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Novel metallogels were synthesized using L(+)-tartaric acid as a gelator, along with cadmium(i)-acetate and
mercury(i)-acetate in N,N-dimethyl formamide at room temperature. Rheological analyses confirmed the
mechanical stability of Cd()- and Hg(i)-metallogels under varying conditions. Characterization through
EDX mapping and FESEM imaging provided insights into their chemical constituents and microstructural
features. FT-IR spectroscopy elucidated the metallogel formation mechanism. Antimicrobial assays
revealed significant activity against various bacteria, including Gram-positive and Gram-negative strains.
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Accepted 9th August 2024 This study presents a comprehensive exploration of Cd(i) and Hg(i)-based L(+)-tartaric acid-mediated
metallogels, highlighting their potential in combating bacterial infections. These findings suggest
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1. Introduction

Gel constitutes a three-dimensional lattice of polymers inter-
connected through cross-links, effectively trapping solvent
molecules with the aid of gelator molecules.* The synthesis and
design of gels are characterized by their unpredictability and
intrigue, often stemming from serendipitous formation
processes.” For instance, the identification of a gel can be ach-
ieved through a simple inversion vial test, where its ability to
maintain its structure against gravity is observed.* Various
forms of gel are ubiquitous in our daily lives, integrated into
a myriad of products such as shampoo, soap, contact lenses,
ointments, cosmetics, and countless others, underscoring their
diverse applications and indispensable role in everyday use.*
Gels can be divided into two categories based on their
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interactions: chemical gels,”> which form through robust cova-
lent bonding, and supramolecular gels,” which arise from the
self-assembly® of low molecular weight gelators (LMWGs).”
These LMWGS, with a molecular weight typically less than 3000,
utilize various non-covalent interactions such as m- stacking,®
hydrogen bonding,’” van der Waals forces,' hydrophilic and
hydrophobic interactions,”'* dipole-dipole interactions," ion—
dipole interactions,"” m-ring mediated interactions,"” and -
system based stacking.”® Effective gelators for supramolecular
gels include dibasic acids," urea,” modified amino acids,
carbohydrates,"”” amides,'® alkenes,” stearic acid," sorbitol,"”
fatty acids,” dendrimers,'” and more. The choice of solvent plays
a crucial role in triggering gel formation, influencing gel
morphology through factors like polarity, viscosity, and inter-
actions with ligands and metal ions. Both organic and inorganic
solvents can efficiently induce gel formation, depending on the
nature of the gelators.”* Water,”* alcohols,” dimethylforma-
mide,* dimethyl sulfoxide,*® 1,2-dichlorobenzene,** acetoni-
trile,* acetone,? toluene,?” dichloromethane,?® and deuterated
dichloromethane® are among the most effective solvents for
initiating supramolecular gel formation. Interestingly, solvents
themselves can sometimes act as gelator molecules.’>*
Through their weak non-covalent interactions, they can facili-
tate a reversible transition between the gel and sol phases,
influenced by external factors such as mechanical forces, pH,
temperature, and electrolytes.®> Supramolecular gels offer
intriguing potential across diverse fields such as drug delivery,*
tissue regeneration scaffolds,* catalysis,* soft robotics,*® and
environmental applications like pollutant absorption and
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controlled chemical release.®” These gels are particularly
attractive due to their characteristic properties such as self-
healing,*® responsiveness to stimuli,’ and shear-thinning
behavior.*

Supramolecular metallogels represent a specialized category
within the broader class of supramolecular gels, arising from
the self-assembly of metal ions or metal complexes with organic
ligands (LMWGs) to form intricate three-dimensional
networks.*® These networks are stabilized not only by typical
non-covalent interactions like hydrogen bonding,” ©-m stack-
ing," and van der Waals forces' but also by coordination
bonding interactions* between the metal centers and the
ligands.** The unique characteristics of supramolecular metal-
logels can be finely tuned by selecting specific metal ions and
ligands and by manipulating the surrounding environment.
Transition metal-based metallogels have garnered considerable
attention from researchers due to their cost-effectiveness,
accessibility, and enhanced ability to coordinate with organic
ligands. Numerous metallogels employing a variety of metal
ions such as Cu(u),* Ni(u),** Co(u),** Zn(u),* Fe(u/m),*” Cd(u),*®
Hg(n),” and Mn(u)** have been synthesized, showcasing their
versatility and potential applications. These metallogels find
wide-ranging utility in catalysis,* conduction,*” magnetism,*
redox reactions,* and nanoparticle templating,** owing to the
pivotal role of metals within the network structure. Ligands,
particularly dicarboxylic acids, play a crucial role in these
systems due to their strong interactions with transition metals.
The carboxylate groups in dicarboxylic acids coordinate with
metal ions, forming complexes that are essential for promoting
gelation. This makes dicarboxylic acids important in metallogel
research, as they are key drivers in the formation of metal-
ligand networks. Tartaric acid, an organic compound with two
carboxylic acid groups and two hydroxyl groups, is a particularly
effective low molecular weight gelator (LMWG). Its molecular
structure enables extensive hydrogen bonding, both intra- and
intermolecular, which facilitates the formation of stable
networks crucial for the gelation of solvents or co-solvents.*
Researchers have explored diverse applications of metallogels,
including chemotherapy,” photodynamic therapy,® cell
imaging,** and antibacterial activity,* leveraging the distinctive
properties conferred by different metal ions. A nanohybrid
metallogel comprising of peptide gel-based nanofibers and
silver NC/NPs have been reported to have potential antimicro-
bial activity.*® Supramolecular metallogel from suberic acid and
the metals nickel, zinc and cadmium are known to have
potential antibacterial efficiency.”® Ni(u) and Zn(u)-metallogels
have antibacterial property against various human pathogens.*”
Metallogel based on metal-phenolic coordination of natural
low-cost polyphenolic molecule and metal ions was found to be
effective as dressings for infected wounds.*® Previous studies
have reported the use of succinic acids,* oxalic acids,* and
adipic acids* in mediating gels with specific applications and
low toxicity. v(+)-Tartaric acid, known for its widespread use as
a flavoring and preservative in food and beverages, also serves
as an antibacterial agent and antioxidant.®>** Its unique prop-
erties enable the formation of high aspect ratio functional
supramolecular metallogels, further expanding the scope of
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potential applications. Recent research efforts have also high-
lighted the antibacterial activity of Cd(u)-based systems and the
significance of Hg(u)-directed materials in biological systems,
underscoring the diverse and promising avenues of exploration
in metallogel research.* > Conversely, there are documented
instances of Cd and Hg inducing cellular toxicity. Cd can
disrupt the cellular energy processes in human bone cells,
triggering oxidative stress through the generation of free radi-
cals and hindering the natural antioxidant defenses of the cell.*
The cytotoxic effects of Hg and Cd on human peripheral
immune cells became permanent after a significant amount of
time. The exposure of Hg and Cd causes serious destruction of
the cell membrane.®

Drawing inspiration from emerging trends, our research
delves into the impact of metallogel scaffolds on combating
pathogens. Specifically, we focus on the metallo-gelation
potential of 1(+)-tartaric acid with Cd(u) and Hg(u) sources in
N,N-dimethylformamide solvent under ambient conditions.
L(+)-Tartaric acid, a low molecular weight gelator (LMWG),
serves as the driving force behind the formation of two novel
supramolecular metallogels: Cd(u)-1-(+) tartaric acid metallogel
(Cd-TA) and Hg(u)-1-(+) tartaric acid metallogel (Hg-TA). To
assess the mechanical properties of the synthesized metal-
logels, we conducted rheological analyses. Additionally, we
utilized field emission scanning electron microscopy (FESEM)
to reveal the morphological patterns of the metallogels and
employed energy-dispersive X-ray (EDX) mapping investigations
to characterize the chemical constituents. The rampant use of
conventional antibiotics has led to the emergence of drug-
resistant organisms, necessitating the urgent development of
novel antimicrobial agents. Metallogel moieties present prom-
ising candidates for inhibiting bacterial growth, making them
particularly appealing in biomedical applications. The biolog-
ical applications of i(+)-tartaric acid further drive our investi-
gation into the anticipated bio-functionality of r(+)-tartaric acid
and various metal ion-based metallogel systems. Our current
efforts have demonstrated the anti-bacterial efficacy of r(+)-tar-
taric acid-based metallogels of Cd(u) and Hg(u), showcasing
their potential as innovative solutions in the fight against
microbial infections.

2. Experimental

2.1. Materials

Cadmium(u) acetate dihydrate (99.995%), mercury(u) acetate
(=98.0%), 1-(+) tartaric acid and DMF were obtained from
Merck Chemical Company and utilized without additional
purification. Dry DMF solvent was employed consistently
throughout the experimentation. Tryptone, p-(+)-glucose anhy-
drous, and Yeast Extract Powder were procured from Himedia.

2.2. Apparatus and measurements

The metallogel synthesis utilized the Phoenix Digital Ultrasonic
Cleaner PHUC-150. Rheological analysis was conducted using
a cone-plate rheometer from TA Instruments. Field emission
scanning electron microscope (FESEM) investigations were

RSC Adv, 2024, 14, 26354-26361 | 26355


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03451a

Open Access Article. Published on 20 August 2024. Downloaded on 11/21/2025 8:00:04 PM.

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

(cc)

RSC Advances

performed with a Carl Zeiss SUPRA 55VP FESEM instrument.
Scanning mode energy-dispersive X-ray spectroscopy (EDX)
studies were carried out using the ZEISS EVO 18 apparatus.
Topography analysis was conducted using an atomic force
microscope (Agilent Technology 5500) in noncontact mode with
a silicon tip. The FTIR spectrum of the metallogel was analyzed
using a JASCO FTIR 4700 spectrometer.

2.3. Synthesis of metallogels based on Cd(u)-L-(+) tartaric
acid (Cd-TA) and Hg(u)-L-(+) tartaric acid (Hg-TA)

The stable white Cd-TA metallogel was prepared by rapidly
mixing 500 pL of a cadmium acetate DMF solution (1 mmol,
0.266 gm) with 500 pL of i(+)-tartaric acid DMF solution
(2 mmol, 0.300 gm), followed by continuous ultrasonication in
a water bath for ten minutes (Fig. 1). Employing the same
synthetic procedure, the white stable Hg-TA metallogel was
prepared by mixing 500 pL of a mercury acetate DMF solution
(1 mmol, 0.318 gm) with 500 pL of 1(+)-tartaric acid DMF solu-
tion (2 mmol, 0.300 gm) and subjecting it to ultrasonication for
ten minutes (Fig. 1). This process induces the formation of
a supramolecular network via non-covalent interactions
between the metal ions (cadmium or mercury) and 1(+)-tartaric
acid in DMF solvent, resulting in the development of a stable
three-dimensional structure. Ultrasonication accelerates the
gelation process by enhancing the mixing and assembly of these
components (Fig. 1).

2.4. Determination of the minimum critical gelation
concentration (MGC) for Cd-TA and Hg-TA metallogels

We determined the minimal critical gelation concentration
(MGC) of Cd-TA and Hg-TA metallogels. To ascertain the MGC
of Cd-TA, we varied the concentrations of Cd(CH3;COO),-2H,0
and 1(+)-tartaric acid within a narrow range (10-566 mg mL %),
maintaining a constant molar ratio of 1:2 to form the Cd-TA
metallogel. A stable, white-colored metallogel, Cd-CA, was ob-
tained at a concentration of 566 mg mL ™' of Cd(i)-acetate salt
and L(+)-tartaric acid in DMF solvent. For the evaluation of the
MGC of Hg-TA metallogel, we varied the concentrations of
Hg(CH;COO0), salt and 1(+)-tartaric acid (10-618 mg mL™"). A
stable Hg-TA metallogel was formed at a concentration of
618 mg mL " of Cd(i)-acetate salt and 1(+)-tartaric acid in DMF
solvent.

OH
(2.0 mM in 500 ul DMF)

~ L(*)-Tartaric Acid /.

Cd-TA Metallogel

Hg-TA Metallogel

Fig. 1 Schematic representation of the synthetic route of Cd(i)-
metallogel (Cd-TA) and Hg(i)-metallogel (Hg—TA).
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2.5. Antimicrobial activity of metallogels

To test bacterial susceptibility to metallogels Cd-TA and Hg-TA,
both were suspended in MilliQ water at a concentration of
100 mg mL™'. The antibacterial activity was tested against
Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa),
Bacillus subtilis (B. subtilis) and Staphylococcus epidermidis (S.
epidermidis). As positive control, a conventional antibiotic
(streptomycin) was used. Using a sterile cotton swab, 100 pL of
each bacterial inoculum (log phase culture) was evenly and
independently placed over the solid surface of TGE (tryptone,
glucose, yeast extract, all at 1%; pH 6.5) agar plates. 10 puL of
each metallogel suspension was spotted across the surface of
agar plates. The plates were incubated at 37 °C for 24 hours. The
experiment was carried out in triplicates.

3. Results and discussion

3.1. Rheological analysis

To assess the mechanical stability of Cd-TA and Hg-TA metal-
logels, we conducted rheological analyses varying angular
frequency and strain. When the storage modulus (G') surpasses
the loss modulus (G”), it indicates a viscoelastic material. Both
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Fig. 2 (a) The graph illustrates the variation of storage modulus (G')
and loss modulus (G") of Cd(i) metallogel with angular frequency; (b)
strain-sweep measurements of Cd(i) metallogel were conducted at
a consistent frequency of 6.283 rad s .
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Fig. 3 (a) The figure depicts the relationship between the storage
modulus (G) and loss modulus (G”) of Hg(i) metallogel as a function of
angular frequency; (b) strain-sweep measurements of Hg(i) metallogel
were carried out at a steady frequency of 6.27997 rad s .

Cd-TA and Hg-TA metallogels exhibit semi-solid-like behavior
with G’ > G”, confirming their gel nature. Cd-TA metallogel
demonstrates high tolerance, evident in its average storage
modulus (G’ > 10° Pa) far exceeding its loss modulus (G")
(Fig. 2a). The strain-sweep measurement of Cd-TA metallogel at
a fixed frequency of 6.283 rad s™' is depicted in Fig. 2b. In
experiments with Hg-TA metallogel at a consistent concentra-
tion of Hg(CH;COO), salt and 1(+)-tartaric acid (MGC = 618 mg
mL 1), the storage modulus (G') significantly exceeds the loss
modulus (G”") (i.e., G > G") (Fig. 3a). This reaffirms the gel-like
structure and solid-like behavior of Hg-TA metallogel, as illus-
trated by the rheological data. Notably, the average storage
modulus (G') considerably outweighs the loss modulus (G”)
(Fig. 3a). Fig. 3b showcases a strain-sweep experiment con-
ducted on Hg-TA metallogel at a constant frequency of 6.27997
rad s, The results reveal that the critical strain, marking the
onset of gel breakdown for Hg-TA metallogel, occurs at a strain
of 0.45%, where G’ merges with G’ (Fig. 3b).

3.2. Study of morphology

The morphological characteristics of Cd-TA and Hg-TA metal-
logels were investigated using field-emission scanning electron
microscopy (FESEM) images. In the FESEM images of Cd-TA
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Fig. 4 (a and b) FESEM microstructural characteristics of Cd-TA
metallogel; (c—g) elemental mapping of Cd—TA metallogel reveals the
presence of C, N, O, and Cd elements.

Fig. 5 (a and b) FESEM microstructural analysis of Hg—TA metallogel;
(c—g) elemental mapping of Hg—TA metallogel confirms the presence
of C, N, O, and Hg elements.

metallogel, a distinct network resembling agglomerated rock-
like structures was prominent (Fig. 4a-d). This architecture
resulted from the interaction between Cd(CH;COO),-2H,0 and
L(+)-tartaric acid in a DMF medium, as observed in the FESEM
patterns. Supramolecular interactions between Cd(CH3;COO),-
-2H,0 and v(+)-tartaric acid in DMF facilitated the formation of
these microstructural networks. Elemental mapping through
energy-dispersive X-ray spectroscopy (EDX) confirmed the
presence of C, Cd, N, and O elements in Cd-TA metallogel
(Fig. 4e-i). Similarly, FESEM analysis of Hg-TA metallogel
revealed agglomerated nano-rod-like structures (Fig. 5a-d), with
EDX elemental mapping confirming the presence of C, N, O,
and Hg elements as the main constituents of Hg-TA metallogel
(Fig. 5e-i).

3.3. FT-IR analysis of Cd-TA and Hg-TA metallogels

To characterize the synthesized Cd-TA and Hg-TA metallogels,
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 Cd-TA and Hg-TA metallogels
reveal the supramolecular interactions between tartaric acid
and the Cd(u) and Hg(u) sources, which are responsible for the
formation of the metallogels (Fig. S1 and S2%). Functional
groups present in the material exhibit characteristic vibrations,

RSC Adv, 2024, 14, 26354-26361 | 26357
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serving as fingerprints for identification. These vibration bands
undergo shifts to shorter or longer wavelengths depending on
changes in the material's microenvironment.

In Cd-TA metallogel, significant spectral absorption bands
include the O-H stretching of hydroxyl groups are observed as
peaks at 3360 cm ™" and 3130 cm ™' (Fig. S11). The vibrational
mode at 2940 cm ' and 2800 cm " corresponds to symmetric
C-H bonds. The carboxyl C=0 stretching in the carboxyl group
is associated with peaks at 1720 cm ™. Vibrational modes linked
to peaks at 1630 cm ™', 1390 cm ™', and 1270 cm ™' represent
N-O stretching, C-N stretching, and C-O stretching, respec-
tively. Additionally, peaks at 985 cm ™", 1060 cm ™' indicates the
presence of the Cd-O bond, further confirming the connection
between 1(+)-tartaric acid and DMF-soluble cadmium acetate.®

Similarly, in Hg-TA metallogel, significant spectral absorp-
tion bands include the O-H stretching of hydroxyl groups,
visible as a broad peak at 3460 cm ™" (Fig. S21). The vibrational
mode at 2980 cm™ " corresponds to symmetric C-H bonds. The
carboxyl C=O0 stretching in the carboxyl group is associated
with peaks at 1730 cm™'. Vibrational modes associated with
peaks at 1610 cm ™', 1400 cm ™%, and 1260 cm ™ * represent N-O
stretching, C-N stretching, and C-O stretching, respectively.
Furthermore, a peak at 618 cm ™" confirms the presence of the
Hg-O bond, strengthening the connection between (+)-tartaric
acid and DMF-soluble mercury acetate. Please see the ESIT for
UV-vis absorption spectra of Cd-TA and Hg-TA metallogel as
Fig. S3 and S4.F

3.4. PXRD analysis of Cd-TA and Hg-TA metallogels

Powder X-ray diffraction was used to examine the nature of the
Cd-TA metallogel (Fig. 6a). At particular 26 values, the diffrac-
tion pattern showed twelve distinct sharp peaks: 11.16° 13.94°,
16.59°, 21.87°, 32°, 37.88°, 40.23°, 44.19°, 48.59°, 51.37°, 56.81°,
57.54°, 66.20° respectively. The sharp peaks show that the
synthesized chemical has a high degree of crystallinity. Cd
acetate monohydrate and r(+)-tartaric acid were found to be
present based on the room temperature XRD patterns. In
particular, the values of 26 were found to correlate to several
substances: 11.16°, 13.94°, 16.59° correspond to both
Cd(OAc),-H,0 and Cd(OAc),; tartaric acid was associated with
21.87°, 32°, 37.88°, 40.23% and other remaining peaks corre-
spond to DMF solvent.

Powder X-ray diffraction was used to analyze the Hg-TA
metallogel's composition (Fig. 6b). Twenty three distinct peaks
were visible in the diffraction pattern at particular 26 values:
11.59°, 14.97°, 16.89°, 17.76°, 21.59°, 23.05°, 25.25°, 27.30°,
29.22°, 33.18°, 34.50°, 36.40°, 38.16°, 42.43°, 46.09°, 50.49°,
53.72°, 56.96°, 59.75°, 61.22°, 63.57°, 71.20°, 73.25° respec-
tively. Among these peaks, sixteen peaks are sharp and other
remaining peaks were narrow. These sharp peaks show that the
produced chemical has a high amount of crystallinity. Tartaric
acid and Hg acetate monohydrate were found by examining the
room temperature XRD patterns. In particular, the values of 26
correlated with (Hg(OAc),-H,O) at 11.59°, 14.97°, 16.89°,
17.76°; (Hg(OAc),) corresponds to 21.59°, 23.05°, 25.25°, 27.30°,
29.22°; 1(+)-tartaric acid corresponds to 33.18°, 34.50°, 36.40°,
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Fig.6 (a and b) PXRD spectra of Cd—TA and Hg—TA metallogel in their
xerogel form.

38.16°,42.43°, 46.09°; and other remaining peaks correspond to
DMF solvent.

3.5. Inhibiting activity for pathogens

Introducing metal components into gel matrices is an efficient
technique for developing soft materials with an enhanced
antimicrobial activity. Recent developments in natural and
synthetic hydrogels have either inherent antibacterial charac-
teristics or they may also act as an antibiotic carrier. Given the
misuse of antibiotics and other antimicrobial drugs, metallogel
may be a feasible alternative to current antibiotic therapy.

Fig. 7 shows the antimicrobial activity of Cd-TA and Hg-TA
against four pathogenic strains (a) E. coli, (b) P. aeruginosa, (c) B.
subtilis and (d) S. epidermidis. Clear zones indicate effective
inhibition of bacterial growth. Over time, metallogels diffused
into agar medium and inhibited the growth of the bacteria.
Table 1 shows the effectiveness of streptomycin (positive control
antibiotic), Cd-TA, and Hg-TA against four different bacterial
strains. The size of the clear zone around each treatment (in
millimeters) indicates how well it inhibits bacterial growth. The
antibacterial potency of Hg-TA was determined to be higher
than that of Cd-TA. The formation of inhibitory zones following

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Antimicrobial activity of Cd—TA and Hg—TA against four path-
ogenic strains (a) E. coli, (b) P. aeruginosa, (c) B. subtilis and (d) S.
epidermidis.

Table 1 Antimicrobial activity of metallogels”

Zone of inhibition against

Bacterial strain (s) streptomycin (mm in diameter)

E. coli 16.83 £ 0.76
P. aeruginosa 20.16 £+ 0.28
B. subtilis 20.83 £ 0.76
S. epidermidis 11.5 £ 0.5

Zone of inhibition

Volume of Concentration (mm in diameter)
Bacterial metallogel of metallogel
strains (s)  (uL) (mg mL™") Cd-TA Hg-TA
E. coli 10 100 16.5 £ 0.5 24.83 £ 0.28
P. aeruginosa 10 100 18.83 £ 0.76 32.5 + 0.5
B. subtilis 10 100 23.5 + 0.5 25.83 £0.76
S. 10 100 12.33 £ 0.76 21.16 £ 0.76
epidermidis

“ 4 standard deviation.

contact with metallogels suggests that they have the potential to
be utilized as broad-spectrum antimicrobial agents. In antimi-
crobial susceptibility test, the zone of inhibition around the
positive control antibiotic serves as a benchmark to evaluate the
effectiveness of synthesized derivatives. On an agar plate,
a substance with antimicrobial properties creates a clear zone
around itself. This zone indicates the area where the substance
stops bacterial growth. Synthesized derivatives are considered
promising if their zones of inhibition are comparable with the
control antibiotic. A smaller inhibition zone compared to
streptomycin does not negate the antimicrobial properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesized derivatives. They still possess antimicrobial activity,
just less potent than streptomycin at this specific concentration.
But this may be very useful for controlled drug treatment, where
a relatively low inhibitory drugs are required.

4. Conclusions

In summary, this study successfully synthesized innovative
metallogels by directly mixing cadmium acetate dihydrate and
mercury acetate solutions with i(+)-tartaric acid, followed by
ultrasonication at room temperature. FESEM analysis revealed
distinct morphological patterns in Cd(u) and Hg(u)-based met-
allogels. Rheological tests confirmed their mechanical stability,
while FT-IR spectroscopy provided insights into potential
intermolecular interactions within the gel structures. Both
Cd(u) and Hg(u)-metallogels showed significant potential in
inhibiting harmful bacteria, as demonstrated by antibacterial
assays, particularly in biomedicine and pharmaceuticals. These
materials offer innovative solutions for combating bacterial
infections and addressing critical healthcare challenges. The
developed synthesis protocol holds promise for further explo-
ration and application. Overall, this study offers a trans-
formative pathway for advancements in science and technology,
with far-reaching societal benefits.
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