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The increasing prevalence of antibiotic-resistant bacterial pathogens has created an urgent need for developing
new antimicrobial materials with improved efficacy and safety. In this study, novel thiadiazole-based
poly(acrylic acid-co-acrylamide) hydrogels incorporated with silver nanoparticles (AgNPs) were synthesized
and investigated as potential antibacterial agents. A series of 2-amino-5-substituted-1,3,4-thiadiazole
derivatives containing ortho-chloro, meta-chloro, phenyl, and para-nitro groups were prepared and introduced
into acrylic acid/acrylamide hydrogel networks through emulsion polymerization. The prepared hydrogel
composites were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA) to evaluate their structural, morphological, and thermal properties. The
antibacterial activity of the synthesized composites was examined against multidrug-resistant clinical isolates
of Staphylococcus aureus and Klebsiella pneumoniae using agar well diffusion and minimum inhibitory
concentration (MIC) assays. The results demonstrated that the AgNP-loaded hydrogel composites exhibited
significant antibacterial activity, with the effectiveness depending on the chemical structure of the thiadiazole
substituent. The meta-chloro, phenyl, and para-nitro derivatives showed strong inhibitory effects against S.
aureus, whereas the ortho-chloro derivative exhibited the highest activity against K. pneumoniae. The MIC
results revealed that the ortho-chloro composite achieved the strongest activity against K. pneumoniae with
an MIC value of 16 pg/mL, while the meta-chloro composite showed improved activity against S. aureus with
an MIC value of 32 pg/mL. Cytotoxicity assessment indicated good compatibility at concentrations up to 64
pg/mL, with toxicity increasing at higher concentrations. These findings suggest that thiadiazole-
functionalized AgNP hydrogel composites are promising candidates for future antimicrobial and biomedical
applications.

1 INTRODUCTION

Bioactive materials and specially ones with
antibacterial activity are drawing a lot of attention
from medical community [1]. These may consist of a
wide range of material types, using metallic elements,
polymeric structures and antibacterial agents [2]. Due
to their excellent properties, Hydrogel are among the
most widely used biomaterials in modern medical and
scientific fields, with applications ranging from
contact lenses and drug carriers to medical implants,
tissue engineering, integrated cancer diagnostics and
treatment [3]. Furthermore, the removal of heavy
metallic ions [4], supercapacitors [5]. In this context,
hydrophilic polymers serve as the foundation for
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preparing hydrogels, which are materials known for
their capability to uptake and hold significant volume
of water. These materials constitute a significant
category, described as hydrophilic Hydrogel
networks with the ability to absorb and hold
substantial quantities of water or biological fluids,
without maintaining their structural stability [6].
Hydrophilic hydrogels are commonly stabilized
through covalent (chemical) or non-covalent
(physical) bonds that give rise to both the physical
and chemical diversity of hydrogels and contain
functional groups such as hydroxyl, carboxyl, amide,
sulfonic acid, and amine [7], [8]. Hydrogels have
become a subject of considerable research, with the
greatest challenge remaining the development of
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hydrogels  possessing  excellent — mechanical
properties, self-adhesion capabilities, and resistance
to deformation [9], [10]. Polyacrylic acid-based gels
are widely used for these purposes. However, they are
often modified with synthetic or natural polymers,
and through copolymerization, which means [11].
Polyacrylic Acid Hydrogels may not meet the
necessary mechanical strength requirements for
practical  applications, thus limiting their
effectiveness [12]. Therefore, it has become
necessary to combine them with monomers such as
acrylamide to form networks capable of highly
efficient water absorption [13]. Recent studies
indicate that incorporating heterocyclic units into
polymer structure gives polymers advanced
functional properties. Functional polymers contain
non-carbon atoms such as N and S within their basic
structure, which contributes to improved reactivity
and performance in advanced applications [14]. Since
macromolecules including enzymes, vitamins,
natural products, bioactive compounds, play an
important role in these applications, which are
important branches of medicinal chemistry [15]. In
this context, Thiadiazole systems attract substantial
focus due to their diverse spectrum of biological
effects, especially antimicrobial activity, as well as
their low toxicity, biostable properties, and mesoionic
nature, which gives them good cellular permeability
and a high reactivity with biomolecules such as
proteins and nucleic acids [16], [17]. The 1,3,4-
thiadiazole derivatives derive their biological
importance from being biosimilars, (Bio isosteres) of
pyrimidine bases, giving them the ability to inhibit
DNA replication [18]. Their messianic nature also
contributes to facilitating cell membrane crossing and
improving oral absorption and bioavailability, thus
enhancing their binding accuracy to biological
targets [19]. Silver nanoparticles (Ag- NPs) have high
and broad-spectrum antiviral and antimicrobial
properties, even against virulent and drug-resistant
strains, and had been defined as an anti-inflammatory
agent [20]. Research has also started studying
anticancer properties of silver nanoparticles [21],
[22]. Depending on the material of carrier silver ions,
reactive oxygen species or adsorption of
nanoparticles could be the mechanism of
antimicrobial action [23]. The efficacy of these
strategies has been demonstrated when incorporated
into nanofiber technologies. demonstrated the
efficacy of silver poly (vinyl alcohol)/zeolite fibers
against Klebsiella pneumoniae and Staphylococcus
aureus due to their large surface area [24]. Poly
acrylamide  hydrogels  doped  with  silver
nanoparticles [25]. Antibacterial activity of a silver
nanocomposite of palm resin and poly acrylamide
were investigate for their antibacterial activity [26].
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Tea Polyphenol—Poly (acrylic acid) Hydrogels doped
with silver nanoparticles were served as Cytotoxicity
materials [27].

2 EXPERIMENTAL
PROCEDURES

2.1 Materials and Chemicals

Acrylic acid, 98% (C3H402) (AA), acrylamide
(GsHsNO, 99%), sodium dodecyl sulfate (SDS,
Ci12H25S04Na, 97%), (2-chloro, 3- chloro ,4- nitro)
benzoic acid (CéHs—R—COOH), phosphorus
oxychloride (POCl;, 99%), thiosimcarbazide
(CHsNsS, 98%), potassium persulfate (KPS,K2S:20s,
98%), sodium hydroxide (NaOH, 45%), hydrochloric
acid (HCl, 37%), Potassium  Hydroxide
(KOH,99.9%), dimethyl sulfoxide (DMSO, 97%),
tetrahydrofuran (THF, 99%), methanol (CHsOH,
99.9%), Silver nitrate (AgNOs,100 %), Sodium
borohydride (NaBH4,100 %).

2.1.1 Materials for Biological Activity

Staphylococcus aureus and Klebsiella pneumoniae
were used as test bacteria. The culture medium use
includes blood agar, Mueller-Hinton agar, and broth
made from brains and hearts. For bacterial density
standardization Biomereriex and McFarland 0.5
solutions were used. They experimented with
multiple polymers and nanocomposites. Components
of the chemical mixture consisted of 0.01%w/v
Rezasurin, Triton X-100 (0.1%), and sodium chloride
(0.9%), which was isotonic saline. It consisted of a
centrifuge, incubator (35-37 °C), spectrophotometer
(540 nm), sterile Petri dishes, swabs, cork drills, 96-
well microplates, and a steam sterilizer (121 °C, 15

psi).
2.1.2 Instrument

The recording of infrared spectra of hydrogels and
compounds (A1-A4) with a range of frequencies
between 400-4000 cm™ was accomplished by KBr
disc method with a SHIMADZU IR Affinity
spectrometer. 'H-NMR studies of compounds (Al-
A4) were recorded on a Burker Ultra Shield
spectrometer with a 500 MHz magnet in DMSO-d6
using TMS as a reference. The absorbance of
chemicals (A1-A4) and the recorded hydrogels was
measurements in the SHIMADZU-1700 dual-band
UV-Vi spectrometer, with a quartz cell and KOH as
the solvent. Hydrogels were analyzed
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thermogravimetrically with a Rheometric Scientific
TGA-1000. The hydrogels produced (silver) were
characterized spectroscopically wusing a Zeiss
(FESEM): TESCAN, MIRA3, China scanning
electron microscope. XRD was performed using a
Cu-Ka spectrometer Philips instrument PW 1730 X-
ray spectrometer, Netherlands. The settings used to
operate this instrument were: 30kV, 20 mA, and 80 °
—20°=10°. XRD study was performed using CuKa
radiation A = 0.15406 nm.

2.1.3 Synthesis of 1,3,4-Thiadiazole
Compounds

10 mL of POCl; was dissolved in 100mL flask and
then added 0.01 mol of substituted benzoic acid and
0.01 mol of thiosemicarbazide. The mixture was
heated for three hours before adding 30 mL of
distilled water, after which the reaction was heated for
a further four hours. A total of 10% of the mixture
was added to neutralize at a pH of 6. Then we filtered
the solution to obtain the chemicals we needed
filtered, washed the precipitation several times by
distilled water and dried [28].
= 2-amino-5-(2-chlorophenyl)-1,3,4-thiadiazole
(Al). Yellowish crystalline powder, yield
(80%), m.p 213-215°C, Rf=0.39; F.T-IR (KBr
disk, cm™) 3283-3136, 3071, 1624, 1593, 1427.
= 2-Amino-5-(3- chlorophenyl)-1,3,4-
thiadiazole (A2). Pale yellow powder, yield
(81%), m.p 215-217 °C, Rf = 0.40; F.T-IR
(KBr disk, cm) 3290-3125, 3063, 1624,
1574,1458.
= 2-Amino-5-(phenyl)-1,3,4-thiadiazole ~ (A3).
Light powder, yield (95%), m.p 224-226°C, Rf
= 0.33; F.T-IR (KBr disk, cm™) 3275-3086,
3062, 1631, 1581, 1442.
= 2-Amino-5-(4-nitrophenyl)-1,3,4-thiadiazole
(A4). Yellow powder, yield (95%), m.p. 257—
261 °C, Rf = 0.52; F.T-IR (KBr disk, cm™)
3360-3300, 3090, 1637, 1595, 1520,1345.

2.1.4 Synthesis of Hydrogels (oCIT-g-
AAcAm, mCIT-g-AAcAm, PT-g-
AAcAm, pNT-g-AAcAm)

Synthesis of hydrogels that were prepared using
emulsion  polymerization.  Substituted  1,3,4-
thiadiazole derivatives (0.5 g) were first dissolved in
acrylic acid (5 mL) with continuous stirring, gently
heating where necessary. Acrylamide (5 g) was then
added to system to the previous mixture. were
dissolved under stirring and with mild heating when
necessary. After dissolving all components, 20 mL of
a 0.0l g/mL sodium dodecyl sulfate (SDS) was
added, and then 20 mL of distilled water. Stir
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continuously until an emulsification of homogenous
texture is obtained. The reaction mixture (H2O) was
then heated to 70 °C, potassium persulfate (KPS)
(0.02 mol) was added to the mixture as the initiator.
After polymerization was complete, the resulting
polymer was isolated and repeatedly washed with
distilled water and methanol to yield the final
hydrogel.
= oCIT-g-AAcAm: color Pale yellow, F.T-IR
(KBr, vmax, ecm™) 3650-2925(0-H), 3448-
3360(NHz), 3086 (CHaromat),2916-2870(C-
Haita),1716(C=0), 1624(C=N),1545 (C=C), !
H-NMR (DMSO0-d®:5 10.7ppm (1H, COOH), &
7.2-7.6 (Ar—H), 6 (6.4) ppm (2H,NH2) 6 2.6(H,
CH),2.5-3 (2H, CH:2 of polymer chain).
= mCIT-g-AAcAm: color white, F.T-IR (KBr,
vmax, cm') 3642-2865 (O-H), 3423-3393
(NH2), 3122  (CHaromat),2992-2875  (C-
Hai), 1735 (C=0), 1655 (C=N),1553 (C=C), !
H-NMR(DMSO-d® :5 10.7 ppm (1H, COOH),
$7.2-7.6 (Ar-H), 6 (6.4) ppm (2H,NH2) 6 3.1
(H, CH),2.5 (2H, CH: of polymer chain).
=  PT-g-AAcAm: color Pale yellow, F.T-IR (KBr,
vmax, cm') 3645-2890(0-H), 3455-
3356(NH2),3072  (CHaromat),2954-2870  (C-
Haita),1714 (C=0), 1618 (C=N),1541(C=C), !
H-NMR(DMSO-d*® :5 10.5 ppm (1H, COOH),
8 7.9-8.4 ( Ar-H), 6 (4.4) ppm (2H,NH>) 62.7
(H, CH),1.8 (2H, CH: of polymer chain).
=  pNT-g-AAcAm): color brown, F.T-IR (KBr,
vmax, cm™') 3633-2922 (O-H), 3423-3350,
(NHZ), 3095 (CHaromat), 2930-2848 (C-Halfa),
1714(C=0), 1622 (C=N),1547 (C=C), ! H-
NMR (DMSO-d®:8 10.6ppm (1H, COOH), &
7.7 -8 ( Ar-H), 6 (6.3) ppm (2H,NH2) 64.4 (H,
CH), 1.8 (2H, CH: of polymer chain).

2.1.5 Solubility of Hydrogels

The prepared hydrogels were dissolved in 0.1 g
portions of each hydrogel specimen and added to 20
mL of various solvents, including dimethyl sulfoxide
(DMSO), tetrahydrofuran  (THF), N, N-
dimethylformamide (DMF), water, methanol, 10%
w/v potassium hydroxide solution, and 10% w/v
hydrochloric acid solution. The samples were
immersed in the solvents 24 hours at room
temperature, after which their solubility was
evaluated by visual inspection. The results were
recorded as dissolved or insoluble.

2.1.6 Swelling of hydrogels
10 mL of distilled water and methanol were carefully

added to dry hydrogel (0.1 g). The swelling property
was studied through the change in weight of hydrogel
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at0, 6,9, 12 and 24 h. After each step, samples were
removed from the liquid medium, dried on filter paper
(to remove excess liquid) and weighed to provide the
mass of the swollen hydrogel (Ws). The swelling

percentage of the hydrogels was determined
according to the following equation:
. Ws - Wd
Swelling Percentage (%) = ———— X 100.

Wy

Where: Ws: Weight of the hydrogel after
swelling, Wd: Dry weight of the hydrogel.

2.1.7 Synthesis of Silver Nanoparticles

Silver nanoparticles were synthesized using a
chemical reduction method. 2 g of silver nitrate
(AgNOs) were dissolved in 25 mL of deionized water
by continuously stirring in a 100 mL beaker. In
another beaker, 1 g of sodium hydroxide (NaOH) was
weighed, dissolved in 25 mL of deionized water, and
then transferred to a burette. The silver nitrate
solution was slowly poured into the sodium
hydroxide solution at a stirring temperature of 70 °C,
continued until the solution became dark brown
which indicates agglomeration of silver nuclei silver.
After the addition, the solution was sonicated for 10
min to achieve better homogeneity. Followed by the
addition of 0.472 g of sodium borohydride (NaBH4)
(molecular weight = 37.83 g/mol), to ensure that
reduction was complete, to the solution whilst stirring
at 70 °C for 2 h. The precipitate was filtered using the
corresponding filter paper for the product, then dried
and crushed. The precipitated product was then dried,
and the dried product was calcined in an oven to
obtain silver nanoparticles (600 °C for 3 hours).

2.1.8 Synthesis of the Polymer Nano-Ag
Composites

1 g silver nanoparticles were added to solutions of 1
g of each hydrogel to 1000 ml of water containing
1000 ppm of the produced polymers and 1000 ppm of
the silver solution. To obtain a homogeneous
composite, the solution was exposed to ultrasonic
waves for lhr, as depicted in scheme 1.

2.3 Antimicrobial Activity

2.3.1 Screening of the biological activity of
hydrogels

Two types of clinical isolates were used and were
identified using the VITEK 2 system. This is
considered a preliminary screening. Staphylococcus
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aureus and Klebsiella pneumoniae isolates were
cultured on blood agar. The bacterial suspension
density was standardized using the McFarland 0.5
standard for turbidity. BioMérieux precipitating
solution producing approximately 1.5 x 10? cells/ml.
Preparation of Muller-Hinton agar 38 g of Muller
Hinton medium was added to 1 L of distilled water
and sterilized in an autoclave at 121 degrees Celsius
15 pressure points for 15 minutes.

The agar was then autoclaved and poured into
sterile Petri dishes before use. The antibacterial
activity of the polymers was evaluated using agar
well diffusion. The bacteria were transferred to Brain
Heart Infusion broth and incubated at 37°C for 18-24
hours. The bacterial suspension was then adjusted
according to the McFarland criteria. The bacterial
solution was spread in Muller-Hinton agar plates
using a sterile brush and the wells were made in the
medium using a sterile cork drill. To each well, 100
pL of testing material at different concentrations
(100, 50, 25) pg/mL previously conditioned, was
added. Antibacterial activities were determined by
measuring the widths of the inhibition zones formed
around the wells, these were incubated overnight.

2.3.2 MIC Determination by Microplate -
(MTP)

The MICs of the experimental compounds were
studied in microtiter plates (96 wells) using the
sequential dilution method in liquid medium. A
standard bacterial suspension (approximately 5 x 10°
CFU/mL) was added to each well, and the compounds
were diluted in Mueller-Hinton broth as sequential
binary serial dilutions. The suspension was diluted to
the final volume of 200 pL and the plates were
incubated at 35-37 °C for 18-24 hours followed by
treating each well with 0.01% w/v resazurin solution
and further incubation for an additional 1-3 hours.
Subsequently, the minimum inhibitory concentration
of the compound was defined as the lowest
concentration where the color of the test sample
(inside the well) in respect to the positive control
sample was not changed after incubation stayed blue
instead of pink.

2.3.3 Assay for Hemolytic Toxicology based
on Fragility of Red Blood Cells

The solubility of the nanocomposites was assessed
using the red blood cell fragility test, following the
method described by Dodge et al. (1963) with minor
modifications. Fresh human red blood cells were
rinsed three times with isotonic solution saline
(sodium chloride,0.9%) and resuspended to a
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hematocrit of 2 Equal volumes of the red blood cell
suspension and composite solutions were combined

lysed in distilled water. Then the percent hemolysis
was calculated using the formula:

and incubated at 37°C for 1 hour. After
centrifugation at 1500 rpm for 10 minutes, Complete
hemolysis (positive control) was determined using
0.1% Triton X-100, and isotonic saline was used as
the negative control. The contents of the hemoglobin
in the supernatants were measured at 540 nm by
photometric analysis. 100% was then defined as the
amount of hemolysis absorbed from erythrocytes

Abss’umplc

Abscr)lhro«:_\‘[m in water

Haemolysis(%): x 100

Where A represents the absorption measured at
540 nm. 0-9% non-toxic, 10-49 % slightly toxic, 50-
89% toxic, 90-100% highly toxic.
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Figure 1: Schematic illustration of nano-Ag composites production with respect to the hydrogel.
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3 RESULTS AND DISCUSSION

3.1 2-Amino-5-Substituted Phenyl-
1,3,4- thiadiazole (A1-A4)

The hydrogels were obtained from a mixture of
thiosemicarbazide and the correct carboxylic acid that
was refluxed (A1-A4) with POCls. Acrylamide was
dissolved in a mixture of derivatives (A1-A4) that
were previously dissolved in acrylic acid. The net
mixture was polymerized by the addition of KPS as
an initiator using emulsion polymerization (oCIT-g-
AAcAm, mCIT-g-AAcAm, PT-g-AAcAm, pNT-g-
AAcAm. New composites were prepared by mixing
the polymers with a nano silver (oCIT-g-AAcAm-
nano-Ag, mCIT-g-AAcAm-nano-Ag, PT-g-AAcAm-
nano-Ag, pNT-g-AAcAm-nano-Ag respectively. The
composites were tested as antimicrobial for two
antibiotics resistant classified bacterial strands
(Staphylococcus aureus) and bacteria (Klebsiella
pneumoniae). The results showed that the composites
high (mCIT-g-AAcAm-nano-Ag, PT-g-AAcAm-
nano-Ag, pNT-g-AAcAm-nano-Ag) and moderate
(oCIT-g-AAcAm-nano-Ag, activity against the
bacteria (Staphylococcus aureus), (oCIT-g-AAcAm-
nano-Ag) was highly active against (Klebsiella
pneumoniae).

3.2 Characterization
Thermogravimetric Analysis of
Hydrogels (TGA)

Thermogravimetric analysis (TGA) was utilized to
investigate the thermal properties. The TGA analysis
of hydrogel is presented in Figure2. The weight loss
from the hydrogel was in three different stages of
decomposition. About 15% weight loss occurred in
the temperature range of 100-280°C and may be due
to loss of water molecules trapped in the gel network.
The second important degradation stage for the
hydrogels detected in the range of 280-520°C and
related to 45% of weight losses were assigned to the
decomposition of carbonyl, NH., and COOH
functional groups. The third stage, which includes
thermal treatment in the range of 520-650°C,
indicated a quick weight loss of approximately 90%
with respect to the original weight and was ascribed
mainly to the dehydration of the polymeric network,
depolymerization of the copolymer chains, and
fragmentation of the hydrogel network into small
carbonaceous molecules. Heating in excess of 650°C
showed no further loss in weight.
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3.3 Characterization of hydrogels by
XRD

X-ray diffraction, or XRD, is one of the most
important methods to analyze hydrogel in terms of
crystallization and phase composition after
preparation. Relative crystallinity of the composite
hydrogel was determined by XRD after successful
synthesis. Diffraction patterns in the range 10-80°
were collected with a Siemens D500 X-ray
diffractometer equipped with Cu Ka radiation. X-ray
diffraction (XRD) pattern provides essential insights
into the crystallinity of the hydrogel. Sharp and
intense peaks typically denote a high degree of
crystallinity, whereas broad halos are indicative of an
amorphous structure. As shown in the X-ray results
in Figure 3 a-e, no sharp peaks were detected. Instead,
the hydrogel exhibited a broad peak at a value
between 15° and 22°, confirming the amorphous solid
of the prepared hydrogel.

3.4 Swelling of Hydrogels

The swelling rates in water and methanol depended
upon the composition and crosslinking density of the
hydrogels, demonstrating their potential for
bioregulatory functions and controlled drug release
(Fig. 4 and 5).

3.5 Study of Silver Nanoparticles is
Composed of Hydrogel using a
SEM

The scanning electron microscope images reveal that
a hydrogel exhibits an irregular porous three-
dimensional network structure formed by the cross-
linked polymer chains (Fig. 5).

This porous morphology provides suitable sites
for the incorporation of nanoparticles. After loading
silver nanoparticles, small spherical or spherical
particles are observed on the surface of the hydrogel
matrix.

3.6 Antimicrobial Activity

3.6.1 Isolation and Diagnosis

The pathogenic bacterial isolates were identified,
which were obtained from burn and wound patients
hospitalized at Baquba Teaching Hospital, and were
diagnosed using the VITEK 2 system. The results
showed that first isolate Staphylococcus aureus
bacteria are resistant Benzyl penicillin, Oxacillin and
second isolate, Klebsiella pneumoniae, was resistant
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to the following antibiotics:  Ampicillin,
Piperacillin/Tazobactam, Cefazolin, Ceftazidime,
Ceftriaxone, Cefepime, Imipenem, Ciprofloxacin,
Nitrofurantoin, Levofloxacin and Amikacin patterns
to various antibiotics, along with limited
susceptibility to certain agents, These findings
indicate that the bacterial isolated Klebsiella
pneumoniae can be classified as multidrug resistance
to antibiotics These results are consistent with the
study [29].

3.6.2 Detection of the Antimicrobial Activity
Hydrogels

The preliminary detection results shown in Table 1
and Figure 4 showed the biological activity where
Staphylococcus aureus bacteria showed that the
(HG1) hydrogel dissolved in DMSO, the hydrogel
showed moderate activity against the bacteria, and the
water-soluble hydrogels (HG2), (HG3), and (HG4)
showed high inhibitory activity against bacteria at all
concentrations (1000, 500, 250 ug/mL). As for the
bacteria Klebsiella pneumoniae, the hydrogels (HG1)
showed inhibitory activity at all concentrations
(1000,500,250 pg/mL), while the other hydrogels did
not show any inhibitory activity against the bacteria.

120
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nano-Ag hydrogel (Fig. 6 and 7).

3.6.3 Minimum Inhibitory Concentration
(MIC)

The resistant isolates under study were subjected to
the Minimum Inhibitory Concentration (MIC) test for
the hydrogel (HG1, HG2, HG3 and HG4) shown in
Table 2 shows the MIC values obtained using
successive concentrations (1024,512,256 128, 64, 64,
32 and 16) pg/mL with Mueller-Hinton-Broth
medium. The results of (MIC) assay shown
in Table 2 revealed a clear difference in antibacterial
potency across the prepared polymers. The hydrogel
(HG1) exhibited a higher antibacterial effect against
Klebsiella pneumoniae, with a minimum inhibitory
concentration value of 16 pg/ml, indicating high
efficacy in inhibiting the growth of this Gram-
negative bacterium. This result suggests possible
interaction between the chemical structure of the
compound and the bacterial outer membrane,
enhancing its penetration and growth-inhibiting
effect.
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Figure 2: TGA pattern of hydrogel.
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Figure 4: The swelling percentage of hydrogels in water after preparation.
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Figure 5: The swelling percentage of hydrogels in Methanol after preparation.
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Figure 6: SEM morphology of: a) (0CIT-g-AAcAm-nano-Ag), b) (mCIT-g-AAcAm-nano-Ag), ¢) (PT-g-AAcAm-nano-Ag),
d) (PNT-g-AAcAm-nano-Ag).
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Figure 7: Growth inhibition zones of synthesized graft copolymers/nano-silver particles against S.aureus and K.pneumoniae
determined by agar well susceptibility assay (250-1000 pg/mL): a) (oCIT-g-AAcAm-nano-Ag), ¢) (PT-g-AAcAm-nano-Ag),
d) (mCIT-g-AAcAm-nano-Ag), e) (pNT-g-AAcAm-nano-Ag).

Table 1: Summarizes the preliminary results of polymer screening.

S. aureus K. pneumoniae
Concentration (pg/ml) 100 50 25 C. 100 50 25 C.
oCIT-g-AAcAm-nano-Ag (mm) 6 5 5 0 9 5 3 0
mCIT-g-AAcAm-nano-Ag (mm) 9 8 6 0 0 0 0 0
PT-g-AAcAm-nano-Ag (mm) 10 8 7 0 0 0 0 0
pNT-g-AAcAm-nano-Ag (mm) 9 7 5 0 0 0 0 0
Regarding the  Gram-positive  bacterium

Staphylococcus aureus, the hydrogel (HG2) showed
relatively better activity, with a minimum inhibitory
concentration value of 32 pg/ml, compared to the
other compounds (HG1, HG3), and (HG4), which
registered 64 pg/ml, reflecting moderate antibacterial
activity. This difference in efficacy may be ascribed
to the structural characteristics of the Gram-positive
bacterial cell wall. and the varying permeability of the
compounds to or bind with cellular components.
Overall, it can be concluded that the hydrogel (HG1)
is the most effective among the tested hydrogel,
particularly against Gram-negative bacteria, while the
hydrogel (HG2) shows promising activity against S.
aureus, suggesting an influence of structural
composition on biological efficacy.

Table 2: The minimum inhibitory concentration using the
ELISA apparatus.

Agent Bacteria MIC
K.
oClITg-AAc Am -nano-Ag pneumoniae 16 pg/ml
oCITg-AAc Am-nano-Ag S. aureus 64 pg/ml
mCIT-g-AAc Am-nano-Ag S. aureus 32 pg/ml
PT- g-AAc Am-nano-Ag S. aureus 64 pg/ml
pNT- g-AAc Am-nano-Ag S. aureus 64 pg/ml
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3.6.4 Toxicity Test

The cytotoxicity of the (HG1, HG2, HG3 and HG4)
were tested at 8, 16, 32, 64, and 128 pg/mL. The test
results, shown in Table 3 indicate that the hydrogel
were safe (non-toxic) at all concentrations except for
128 pg/mL, which showed a toxic effect through
platelet breakdown. All Silver nanoparticle-loaded
grafted gels exhibited excellent biocompatibility at
low concentrations (8—64 ng/ml). Compared to the
positive control (C+), which exhibited complete
toxicity (100%), all formulations can be considered
safe within this concentration range. Indeed, a
significant concentration-dependent toxicity higher
toxicity at 128 pg/ml was observed for all the
compounds carried out, confirming a dose-dependent
biological response. These findings corroborate the
described mechanism of action of silver nanoparticles
that disturb cytoplasmic membranes, interact with
throat (-SH) groups from proteins, cause DNA
disruption and generate reactive oxygen species.
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Table 3: Results of the compound toxicity test.

No. Concentration (pg/ml) Absorbance Toxicity Interpretation
8 0.021 1.10% n
16 0.019 1.00% n
oClITg-AAc Am-nano-Ag 32 0.022 1.16% n
64 0.02 1.05% n
128 0.648 34.24% s
8 0.02 1.05% n
16 0.014 0.73% n
mCIT-g-AacAm-nano-Ag 32 0.019 1.00% n
64 0.018 0.95% n
128 1.572 83.08% t
8 0.021 1.10% n
16 0.042 2.23% n
PT- g-AAc Am-nano-Ag 32 0.071 3.75% n
64 0.084 4.43% n
128 1.749 92.44% h
8 0.013 0.68% n
16 0.012 0.63% n
pNT- g-AAc Am-nano-Ag 32 0.022 1.16% n
64 0.036 1.90% n
128 1.809 95.61% h
C+ 1.892 100% c
C- 0 0% n

Note. N: Non-toxic; S: Slighty toxic; T: Toxic; H; Highly toxic.

However, when comparing the different
derivatives, the toxicity of hydrogel (HGI1), with
34.24% at 128 pg/ml was classified as a low-toxicity
compound [30], [31]. These effects combined
together cause bacterial cells and biofilms to weaken.
This is probably the result of ortho-chlorine
substitution, which sterically hinder for direct cell to
cell interaction or slower rate of silver ion release. In
comparison, HG2 exhibited a high toxicity 83.08% at
the same concentration. suggesting that the chlorine
group enhances  biological interaction by
translocating to the meta site. The highest toxicity
rates 92-44% and 95-61%, respectively were
observed for the HG4 and HGS5 derivatives,
suggesting that the nature of the substituent group,
especially electron-withdrawing group, which plays
an important role in biochemical behavior. The end
result shows that toxicity at 128 pg/ml is by a
synergistic action of silver nanoparticles and
thiadiazole units as it contributes to the enhanced
reactive oxygen species generation, change in the
surface charge and membrane permeability. These
results have the same trend with also emphasizing the
further importance of substitution patterns of
thiadiazole derivatives in the modulating toxic
response [32].
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4 CONCLUSIONS

In this study, novel thiadiazole-based poly(acrylic
acid-co-acrylamide) hydrogel composites loaded
with  silver nanoparticles were successfully
synthesized and evaluated as antimicrobial materials.
Structural and thermal characterization confirmed the
formation of stable hydrogel networks with porous

morphology and  predominantly  amorphous
characteristics suitable for nanoparticle
incorporation.

The antibacterial evaluation demonstrated that the
synthesized composites exhibited significant activity
against multidrug-resistant Staphylococcus aureus
and Klebsiella pneumoniae, with antibacterial
performance strongly influenced by the chemical
structure of the thiadiazole substituents. The ortho-
chloro derivative showed the highest activity against
K. pneumoniae, while the meta-chloro derivative
demonstrated the strongest inhibition of S. aureus.
The MIC assay confirmed the enhanced antibacterial
efficiency of these composites, with values of 16
pg/mL and 32 pg/mL against K. pneumoniae and S.
aureus, respectively.
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Cytotoxicity analysis revealed acceptable
biocompatibility at effective antibacterial
concentrations, while higher concentrations caused
concentration-dependent toxicity. Therefore, the
incorporation of silver nanoparticles into thiadiazole-
functionalized hydrogel networks provides an
effective approach for developing new antimicrobial
materials.  Further  investigations, including
mechanistic studies and in vivo evaluations, are
required to confirm their potential biomedical
applications.
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