. Biocompatibility tests with different con-
centrations of Fe-1gyp and Fe-1gyp + AA were performed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
in the MTT assay. 5000 L929 cells per well were seeded with
DMEM (HIMEDIA) supplemented with 10% FBS in a 96-well
plate. After overnight incubation, different concentrations of
the media containing Fe-1gmp and Fe-1gyp + AA were treated
for 48 h at 37 °C, followed by the addition of MTT at a concen-
tration of 0.5 mg mL~" and incubated for 2 h. The absorbance
of DMSO-solubilized formazan crystals was measured at

This journal is © The Royal Society of Chemistry 2024
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570 nm using a BIOTEK multiplate reader. The assay was per-
formed in triplicate for each sample.

In vivo antimicrobial study on rat skin

Animal experiments, approved by the Institutional Animal
Ethics Committee, were conducted following the ethical guide-
lines (no. IACS/IAEC/2018/04). For the in vivo study, male Balb/
¢ mice aged around 6-8 weeks and weighing 20-25 g were
chosen. These mice were procured from the National Institute
of Nutrition (NIN) animal facility in Hyderabad. Neutropenia
was induced in all mice by dual administration of cyclopho-
sphamide monohydrate (TCI chemicals) via intraperitoneal
injection with both doses given at a concentration of 100 mg
per kg body weight (the second dose was administered 3 days
after the first). After 24 hours from the second dose, the mice
were taken out and the hair around the dorsal midline was
trimmed and removed using hair removal cream. The region
was then made aseptic by rubbing with 70% ethanol. For the
study, a pathogenic strain of E. coli was prepared following the
LB broth method. The bacterial solution was incubated over-
night. After centrifugation, the bacterial pellet was dissolved in
sterile 1x PBS buffer (100 pL).

Furthermore, dorsal surfaces of the mice were mildly
wounded to create a skin abrasion. The bacterial solution
(100 pL) was added to this surface and secured with a sterile
gauge and band-aids on all sides to allow aeration for the
inoculated bacterial biomass to colonize the skin and form
biofilms. After 24 hours of undisturbed incubation, the hydro-
gel formulations (four different sets: 1gyp without AA, only
H,0,, 1gmp Without AA and H,0,, and 1gyp wWith AA and
H,0,) were applied on mouse skin. After 24 hours, the mice
were sacrificed and the dorsal skin portions were isolated and
washed with 0.9% NaCl to remove residual bacteria and gel
particles.

A portion of the skin was homogenized and the bacterial
biomass was dislodged. The resulting solution was centrifuged
and the dislodged bacteria were obtained. The supernatant
was used to determine the number of colony-forming units
(CFU) per 50 mg of skin tissue. Equal volumes from each
group were diluted, plated on nutrient agar and incubated at
37 °C in a BOD incubator overnight and the colonies were
observed.

Another fraction of the mouse skin was homogenized and
the displaced bacterial population was subjected to centrifu-
gation using a REMI C24 plus centrifugation machine at 5000
rpm. The bacteria were stained to quantify live and dead cells
employing Syto-9 (Invitrogen™ SYTO™ 9 green fluorescent
nucleic acid stain) and propidium iodide (PI) (Sigma-Aldrich)
in a 1:1 staining mixture. The concentrations of the two dyes
were set at 5 pM for Syto-9 and 30 pM for propidium iodide,
both prepared in 1x PBS buffer. The bacterial pellet obtained
from centrifugation was dissolved in 50 pL of 1x PBS buffer
containing the dyes and left to incubate in the dark for
20 min. Then a solution inoculum was placed on a clean
sterile glass slide, covered with a coverslip, and kept at 4 °C for
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30 minutes. Fluorescence images of the bacterial biomass
were captured using an EVOS M5000 imaging system.

Results and discussion
G-quartet hydrogel formation

Guanosine 5-monophosphate disodium salt self-assembled in
acetate buffer of pH 4 into a viscous solution, presumably due
to the formation G4-quartet structures as mediated by the
hydrogen bonding donor-acceptor pair in guanosine bases
that was further stabilized by sodium ions for G-quadruplex
structures.*” However, even after repeated annealing, it did not
form hydrogels, indicating the weak nature of crosslinking.
Interestingly, upon addition of an ethanolic solution of tetra(4-
carboxylphenyl) ethylene (1) with four carboxylic acid motifs,
we observed the formation of hydrogels at an optimal concen-
tration.*® Introduction of 1 promotes the cross-linking among
the G4-quartet stacks via hydrogen bonding interactions. Each
G4-quartet unit contains four phosphoric groups, while 1 pos-
sesses four carboxylic acid groups available for hydrogen
bonding. This suggests the significance of the stoichiometry
between the two components in the gelation process. To inves-
tigate this, gelation experiments were conducted by varying the
concentration of 1, ranging from 1 mM to 9 mM (Fig. 1A).
Gelation was specifically observed at 4.5 mM and 6 mM con-
centrations of 1. However, precipitation of 1 occurred at higher
concentrations, presumably due to its limited solubility in the
aqueous medium. Notably, gelation did not occur at the lower
concentration of 1, indicating insufficient cross-linking to
underscore the critical role of the 1 and GMP ratio in gelation.
The self-assembly mechanism was further investigated
through comparative 'H-NMR studies (Fig. 1B). The addition
of 1 to the GMP solution in D,O resulted in a downfield shift
in the proton peak (a) adjacent to the phosphate group from &
= 3.99 to 4.10 ppm which suggested the active involvement of
the phosphate group in hydrogel formation through hydrogen
bonding. Additionally, a downfield shift was observed in the
aromatic proton peak (b’) of 1 (Fig. S1}) to provide additional
confirmation for the involvement of the COOH group in hydro-
gen bonding interactions. Similarly, we observed a shift in the
"H-NMR peaks of the protons (a, b, ¢, and d) from the pentose
sugar upon binding to 1. This suggested the presence of an
extensive H-bonding network among the carboxylic moieties of
1 and the phosphoric groups of G4-quadruplex structures to
provide additional crosslinking, leading to the formation of
the 1gmp hydrogel. Furthermore, the hydrogel exhibited green
emission under UV light at a wavelength of 365 nm attribu-
table to the aggregation-induced emission (AIE) properties of 1
(Fig. 1C). The CD spectra of 1gyp exhibited negative Cotton
bands at 216 and 279 nm and a positive Cotton band at
315 nm (Fig. 1D), indicating the presence of G4-quadruplex
secondary structures mediated by H-bonding as corroborated
from '"H-NMR. Next, the comparative mechanical properties of
the hydrogels formed at different concentrations of 1 were
investigated by rheological studies. The oscillatory frequency
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Fig. 1 (A) Digital images of hydrogel formation at different concentrations of 1 and 60 mM GMP. (B) Comparative *H-NMR spectra of 1 in DMSO-dg
and GMP and 1gmp in D0, showing shifts in the peak position of the pentose sugar ring protons upon hydrogel formation. (C) Digital image of the
1gmp hydrogel showing AIE under UV light (365 nm). (D) CD spectra of 1gmp showing positive and negative CD signals, confirming the presence of
the G4-quadruplex stacks of GMP. (E) Frequency sweep rheological measurements of 1gup at different concentrations of 1.

sweep experiment for hydrogel networks exhibited a fre-
quency-independent behaviour over three orders of angular
frequency with a G’ value of ~1000 Pa and a G'/G" ratio of ~4
(Fig. 1E) to indicate mechanically stiff and viscoelastic solid-
like hydrogels for 1gmp.

Effect of metal ions in the metallogel

Next, we investigated the impact of divalent metal ions on the
self-assembling properties of 1gyp. Thus, 1 mM calcium
(Ca*), iron (Fe**) and magnesium (Mg>*) were added to 1gmp
(60 mM). Interestingly, the hydrogel structures remained intact
even after the addition of these divalent metal ions. Upon
adding Ca®*, Mg>" and Fe®" to 1gmp, We observed an increase
in absorbance in the ~350 nm wavelength range in the UV-Vis
spectra (Fig. S2At). Notably, all the samples in the vial exhibi-
ted strong emission behavior under UV, (Amax = 365 nm) light
(Fig. 2A inset). Furthermore, we employed fluorescence spec-
troscopy to investigate the role of 1 in the emission behavior of
the hydrogels as compared to its monomeric state (Fig. S2Bf).
Thus, we observed a significant increase in the emission inten-
sity of 1gmp hydrogels at 510 nm that could be attributed to
the aggregation-induced emission (AIE) properties of 1.
Moreover, increased crosslinking with metals for M-1gmp
metallogels led to a further increase in the emission intensity,
possibly due to the stabilization of higher order aggregated
states by different metal ions (Fig. 2A). The trend of emission
intensity with Ca-1gmp < Mg-1gmp < Fe-1gmp hydrogels is worth
noting. Next, we subjected the Fe-1gmp hydrogel for heat-cool
cycles to achieve reversible gel-sol-gel transition. Interestingly,

13054 | Nanoscale, 2024, 16, 13050-13060

the hydrogel exhibited reversible AIE behaviour as monitored
at 510 nm with a noticeable increase in the emission intensity
upon gel formation that was subsequently diminished upon
heating (Fig. 2B). Furthermore, we recorded CD spectra to
assess the alterations in the secondary structure of 1gwmp
induced by the addition of metal ions (Fig. 2C). 1gmp exhibited
the characteristic CD signature of G-quadruplex; however,
upon the addition of Mg®" and Ca®**, we observed negative
Cotton bands at 240 and 325 nm and a positive Cotton band at
265 nm. This clearly indicated the transformation of the
G-quadruplex structures to G-triplex stacks as reported in the
literature.*®*° In contrast, in the presence of Fe’", no charac-
teristic CD signals were observed, implying the absence of
G-quartet or G-triplex stacks in the formed nanostructures.
This was further corroborated by PXRD where the peak at
260 = 27.5° corresponding to G4-quadruplex stacking among
the two adjacent vertical G-G stacks was absent for the case of
the Fe** ion, hence indicating the absence of prominent G4-
quadruplex stacks (Fig. S2C7).%° To further investigate the intri-
cacies of the self-assembly mechanism, we performed '"H-NMR
spectral analysis that highlighted the distinct characteristics of
the protons in Fe-1gyp compared to other metallogels
(M-1gmp) (Fig. 2D and E). Thus, the protons from the nucleo-
base (f) and the pentose sugar (e) peaks display a downfield
shift and a broadening for Fe-1gyp in the case of Fe-1gmp,
suggesting the coordination of Fe*" ions with the nucleobase
group (Scheme 2). Additionally, the aromatic proton peak (b’)
of 1 showed a slight upfield shift in Fe-1gpmp, indicating the
potential involvement of molecule 1 in facilitating the self-

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Schematic illustration of the possible interaction of Fe?*
with 5'-GMP in the Fe-1gmp hydrogel.
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assembly process. Furthermore, the pentose ring protons
exhibited a broader nature in Fe-1gyp (Fig. S2D7), suggesting
the absence of G4-quadruplex stacks within the Fe-1gmp
assembly as corroborated from the observations of the CD
spectral and PXRD data. FE-SEM showed the presence of a
nano-fibrillar network of the Fe-1gyp hydrogel network
(Fig. S2Ef).

Tunable mechanical strength in metallogels (M-1cpmp)

Next, we compared the bulk mechanical properties of the
metallogels (M-1gypp) using frequency sweep oscillatory rheolo-
gical studies (Fig. 3A). As compared to the native 1gpp hydro-
gel, all the metallogels showed higher G’ values and frequency-
independent behaviour, indicating the reinforced mechanical
strength upon adding divalent ions. However, no gel formation
was observed when GMP and 1 were individually mixed with
the metal ions (Fig. S3A1). We noted the following trend with
the increase of storage moduli (G): 1gmp < Ca-lgmp < Fe-1gmp
< Mg-1gmp (Fig. 3B). We further varied the concentration of
Fe” to optimize the metal ion : lgyp ratio to improve the
strength of the Fe-1gwp hydrogel. We performed frequency
sweep oscillatory measurement on the hydrogels for varied
concentrations of Fe®" (Fig. 3C) and found a maximum
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Fig. 3 (A) Frequency sweep oscillatory rheology for the M-1gmp metallo-
gels and the native 1gmp hydrogel and (B) the corresponding bar diagram
showing storage moduli, G', upon addition of different metal ions. (C)
Storage moduli of Fe-1gmp With varying concentrations of the Fe?* ion. (D)
Dynamic thixotropy study of the Fe-1gmp hydrogel performed at a constant
angular frequency of 5 rad s~ and a temperature of 25 °C with alternating
low and high strains of 0.1 and 100%, respectively.

mechanical strength attained at a concentration of 2 mM Fe**
with GMP (60 mM) and 1 (4.5 mM). We investigated the rever-
sibility of the Fe-1gmp hydrogel by subjecting the hydrogel to
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five consecutive heat-cool cycles. Thus, the gel was heated to
70 °C to convert it into a sol state, followed by sonication for
2 min and gradual cooling at room temperature. We noticed
consistent hydrogel formation within 3-5 min after each cycle,
confirming the reversible nature of Fe-1gyp (Fig. S3BT). Next,
we subjected the Fe-1gyp hydrogel to dynamic thixotropic
studies involving alternating cycles of high deforming shear
(strain 200% at 5 rad s™%), followed by recovery (strain 1% at 5
rad s™'). The Fe-1gyp hydrogel exhibited 94% recovery, con-
firming its self-healing behavior (Fig. 3D).>’** Thus, combin-
ing such a mechanical response of the Fe-1gymp hydrogel with
the multiple oxidation states of Fe, this hydrogel emerged as a
promising candidate to host the Fenton chemistry in a control-
lable manner.

ROS generation via the Fenton reaction

It occurred to us that the metallohydrogels (M-1gmp) With M in
multiple oxidation states could participate in the Fenton reac-
tion, albeit in a diffusion-controlled manner in the hydrogel.
Thus, we explored the Fe-1gyp hydrogel’s ability to trigger the
Fenton reaction to generate reactive oxygen species, e.g.
hydroxyl radicals ("OH) that might have potential antibacterial
properties (Fig. 4A). In the Fenton reaction, Fe>* in the hydro-
gel might get oxidized to Fe** by H,0, to generate a hydroxyl
radical and an anion. We probed such ‘OH generation in a dye
degradation experiment by monitoring the characteristic
absorbance of methylene blue (MB) dye at 667 nm in the UV-
visible spectra. MB dye was added to the Fe-1gyp hydrogel;

B C
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Fig. 4 (A) Schematic representation of the Fenton reaction illustrating the conversion of ferrous ions (Fe?*) and hydrogen peroxide (H,O,) into
ferric ions (Fe®*), hydroxyl radicals (‘OH), and hydroxide ions (OH™). (B) UV-vis spectra depicting changes in the absorption of the MB dye following
successive additions of H,O; solution to Fe-1gup. (C) Comparison with respect to dye degradation in different hydrogels. (D) Schematic illustration
of the role of ascorbic acid in increasing the production of reactive oxygen species (ROS). (E) UV-vis spectra showing enhanced degradation of MB
after the addition of AA to Fe-1gmp. (F) Comparison of the percentage dye degradation of Fe-1gmp and Fe-1gmp + AA by addition of 0.05 mM H,0,.
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however, gradual addition of H,O, solution in the concen-
tration range of 0.05 mM-50 mM in Fe-1gyp exhibited a
decrease in the dye absorbance (Fig. 4B and S4Af). Such
reduction in the absorbance indicated the degradation of MB
dye, signifying in situ generation of ROS mediated by the
Fenton reaction within Fe-1gmp (Fig. 4C). A control study per-
formed to show the stability of the MB dye in the presence of
only H,0, without the Fe-1gmp hydrogel clearly confirmed the
specificity of ROS generation (Fig. S4Bt). Moreover, we did not
observe such ROS generation in other metallogels, M-1gmp
with Ca®>" and Mg>" that indicated the significant of Fe** in the
network (Fig. S4C and Dt). Furthermore, in a bid to ramp up
the ROS generation, we incorporated 10 mM ascorbic acid (AA,
CeH3Og) in the Fe-1gyp hydrogel network. Addition of AA did
not affect the hydrogel formation and mechanical properties
of the hydrogels as shown by the rheological studies for both
Fe-1gyp and Fe-1gyp + AA with G’ values of ~20 kPa (Fig. S5A
and BY). Ascorbic acid played a crucial role in the reduction of
Fe*" (ferric iron) to Fe** (ferrous iron), resulting in the conver-
sion and promoting the production of ROS. The oxidized form
of ascorbic acid, dehydroascorbic acid (DHA), was produced as
a result of the redox reaction after the addition of H,O,
(Fig. 4D). We monitored the ROS generation and MB degra-
dation using UV-vis spectra with a significant decrease in the
absorbance upon addition of a low concentration (0.05 mM) of
H,0, (Fig. 4E).

Thus, Fe-1gmp alone exhibited only 10% dye degradation
while Fe-1gyp with ascorbic acid showed 45% of dye degra-
dation with the same H,0, concentration (Fig. 4F). The
control MB dye with H,0, showed only 1% degradation of the
dye that suggested the significantly enhanced efficacy of ROS
generation in the presence of AA within the Fe-1gyp System.
Interestingly, the formation of Fe’" resulted in the weakening

LoyptH,0,

Fe-1yp+AA +H,0,

=

/cmoz’\

Fe-1cyptAA +H,0,
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of the gel, as observed from the rheological studies (Fig. S5C¥).
A substantial decrease in the storage modulus (G’) value was
observed, decreasing from 35 kPa to 7.7 kPa that was even
lower than the G’ value of the gel without the addition of ions
(11.1 kPa). This suggested that the mechanical strength of the
hydrogel decreased significantly upon the formation of Fe*
ions.

In vitro antibacterial efficacy

The successful demonstration of the efficient in situ ROS gene-
ration and its upregulation prompted us to assess the anti-
microbial properties in vitro. To comprehensively evaluate the
broad spectrum of activity against both Gram-positive and
Gram-negative strains, we employed Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) strains. Furthermore, to
evaluate the efficacy of our hydrogel system against drug resist-
ant bacteria, we performed an antibacterial assay against van-
comycin-resistant enterococci (Fig. 5C). We cultured the bac-
terial strains in the presence of H,O, as a control and H,0,
with 1gmp. The efficiency of the Fenton reaction was evaluated
by culturing Fe-1gpmp with H,O, and Fe-1gyp with H,O, + AA
for 16 hours on agar plates. Fig. 5A-C show substantial growth
of bacterial colonies for the control sample with H,0, and the
1gmp hydrogel with H,O,, indicating no significant bacterial
killing in these samples. Remarkably, we observed a signifi-
cant decrease in bacterial colony growth for Fe-1gyp with H,0,
for all the three bacterial strains. It is noteworthy that the clini-
cal standard for disinfecting wounds typically involves the use
of 3% H,0,.”* In our study, we opted for a lower concentration
(0.5%) of H,0, for bacterial killing. Furthermore, we quanti-
fied the antimicrobial efficacy by calculating the c.f.u per mL
(Fig. 5D).> Interestingly, we found 100% killing of the bac-
terial strains with Fe-1gmp with H,O, + AA as compared to the

Il s. aureus
Bl E.coii
I VRE

100% Killing

laptH0, Fe-lgptH,0, Fe-lgp+tAA

+H,0,

Control

Fig. 5 Images showing the growth of bacterial colonies of (A) E. coli (upper panel), (B) S. aureus (middle panel) and (C) vancomycin-resistant enter-
ococci (VRE) bacterial strains (lower panel) for the control samples (only H,O,) and treated samples of the 1gmp hydrogel with H,O,, the Fe-1gmp
hydrogel with H,O, and the AA-loaded Fe-1gmp hydrogel with H,O,. (D) The corresponding quantitative colony forming unit (c.f.u) per mL of

S. aureus, E. coli and the resistant strain of VRE.
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other controls: only H,0,, 1gmp With H,0, and Fe-1gyp With
H,0, (Fig. 5D). These observations underscore the efficient
antibacterial efficacy of the Fe-lgywp hydrogel via ROS gene-
ration and its upregulation by addition of ascorbic acid,
thereby highlighting its potential for antimicrobial appli-
cations. Furthermore, we compared our hydrogel system with a
broad spectrum topical antibiotic drug, silver sulfadiazine, at
its minimum inhibitory concentration (MIC), which showed
~50% bacterial killing with both E. coli and S. aureus strains
(Fig S6A and Bf).”° In this regard, the Fe-1gyp hydrogel with
H,0, + AA showed better antibacterial effect as compared to
the topical antibiotics. Recently, Gao et al. reported enzymatic
cascade micro reactors for the production of hydroxyl radicals
to test their activity against multi-drug resistant S. aureus.’”
Therefore, our iron-complexed hydrogel system exhibited
potent antibacterial activity not only against the Gram-positive
and Gram-negative bacteria, but also remained effective
against the drug-resistant strain of vancomycin-resistant enter-
ococci. Finally, we evaluated the cytotoxicity of the Fe-1gmp
and Fe-1gyp + AA hydrogels in the L929 mouse fibroblast cell
line. The quantitative evaluation conducted through the MTT
assay revealed more than 80% biocompatibility for both Fe-
1gmp and AA-loaded Fe-1gyp after a 48 h incubation period
(Fig. S6ET).For the control, L929 cells were cultured on a tissue
culture plate. The higher survival rate of the cells indicates the
biocompatibility of the hydrogel. These findings indicate
minimal cytotoxic effects on the mammalian cells, thereby
enhancing the potential applicability of the Fe-1gmp hydrogel
in biomedical settings.

Day 4
Bacterial Infection

(B)

View Article Online

Nanoscale
In vivo antibacterial efficacy

Furthermore, we conducted an in vivo study on male Balb/c
mice with dorsal skin infections caused by E. coli to success-
fully demonstrate the applicability of the hydrogel as a poten-
tial antibacterial agent. The mice were induced with neutrope-
nia by dual administration of a cyclophosphamide drug, fol-
lowed by creation of skin abrasion at the dorsal midline. The
wound site was infected with the pathogenic strain of E. coli
using a band-aid and incubated for 1 day. The mice were
divided in four sets and treatment was given using control
(only H,0,), 1gmp With H,0,, Fe-1gyp with H,O, and Fe-1gmp
with H,0, + AA (Fig. 6A). The next day, the mice were sacrificed
and the dorsal skin portions were investigated for bacterial
growth. Fig. 6B shows the maximum bacterial colonization for
the control mice treated with only H,O, and 1gmp With H,O,.
Interestingly, mice treated with Fe-1gyp with H,0, exhibited a
significant decrease in bacterial colonization while mice
treated with Fe-1gmp + AA and H,0, showed the highest killing
efficiency, thereby successfully demonstrating the antibacterial
efficacy of the hydrogel via ROS generation.

Furthermore, the bacteria were stained to quantify live and
dead cells, employing Syto-9 (green fluorescent nucleic acid
stain) and propidium iodide (PI) in a 1:1 staining mixture.
Fluorescence microscopy images provided insights into the
growth of bacterial cells with live cells stained with SYTO-9
and dead cells stained with propidium iodide (PI). The
results highlighted the maximum green emission for the
control samples (Fig. 6C). However, in the case of AA-loaded

p.d
N a2

Day 5
Gel treatment

Fig. 6 (A) Schematic illustration showing the detailed day wise protocol for in vivo studies on Balb/c mice. (B) Antibacterial activity of Fe-1gmp and
AA-loaded Fe-1gmp showing the growth of bacterial colonization in different samples. (C) Fluorescence microscopy images showing the active bac-
terial cells emitting green when stained with SYTO-9 dye and the dead cells emitting red when stained with PI.
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Fe-1gmp with H,O, treatment, the green fluorescence signal
of SYTO-9 was significantly less with a bright red emission
from PI signifying the dead bacterial cells. Such a decrease
in green fluorescence and an increase in red fluorescence
suggest a substantial decrease in the live bacterial cells and
enhanced antibacterial properties of the hydrogels via ROS
generation. Thus, these findings not only supported, but
also visually illustrate the potential of the hydrogel for use
as an effective antibacterial agent through topical adminis-
tration to the infected sites.

Conclusions

In conclusion, we have successfully designed an interesting
1gmp hydrogel system based on the extensive hydrogen
bonding and stacking interaction between guanosine 5-mono-
phosphate (GMP) and tetra(4-carboxylphenyl) ethylene (1).
Extensive characterization through various techniques like
"H-NMR, CD and rheology provided insights into the self-
assembly mechanism and mechanical properties of the hydro-
gels. The hydrogel exhibited tunable aggregation-induced
emission properties and mechanical strength upon incorpor-
ation of various divalent metal ions such as Ca**, Mg>" and
Fe** to form mechanically stiffer hydrogels of M-1gmp.
Furthermore, the Fe-1gmp metallogel was investigated for the
in situ generation of reactive oxygen species via the Fenton
reaction that was upregulated upon addition of ascorbic acid.
Taken together, the hydrogel’s capacity to generate hydroxyl
radicals was demonstrated along with its reformability and
thixotropic nature to enhance its versatility. Furthermore,
owing to such ROS generation, Fe-1gyp exhibited efficient
in vitro antibacterial properties against E. coli, S. aureus and
vancomycin-resistant enterococci. Notably, the Fe-1gymp hydro-
gel loaded with ascorbic acid exhibited the highest killing
efficiency. Finally, in vivo experiments on mice with dorsal
skin infections validated further Fe-1gyp hydrogel’s antibacter-
ial efficacy, underscoring its potential for topical applications.
Such supramolecular metallogels hosting the Fenton chem-
istry with precise control over the spatiotemporal generation of
ROS and adjustable mechanical properties make them suitable
for exploitation in bacterial control in wound management in
biomedical fields, and work is currently underway in our lab-
oratory toward these applications.
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