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Exploring the efficient antimicrobial applications of
a novel supramolecular Hg(i)-metallogel derived
from succinic acid acting as a low molecular weight
gelator
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A novel supramolecular metallogel, termed Hg-SA, was synthesized using succinic acid (SA) as a low
molecular weight gelator in a DMF solvent under standard conditions. The mechanical properties of the
Hg-SA metallogel were evaluated through rheological tests, specifically focusing on the angular
frequency and strain sweep measurements. Field emission scanning electron microscopy (FESEM) results
revealed the rod-like network structure of Hg-SA, while energy dispersive X-ray (EDX) elemental
mapping confirmed its composition. Fourier transform infrared (FT-IR) spectroscopy provided insights
into the formation mechanism of the synthesized Hg-SA metallogel. The antimicrobial activity of the
metallogel was tested against Gram-positive bacteria Bacillus subtilis and Staphylococcus epidermidis as
well as Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa, revealing its significant
antibacterial potency. Thus, this study highlights the antimicrobial effects of Hg(i)-based succinic acid-
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1. Introduction

Gels typically include an elastic, three-dimensional, cross-
linked network that traps a liquid.* The gelator molecule traps
solvent molecules within this network, leading to gel forma-
tion.>* The inversion vial test is a common method to identify
the gel formation when the gel is not disturbed by gravity."™*
Low molecular weight gelators (LMWGs), with molecular
masses below 3000, serve as the building blocks that
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mediated metallogels against Gram-positive and Gram-negative bacteria.

immobilize solvents through various interactions, such as
hydrophobic and hydrophilic interactions, van der Waals
forces, hydrogen bonding, ion-dipole, dipole-dipole, and -7
stacking, creating the supramolecular gel.**** Numerous
LMWGs," including dicarboxylic acids,' sugars,”® peptides,®
amino acids,” urea derivatives,* bile acids,> cholesterol,” carbo-
hydrates," saccharides,” amides,' and alkenes,” have been
studied. Solvents are also crucial in gel formation® as their
polarity and viscosity can alter the gel morphology. Common
solvents used include DMF," water,® acetone,® alcohols,”
hexane,"* 1,2-dichlorobenzene,” toluene,® and acetonitrile.*
Owing to the weak non-covalent interactions, LMWGSs are also
capable of reversible gel-to-sol phase transition with changes in
electrolytes, pH, temperature, and external mechanical
factors.”® This adaptability makes these gels appealing for
various applications, including sensors," drug delivery,"** and
water remediation.’® They are particularly promising in
controlled release systems owing to their ability to encapsulate
and release chemicals within the gel matrix."®

Supramolecular metallogels, a subset of these gels, are
formed when metal ions or metal complexes with organic
ligands (LMWGs) self-assemble into complex three-
dimensional networks.”” The unique properties of supramo-
lecular metallogels can be finely tuned by selecting specific
metal ions and ligands and manipulating their environment.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08575b&domain=pdf&date_stamp=2025-02-17
http://orcid.org/0000-0002-2285-087X
http://orcid.org/0000-0001-5418-3234
http://orcid.org/0000-0002-7963-3171
http://orcid.org/0000-0001-6841-4961
http://orcid.org/0000-0001-6711-0763
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08575b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015007

Open Access Article. Published on 17 February 2025. Downloaded on 11/18/2025 9:02:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

In this regard, transition metal-based metallogels have attrac-
ted significant attention owing to their cost-effectiveness,
accessibility, and enhanced ability to coordinate with organic
ligands. Metal ions like Ni(u),"* Cu(m),> Co(u),**** Zn(u),***° Fe(u/
ur),*>** Cd(u),**® Hg(u),"® and Mn(u)** have been used to create
a wide range of metallogels, demonstrating their flexibility and
potential applications. Dicarboxylic acids,**** in particular,
enhance interactions with transition metals, facilitating gela-
tion. Succinic acid (SA), an intermediate in the citric acid cycle,
also functions as an antioxidant and antibacterial agent, and it
is widely used in food and drinks as a flavoring agent and
preservative.”*** It enables the synthesis of high aspect ratio
functional supramolecular metallogels, expanding their poten-
tial applications. Recent research has shown the antibacterial
activity of Hg(u)-based systems, particularly in biological
contexts, showcasing promising directions in metallogel
research. Our research explores the metallo-gelation potential
of succinic acid using Hg(u) in N,N-dimethylformamide solvent.
We conducted rheological studies to assess the mechanical
properties and performed morphological analysis and
elemental characterization using FESEM and energy-dispersive
X-ray studies. The emergence of drug-resistant organisms due
to traditional antibiotics has necessitated the urgent discovery
of new antimicrobial agents. Metallogel moieties offer
intriguing potential for inhibiting bacterial growth. Metallogels
can compromise the integrity of bacterial cell membranes,
leading to the efflux of intracellular components.® Bacterial
DNA, proteins, and lipids are vulnerable to damage caused by
reactive oxygen species (ROS) generated by some metallogels.>®
Inexpensive, naturally derived polyphenols combined with
metal ions form gels that have been shown to heal infected
wounds effectively.” The combination of peptide nanofibers
and silver nanoparticles within a gel matrix offers antimicrobial
benefits.>® Ni(u) and Zn(u)-based gel materials exhibit antimi-
crobial activity against a range of human-infecting microor-
ganisms.”® A metallogel formed from the combination of
suberic acid with nickel, zinc, or cadmium shows promise in
combating bacterial pathogens.* However, there is evidence
that Hg is toxic to cells. Hg induces significant cytotoxicity in
human liver cells.*® Hg toxicity causes membrane disintegration
in the human peripheral immune cells.* Our research under-
scores the potential of Hg(u)-based metallogels with succinic
acid as novel treatments for microbial infections. The novelty of
this work lies in the exploration of Hg(u)-based metallogels with
succinic acid as a gelator, demonstrating potent antimicrobial
properties against both Gram-positive and Gram-negative
bacteria. Unlike other metallogels, our study emphasizes the
unique role of Hg(u) in the gelation process and highlights the
promising potential of Hg(u)-based metallogels as novel treat-
ments for microbial infections.>**

2. Experimental
2.1 Reagents

Mercury(n) acetate (=98.0%), succinic acid, and DMF were
sourced from Merck Chemical Company and used without
further purification. Dry DMF was consistently employed
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throughout the experiments. Tryptone, p-(+)-glucose anhydrous,
and yeast extract powder were obtained from Himedia.

2.2 Apparatus and measurements

The metallogel synthesis was performed using a Phoenix Digital
Ultrasonic Cleaner PHUC-150. Rheological analysis was con-
ducted using a cone-plate rheometer from TA instruments.
Field emission scanning electron microscopy (FESEM) was
carried out using a Carl Zeiss SUPRA 55VP FESEM instrument,
and energy-dispersive X-ray spectroscopy (EDX) was conducted
in the scanning mode using the ZEISS EVO 18 apparatus.
Topography analysis was performed with an atomic force
microscope (Agilent Technology 5500) in noncontact mode,
utilizing a silicon tip. The FT-IR spectrum of the metallogel was
analyzed using a JASCO FTIR 4700 spectrometer.

2.3 Preparation of Hg(u)-metallogel (Hg-SA)

The stable white Hg-SA metallogel was prepared by rapidly
mixing 1 mL of a DMF solution of mercury acetate (1 mmol,
0.318 g) with 1 mL of a DMF solution of succinic acid (2 mmol,
0.236 g), followed by continuous ultrasonication in a water bath
for ten minutes (Fig. 1). This process induces the formation of
a supramolecular network via non-covalent interactions
between the mercury metal ions and succinic acid in the DMF
solvent, resulting in a stable three-dimensional structure.
Ultrasonication accelerates the gelation process by enhancing
the mixing and assembly of these components (Fig. 1). We
determined the minimal critical gelation concentration (MGC)
of the Hg-SA metallogel. To ascertain the MGC of Hg-SA, we
varied the concentrations of the Hg(CH;COO), salt and succinic
acid (10-554 mg mL™"). A stable Hg-TA metallogel was formed
at a concentration of 554 mg mL™" of Hg(u)-acetate salt and
succinic acid in DMF solvent.

2.4 Antimicrobial activity of the Hg-SA metallogel

The antimicrobial activity of Hg-SA was determined using
a zone of inhibition assay. The metallogel was suspended in
deionized water (Merck, Millipore, France) at a concentration of
100 mg mL~". The antimicrobial activity was studied against
four pathogenic bacterial strains: two Gram-negative Escherichia
coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa) and two
Gram-positive Bacillus subtilis (B. subtilis), Staphylococcus epi-
dermidis (S. epidermidis). Streptomycin was used as a positive

o
i) Mixing (1:2), RT

Hg(CH3COO0): + Ho E—
1mM in DMF OH

ii) Sonication,5 min

Succinic Acid
2mM in DMF

Hg(IT)-Metallogel (Hg-SA)

Fig. 1 Schematic of the synthetic route of the Hg(i)-metallogel (Hg-
SA).
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control. Its broad-spectrum activity against both Gram-positive
and Gram-negative bacteria, including rare strains, makes it
reliable for demonstrating antibiotic efficacy in a zone of inhi-
bition assay. Each bacterial inoculum was evenly spread using
a sterile cotton swab on TGE (tryptone, glucose, yeast extract, all
at 1%; pH 6.5) agar plates. Agar plates were spotted with 10 pL of
each metallogel suspension. The plates were incubated at 37 °C
for 24 hours and inspected for distinct inhibitory zones. The
experiment was carried out in triplicate.

3. Results and discussion
3.1 Rheological analysis

The semi-solid nature of the Hg-SA metallogel was character-
ized using rheological analysis, focusing on angular frequency
and strain-sweep measurements. The storage modulus (G') was
found to be significantly higher than the loss modulus (G”),
confirming the material's gel-like properties. Rheological data
revealed that the Hg-SA metallogel maintained a higher storage
modulus (G’ > 10> Pa) compared to the loss modulus (G") at
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a specific concentration of Hg(CH;COO), and succinic acid
((Hg(n)] = 554 mg mL™") (Fig. 2a). This indicates its semi-solid
nature and substantial tolerance. Strain-sweep measurements,
conducted at a constant frequency of 6.283 rad s *, showed that
G’ exceeded G” up to a critical strain of 0.03392%, indicating the
point at which the gel begins to break down. These results are
illustrated in Fig. 2b.

3.2 Microstructural study

Field emission scanning electron microscopy (FESEM) of the
Hg-SA metallogel revealed a rod-like hierarchical network
structure (Fig. 3a and b). This microstructural arrangement was
formed by combining Hg(OAc), and succinic acid in a DMF
medium, facilitated by constant sonication. The structural
integrity of the Hg-SA metallogel's network is likely due to the
predominant supramolecular interactions. Elemental compo-
sition mapping by EDX (Fig. 3c-g) confirmed the presence of
carbon (C), nitrogen (N), oxygen (O), and mercury (Hg) elements
from Hg(OAc),, succinic acid, and DMF molecules, which are
essential for the formation of the Hg-SA metallogel network.
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Fig.2 Rheological analysis of the Hg-SA metallogel: (a) graph illustrating the storage modulus (G') and loss modulus (G”) as functions of angular
-1

frequency; (b) strain-sweep analysis of the Hg-SA metallogel conducted at a constant frequency of 6.283 rad s

Fig. 3 FESEM images (a) and (b) highlighting the microstructural features of the Hg-SA metallogel. Elemental mapping images (c)-(g) displaying
the spatial distribution of key elements, including carbon (C), nitrogen (N), oxygen (O), and mercury (Hg), within the sample.
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Fig. 4 FT-IR spectra of the xerogel form of the Hg-SA metallogel.

3.3 FT-IR analysis of the Hg-SA metallogel

To characterize the synthesized Hg-SA metallogel, Fourier
transform infrared (FT-IR) spectroscopy was performed due to
its sensitivity to different functional groups. The FT-IR spectra
of the xerogel forms of Hg-SA metallogel reveal the supramo-
lecular interactions between succinic acid and the Hg(u) sour-
ces, which are responsible for the formation of the metallogel
(Fig. 4). In the Hg-TA metallogel, significant spectral absorption
bands include the O-H stretching of hydroxyl groups, visible as
a broad peak at 3550-3200 cm ™" (Fig. 4). The vibrational mode
at 2970 cm ! corresponds to the symmetric C-H bonds. The
carboxyl C=O0 stretching in the carboxyl group is associated
with peaks at 1650 cm™'. Vibrational modes associated with
peaks at 1550 cm ™, 1410 cm ™%, and 1290 cm ™ * represent N-O
stretching, C-N stretching, and C-O stretching, respectively.
Furthermore, a peak at 595 cm™ "' confirms the presence of the
Hg-O bond, strengthening the connection between succinic
acid and DMF-soluble mercury acetate.

Table 1 Antimicrobial activity of the Hg-SA metallogel®
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Fig. 5 Zone of inhibition observed in (a) E. coli, (b) P. aeruginosa, (c) B.
subtilis and (d) S. epidermidis in places spotted with 1 mM Hg(n)-
acetate. 2 mM succinic acid did not produce any inhibitory zones.

3.4 Inhibiting activity for pathogens

A high concentration of an antimicrobial substance inhibits
bacterial development, leading to a circular region without
bacterial colonies, termed the zone of inhibition. Synthesized
derivatives are promising when they match the control antibi-
otic's effectiveness. The result indicates that Hg-SA exhibits
potent antimicrobial activity against Gram-negative E. coli, P.
aeruginosa and Gram-positive B. subtilis, S. epidermidis (Fig. 6
and Table 1). The absence of an inhibition zone in plates
spotted with 2 mM succinic acid indicated that the antimicro-
bial activity observed with Hg-SA was not attributable to the
antimicrobial properties of succinic acid. However, given its
recognized antimicrobial properties, 1 mM Hg(u)-acetate
showed inhibitory zones against all four bacterial strains (zone
of inhibition: 10 mm against E. coli, 10 mm against P. aerugi-
nosa, 11 mm against B. subtilis, 10 mm against S. epidermidis)
(Fig. 5). But diameters of inhibitory zones are significantly
higher post-gelation (Fig. 6). It can be concluded that sonication
and gelation enhanced the antimicrobial activity, indicating
a strong connection between gel formation and increased
antimicrobial effectiveness.

Bacterial strain (s)

Zone of inhibition
(mm in diameter) against streptomycin

E. coli

P. aeruginosa
B. subtilis

S. epidermidis

20.5 £ 0.5
20.16 £ 0.28
20.33 £ 0.57
13.16 £ 0.28

Bacterial strain

Volume of metallogel

Concentration of Zone of inhibition

Metallogel (s) given (uL) metallogel (mg mL ") (mm in diameter)
Hg-SA E. coli 10 100 22.83 + 0.28

P. aeruginosa 10 100 27.33 £ 0.57

B. subtilis 10 100 23.53 + 0.50

S. epidermidis 10 100 20.16 + 0.5

“ +Standard deviation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Anti-microbial activity of Hg-SA against four pathogenic strains
(a) E. coli, (b) P. aeruginosa, (c) B. subtilis and (d) S. epidermidis. The
presence of clear areas signifies that bacterial growth was successfully
prevented. The metallogel gradually spread throughout the agar
medium and suppressed the bacterial growth.

The inherent toxicity of mercury, particularly in its ionic
form (Hg>"), is a well-documented challenge. To address these
issues, our study focuses on designing the Hg-SA metallogel as
a controlled-release system, where the release of mercury ions is
regulated by the molecular interactions within the gel network.
The gelation process, facilitated by the coordination between
Hg(u) and succinic acid, not only stabilizes the mercury ions but
also reduces their immediate bioavailability. This mechanism
allows for a sustained and localized antimicrobial effect while
minimizing systemic toxicity.

Additionally, the use of metallogels provides a distinct
advantage in that the material can be applied in a site-specific
manner, further reducing the likelihood of off-target effects.
The Hg(u)-based metallogel should be used only where systemic
exposure is negligible. For instance, in topical applications or
coatings, the metallogel can deliver its antimicrobial activity
precisely where it is needed, avoiding unnecessary exposure to the
surrounding healthy tissues. Unlike systemic treatments, which
are taken orally or injected and affect the entire body, topical
treatments target only the area where they are applied. Gels are
one of the common forms of topical treatments used for
dermatological issues. In our study, we have used four bacterial
strains, among which two (P. aeruginosa and S. epidermidis) can
cause skin infections in addition to other manifestations.**** In
the antimicrobial activity assay, the metallogel showed significant
inhibitory activity against these two pathogens. Considering the
potential toxicities of Hg, it is essential to focus on controlled
release and localized action when treating microbial infections.

Moreover, the concentration of Hg(u) in the metallogel is
kept deliberately low (1 mM in this study), balancing efficacy

5218 | RSC Adv, 2025, 15, 5214-5219
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and safety. To evaluate the viability of Hg(u)-based metallogels
for real-world applications, future studies must systematically
investigate their cytotoxicity profiles using in vitro and in vivo
models. Such studies would provide comprehensive insights
into the safety margins and potential therapeutic indices of
these materials. In addition, efforts can be directed toward
modifying the gel composition to further fine-tune the release
kinetics of Hg(u) ions or incorporating chelating agents that
neutralize excess mercury after exerting its antimicrobial
effects. While we acknowledge the concerns surrounding the
use of mercury-based materials, we believe that the novel design
and controlled functionality of the Hg-SA metallogel present
a promising approach for addressing microbial infections,
particularly in cases where conventional treatments fail due to
antibiotic resistance.

4. Conclusions

In conclusion, this study successfully synthesized an innovative
Hg(u)-based metallogel through a straightforward process
involving the direct mixing of mercury acetate and succinic acid
solutions, followed by ultrasonication at room temperature. The
metallogels demonstrated distinct morphological patterns,
confirmed by FESEM microstructural analysis and exhibited
robust mechanical stability as shown by rheological tests. FT-IR
spectroscopy provided insights into the potential intermolec-
ular interactions within the gel structures. Most notably, the
antibacterial assays highlighted the significant potential of
these metallogels as powerful inhibitors of harmful and lethal
bacteria. These findings suggest that Hg(u)-metallogels hold
substantial promise for diverse applications, particularly in the
biomedical and pharmaceutical sectors, where antimicrobial
properties are crucial. The synthesis protocol developed here
paves the way for future exploration, with the potential for fine-
tuning the material for specific applications. Interdisciplinary
collaborations could further enhance their integration into
practical solutions for healthcare, environmental protection,
and advanced materials science. This work offers a trans-
formative pathway for scientific and technological advance-
ments with broad implications for addressing critical societal
challenges.

Data availability

The data supporting the findings of this study are available
within the paper. If any raw data files are needed in a different
format, they are available from the corresponding author upon
reasonable request.
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