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activity with ADMET prediction, molecular docking
and dynamics study
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This study was aimed to synthesize new antimicrobial and antioxidant agents with increased biological

efficacy due to increasing pathogenic resistance and oxidative stress. In this context, a series of thiazole-

Schiff base derivatives (2a–k) were synthesized via a two-step synthetic route (Scheme 1). The structures

of the synthesized compounds were characterized using analytical methods, including IR, 1H NMR, and

HRMS. As part of the dual biological potential of the synthesized derivatives, in vitro antimicrobial studies

were performed using the agar disc diffusion method, where 2f, 2h, and 2k showed excellent activity

against both Gram-positive and Gram-negative bacterial strains. However , compound 2f exhibited the

most prominent antimicrobial activity, especially as an antifungal-active derivative, with inhibitory values

of 20.2 ± 0.6 mm (T. harzianum) and 32.3 ± 0.5 mm (A. niger), which were higher than those of

standard amphotericin B (17.2 ± 0.6 mm and 8.0 ± 0.8 mm, respectively). Furthermore, the antioxidant

activity of the synthesized compounds was evaluated by DPPH free radical assays, where compounds 2b

and 2c exhibited potent antioxidant activity, with IC50 values of 31.10 ± 3.57 mg mL−1 and 14.78 ± 2.73

mg mL−1, respectively, compared with that of standard ascorbic acid (49.67 ± 4.63 mg mL−1).

Complementary in silico physicochemical and pharmacokinetic properties with drug-likeness and

toxicological parameters were computed and analyzed. Moreover, molecular docking studies and MD

simulations were performed for the selected complexes to explore their possible binding interactions

and stability.
1. Introduction

Infectious diseases continue to pose a severe global threat to the
public health due to their ability to spread quickly across pop-
ulations and their high mortality rates, particularly in low- and
middle-income countries.1 The widespread use of antimicrobial
agents has historically mitigated the impact of microbial
infections. However, the rise of antimicrobial resistance (AMR)
has signicantly decreased the efficacy of many existing thera-
pies, prompting an urgent need for new drug development
strategies.2,3 Traditional measures like improving hygiene or
modifying lifestyles are insufficient to combat AMR. A more
effective approach involves the discovery of novel antimicrobial
agents with unique mechanisms of action.4,5 One promising
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strategy is the design of hybrid molecules that incorporate
multiple bioactive pharmacophores to enhance biological
activity and circumvent resistance pathways. Among heterocy-
clic compounds, thiazole, which contains nitrogen and sulfur
atoms in a ve-membered ring, has demonstrated a broad
spectrum of pharmacological properties, including antimicro-
bial, antiviral, anti-inammatory, anticancer, antioxidant, and
antihypertensive activities.6–13 Moreover, the core structure of
penicillin, the rst widely used antibiotic, has a tetra-
hydrothiazole group and a lactam ring, emphasizing its rele-
vance in pharmacology. Thiophene, another sulfur-containing,
ve-membered heterocycle, is known for its high electron
density and polarizability, which enhance its binding affinity to
various biological targets. It is also capable of inuencing the
half-life of drugs, ADME properties, and permeability owing to
the presence of the sulfur atom in its structure. Thiophene
derivatives possess diverse biological activities, encompassing
anti-inammatory, antimicrobial, anticancer, anti-HIV, antide-
pressant, and antitubercular activities,14–20 which place thio-
phene as a prime synthetic scaffold for future drug regimens.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Examples of some reported thiazole- and thiophene-containing derivatives. Red and blue representations indicate thiazole and thiophene
moieties, respectively.
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Some commercial drugs, such as cefotaxime (antimicrobial
agent), penthiopyrad (fungicide), raltitrexed (anticancer), thio-
phenfurin (anti-tumor), and tiamenidine (antihypertension),
possess therapeutic potential for future drug design (Fig. 1).
Similarly, Schiff bases, rst reported by Hugo Schiff in 1864,
have gained prominent interest due to their structural exibility
and pharmacological relevance. Schiff-base derivatives have
demonstrated signicant bioactivities in various therapeutic
elds, including antimicrobial, anticancer, and antiviral
applications.21–24 Notable examples of commercially available
drugs include thioacetazone (antitubercular), triapine (anti-
cancer), and methisazone (antiviral). By considering the struc-
tural and therapeutic importance of thiazole, thiophene, and
Schiff-base scaffolds, the current study focuses on the design
and synthesis of novel hybrid compounds integrating these
three pharmacophores, which would be a feasible step in the
discovery of new synthetic approaches and addressing the
current crisis of AMR. In addition, the antioxidant capability of
the novel derivatives was evaluated to address oxidative stress
and various chronic diseases, such as cancer and skin disor-
ders.12 The disc diffusion method was applied for the antimi-
crobial screening of the novel analogs, and an antioxidant
experiment was conducted using the DPPH free radical scav-
enging assay. As part of the investigation and the advancement
of drug design, in silico studies were performed, which included
ADMET prediction, optimization, molecular docking, and
molecular dynamics simulations for predicting the oral
bioavailability, binding interactions within receptor proteins,
and the stability of protein–ligand complexes.

2. Materials and methods
2.1 General method

All the reactants and initiating chemicals were obtained from
commercially available sources and were used without
© 2025 The Author(s). Published by the Royal Society of Chemistry
additional purication. The melting points of the synthesized
compounds were measured in open capillary tubes using
a Stuart-SMP10 melting point instrument and were uncor-
rected. The progress of the reactions was monitored by thin-
layer chromatography (TLC) using aluminum sheets coated
with silica gel 60F254 (Merck, Germany), and detection was
achieved by exposure to UV light. Recrystallization was per-
formed for the purication of the products. The IR spectra were
acquired on a SHIMADZU IR Tracer-100 infrared spectropho-
tometer using KBr pellets, and the values were expressed
in cm−1. The 1H NMR spectra were acquired on a BRUKER NMR
spectrometer at 400 MHz in DMSO-d6 as a solvent containing
TMS as an internal standard, and the values were expressed in
parts per million (ppm). The mass spectra were acquired using
a JEOL JMS-700 MStation from the Instrumental Analysis
Centre, Kumamoto University, Kumamoto, Japan.
2.2 Synthesis

2.2.1 Synthesis of 5-methylthiophene-2-
carboxaldehydethiosemicarbazone (1a). The reaction was star-
ted by an equimolar mixture of thiosemicarbazide (0.001 mol)
and 5-methylthiophene-2-carboxaldehyde (0.001 mol), with
stirring in ethanol (10 mL) under reux conditions at 80 °C until
the reaction was completed. The reaction was continued until
completion (checked through TLC). Aer the reaction, the
mixture was cooled to room temperature. The crude product
was ltered and recrystallized with ethanol to yield 5-methyl-
thiophene-2-thiosemicarbazone.25

2.2.2 General procedure for synthesis of 2-{2-[(5-
methylthiophen-2-yl)methylidene]hydrazin-1-yl}-1,3-thiazoles
2a–k. A mixture of 5-methylthiophene-2-thiosemicarbazone (1a)
(0.0997 g, 0.5 mmol) was dissolved in 10 mL of acetone with a-
haloketone derivatives (0.5 mmol). The mixture was reuxed
with stirring at 60 °C for 3–25 hours. The progress of the
RSC Adv., 2025, 15, 45690–45706 | 45691
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reaction was checked using TLC. Aer completion, the mixture
was le at room temperature, and the crude residue was
collected by ltration. The crude residue was then recrystallized
from ethanol to yield the pure nal products 2a–k (Scheme 1).

2.2.2.1 Ethyl-2-(2-{2-[(5-methylthiophen-2-yl)methylidene]
hydrazin-1-yl}-1,3-thiazol-4-yl)acetate (2a). Black solid, yield
(64%); Rf value = 0.676 (EtOAc : hexane = 3 : 4); m. p. = 130–
132 °C. IR (KBr, nmax, cm

−1): 3407 (NH), 1717 (C]O), 1624 (C]
N), 1220 (C–O–C), 731 (C–S–C). 1H NMR (400 MHz, d, ppm,
DMSO-d6): 1.20 (d, 3H, J = 6.4 Hz, CH3), 2.45 (s, 3H, CH3), 3.64
(s, 2H, CH2), 4.09 (d, 2H, J = 6.8 Hz, CH2), 6.71 (s, 1H, Ar–H),
6.81 (s, 1H, Ar–H), 7.21 (s, 1H, Ar–H), 8.24 (s, 1H, N]CH). FAB
HRMS (acetone/NBA) calcd for C13H16N3O2S2 310.0684 [M + H]+.
Found: 310.0680.
Scheme 1 Synthesis of thiophene-containing thiazole-Schiff base deriv

45692 | RSC Adv., 2025, 15, 45690–45706
2.2.2.2 1-(4-Methyl-2-{2-[(5-methylthiophen-2-yl)methylidene]
hydrazin-1-yl}-1,3-thiazol-5-yl)ethan-1-one (2b). Brown solid,
yield (85%); Rf value = 0.763 (EtOAc : hexane = 3 : 4); m. p. =
202–203 °C. IR (KBr, nmax, cm

−1): 3404 (NH), 1680 (C]O), 1627
(C]N), 735 (C–S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.39
(s, 3H, CH3), 2.45 (s, 3H, CH3), 2.47 (s, 3H, COCH3), 6.81 (d, 1H, J
= 2.8 Hz, Ar–H), 7.21 (d, 1H, J = 3.2 Hz, Ar–H), 8.21 (s, 1H, N]
CH). FAB HRMS (acetone/NBA) calcd for C12H14N3OS2 280.0578
[M + H]+. Found: 280.0576.

2.2.2.3 Ethyl-2-{2-[(5-methylthiophen-2-yl)methylidene]
hydrazin-1-yl}-4-methyl-1,3-thiazole-5-carboxylate (2c). Brown
solid, yield (76%); Rf value= 0.553 (EtOAc : hexane= 3 : 4); m. p.
= 193–194 °C. IR (KBr, nmax, cm

−1): 3453 (NH), 1717 (C]O),
1638 (C]N), 733 (C–S–C). 1H NMR (400 MHz, d, ppm, DMSO-
atives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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d6): 1.26 (t, 3H, J = 7.2 Hz, CH3), 2.45 (s, 3H, CH3), 2.49 (s, 3H,
CH3), 4.18 (q, 2H, J = 7.2 Hz, CH2), 6.81 (s, 1H, Ar–H), 7.21 (s,
1H, Ar–H), 8.19 (s, 1H, N]CH). FAB HRMS (acetone/NBA) calcd
for C13H16N3O2S2 310.0684 [M + H]+. Found: 310.0681.

2.2.2.4 3-(2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-
1-yl}-1,3-thiazol-4-yl)pyridine (2d). Brown solid, yield (81%); Rf

value = 0.541 (EtOAc : hexane = 5 : 2); m. p. = 200–201 °C. IR
(KBr, nmax, cm

−1): 3384 (NH), 1638 (C]N), 732 (C–S–C). 1H NMR
(400 MHz, d, ppm, DMSO-d6): 2.46 (s, 3H, CH3), 6.81 (m, 1H, Ar–
H), 7.19 (d, 1H, J= 3.6 Hz, Ar–H), 7.81 (s, 1H, Ar–H), 8.04 (m, 1H,
Ar–H), 8.18 (s, 1H, N]CH), 8.85–8.78 (m, 2H, Ar–H), 9.21 (d, 1H,
J = 2 Hz, Ar–H). FAB HRMS (acetone/NBA) calcd for C14H13N4S2
301.0582 [M + H]+. Found: 301.0587.

2.2.2.5 3-(2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-
1-yl}-1,3-thiazol-4-yl)-2H-chromen-2-one (2e). Yellow solid, yield
(90%); Rf value = 0.410 (EtOAc : hexane = 3 : 4); m. p. = 247–
248 °C. IR (KBr, nmax, cm

−1): 3158 (NH), 1719 (C]O), 1627 (C]
N), 756 (C–S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.46 (s,
3H, CH3), 6.79 (s, 1H, Ar–H), 7.17 (s, 1H, Ar–H), 7.37–7.46 (m,
2H, Ar–H), 7.63 (t, 1H, J = 7.6 Hz, Ar–H), 7.75 (s, 1H, Ar–H), 7.85
(d, 1H, J= 7.6 Hz, Ar–H), 8.16 (s, 1H, Ar–H), 8.53 (s, 1H, N]CH).
FAB HRMS (acetone/NBA) calcd for C18H14N3O2S2 368.0527 [M +
H]+. Found: 368.0529.

2.2.2.6 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-phenyl-1,3-thiazole (2f). Brown solid, yield (92%); Rf value =
0.436 (EtOAc : hexane = 2 : 5); m. p. = 216–217 °C. IR (KBr,
nmax, cm

−1): 3419 (NH), 1624 (C]N), 747 (C–S–C). 1H NMR (400
MHz, d, ppm, DMSO-d6): 2.26 (s, 3H, CH3), 6.78–6.79 (m, 1H, Ar–
H), 7.15 (d, 1H, J= 3.6 Hz, Ar–H), 7.28–7.32 (m, 2H, Ar–H), 7.38–
7.42 (m, 2H, Ar–H), 7.82–7.84 (m, 2H, Ar–H), 8.13 (s, 1H, N]
CH). FAB HRMS (acetone/NBA) calcd for C15H14N3S2 300.0629
[M + H]+. Found: 300.0617.

2.2.2.7 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-(4-methylphenyl)-1,3-thiazole (2g). Cream-colored solid,
yield (88%); Rf value = 0.718 (EtOAc : hexane = 3 : 4); m. p. =
237–238 °C. IR (KBr, nmax, cm

−1): 3038 (NH), 1620 (C]N), 756
(C–S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.31 (s, 3H,
CH3), 2.61 (s, 3H, CH3), 6.78–6.79 (m, 1H, Ar–H), 7.15 (d, 1H, J =
3.6 Hz, Ar–H), 7.19–7.26 (m, 3H, Ar–H), 7.71 (d, 2H, J = 8.4 Hz,
Ar–H), 8.14 (s, 1H, N]CH). FAB HRMS (acetone/NBA) calcd for
C16H16N3S2 314.0786 [M + H]+. Found: 314.0786.

2.2.2.8 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-(4-methoxyphenyl)-1,3-thiazole (2h). Brown solid, yield
(81%); Rf value = 0.615 (EtOAc : hexane = 1 : 2); m. p. = 197–
198 °C. IR (KBr, nmax, cm

−1): 3409 (NH), 1622 (C]N), 736 (C–S–
C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.45 (s, 3H, CH3), 3.77
(s, 3H, OCH3), 6.78–6.79 (m, 1H, Ar–H), 6.94–6.97 (m, 2H, Ar–H),
7.10 (s, 1H, Ar–H), 7.14 (d, 2H, J = 3.2 Hz, Ar–H, thiazole-H),
7.73–7.77 (m, 2H, Ar–H), 8.13 (s, 1H, N]CH). FAB HRMS
(acetone/NBA) calcd for C16H16N3OS2 330.0735 [M + H]+. Found:
330.0749.

2.2.2.9 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-(3-nitrophenyl)-1,3-thiazole (2i). Orange solid, yield (68%);
Rf value = 0.538 (EtOAc : hexane = 1 : 3); m. p. = 242–243 °C. IR
(KBr, nmax, cm

−1): 3427 (NH), 1623 (C]N), 1353 (N]O), 739 (C–
S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.46 (s, 3H, –CH3),
6.80 (s, 1H, Ar–H), 7.16 (d, J = 2.8 Hz, 1H, Ar–H), 7.61 (s, 1H, Ar–
© 2025 The Author(s). Published by the Royal Society of Chemistry
H), 7.70 (t, J = 8 Hz, 1H, Ar–H), 8.13 (s, 1H, Ar–H), 8.15 (s, 1H,
Ar–H), 8.28 (d, J= 8.0 Hz, 1H, Ar–H), 8.65 (s, 1H, –N]CH–). FAB
HRMS (acetone/NBA) calcd for C15H13N4O2S2 345.0480 [M + H]+.
Found: 345.0471.

2.2.2.10 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-(4-nitrophenyl)-1,3-thiazole (2j). Orange solid, yield (92%);
Rf value = 0.231 (EtOAc : hexane = 3 : 4); m. p. = 234–345 °C. IR
(KBr, nmax, cm

−1): 3406 (NH), 1627 (C]N), 1341 (N]O), 739 (C–
S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.45 (s, 3H, CH3),
6.78–6.80 (m, 1H, Ar–H), 7.16 (d, 1H, J = 1.6 Hz, Ar–H), 7.67 (s,
1H, Ar–H), 8.07–8.10 (m, 2H, Ar–H), 8.14 (s, 1H, N]CH), 8.24–
8.28 (m, 2H, Ar–H). FAB HRMS (acetone/NBA) calcd for
C15H13N4O2S2 345.0480 [M + H]+. Found: 345.0473.

2.2.2.11 2-{2-[(5-Methylthiophen-2-yl)methylidene]hydrazin-1-
yl}-4-(3,4-dichlorophenyl)-1,3-thiazole (2k). Light yellow color
solid, yield (76%); Rf value= 0.462 (EtOAc : hexane= 1 : 4); m. p.
= 245–246 °C. IR (KBr, nmax, cm

−1): 3409 (NH), 1622 (C]N), 734
(C–S–C). 1H NMR (400 MHz, d, ppm, DMSO-d6): 2.45 (s, 3H,
CH3), 6.79 (d, 1H, J = 3.6 Hz, Ar–H), 7.16 (d, 1H, J = 3.6 Hz, Ar–
H), 7.51 (s, 1H, Ar–H), 7.65 (d, 1H, J= 8.4 Hz, Ar–H), 7.82 (m, 1H,
Ar–H), 8.06 (d, 1H, J = 2.0 Hz, Ar–H), 8.13 (s, 1H, N]CH). FAB
HRMS (acetone/NBA) calcd for C15H12Cl2N3S2 367.9850 [M +
H]+. Found: 367.9835.

2.3 Antimicrobial activity assay

The in vitro antimicrobial activity was assessed using the agar
disc diffusion method.26 Mueller–Hinton agar (for bacteria) and
potato dextrose agar (for fungi) were used as the media for
culturing the tested organisms. The aptitude of the synthesized
compounds was assessed against four Gram-positive bacteria,
S. aureus (cars-2), B. megaterium (ATCC-9855), B. cereus (carsgp-
1), and B. subtilis (carsgp-3), two-Gram negative bacteria, E. coli
(carsgn-2) and S. typhi (K-323130), and two fungal strains, A.
niger (carsm-3) and T. harzianum (carsm-2). Aer 24 hours of
incubation of the agar plates, the tested organisms were inoc-
ulated into the broth media using a sterilized cotton bar. Before
injecting the sample solution, the sterilized discs were placed
on the cultured media plates. Three milligrams of the sample
were dissolved in 500 mL of the DMSO solution. In each disc, 50
mL of the dissolved sample was injected using a micropipette.
Ceriaxone (for bacteria) and amphotericin B (for fungi) were
used (10 mL) as standards for comparing the activities of the
synthesized analogs. Aer injecting the tested compounds, 24
hours of incubation was performed at 37 °C for assessing the
antibacterial activity and 48 hours at 26 °C for assessing the
antifungal activity before the inhibitory zone measurements.

2.4 Antioxidant activity

The antioxidant potential of the synthesized compounds was
determined using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging method.27 In this method, 3 mg of the
DPPH powder was stirred in methanol (500 mL) in a volumetric
ask (covered with aluminum foil) for 2 hours to prepare the
free radical stock solution. For a single compound, 4 mL of the
stock solution was transferred into ve different test tubes with
the following concentrations: 15, 30, 60, 150, and 250 mg mL−1.
RSC Adv., 2025, 15, 45690–45706 | 45693
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The prepared sample solution (100 mL) in methanol was added
to each test tube. The mixture of the free radicals and the
sample solution was kept for 20 minutes in a dark environment
for a better reaction. Aer the dark condition, the mixture was
vortexed and analyzed with a UV-spectrophotometer (SHI-
MADZU) to measure the percentage of inhibition of the new
molecules and the standard (ascorbic acid) using absorbance at
a 517 nm. This procedure was repeated three times for both the
synthesized compounds and the standard. The percentage of
inhibition was calculated using eqn (1):

Inhibitionð%Þ ¼ Acontrol � Asample

Acontrol

� 100 (1)

where Acontrol = absorbance of DPPH radicals and Asample =

absorbance of DPPH with samples. The IC50 values for ascorbic
acid and synthesized compounds were deduced from the
concentration-inhibition curves.
2.5 Computational studies

2.5.1 Molecular docking study. To comprehend the
binding affinity and structural details of the newly synthesized
compounds, molecular docking was performed against
different protein receptors. The synthesized analogs were opti-
mized by the DFTmethod on the basis set of B3LYP/6-31+G(d,p)
using Gaussian 16W soware. Before docking, the energy was
minimized, and the non-essential residues were removed from
the selected protein structure using Swiss-PdbViewer and the
PyMOL soware, respectively. Finally, the clean, optimized
structures were processed in the PyRx soware for molecular
docking via AutoDock Vina. Four different protein co-crystals
were considered in this study, namely, B. subtilis (PDB ID:
8ARE),28 S. typhi (PDB ID: 3G1T),29 A. niger (PDB ID: 5LWX),30

and the human antioxidant enzyme receptor (PDB ID: 2CDU)31

based on in vitro experiments. The requisite proteins were
acquired from the RCSB Protein Data Bank (https://
www.rcsb.org). BIOVIA Discovery Studio provided the
visualized structure and captured the 3D and 2D images of
the docked complexes.

2.5.2 In silico ADMET properties. Regarding the oral
bioavailability and the detrimental effects of the synthesized
derivatives, three online web tools (Admetlab 2.0, Swiss ADME,
and Osiris Property Explorer) were used.32,33 Swiss ADME and
Admetlab 2.0 were used for calculating the ADME (absorption,
distribution, metabolism, and excretion) properties of the new
derivatives along with the standards. Additionally, the overall
toxicities, drug-likeness, and the drug scores of the synthesized
compounds with standards were estimated using Osiris Prop-
erty Explorer. The absorption percentage (%ABS) was derived
from the following equation:

%ABS = 109 − (0.3459 × TPSA) (2)

where TPSA is the topological polar surface area.
2.5.3 Molecular dynamics (MD) simulation. MD simula-

tions offer a novel comprehension of the dynamic behaviors of
molecules and interactions at the atomic scale. This method
furnishes robust frameworks for understanding how stable
45694 | RSC Adv., 2025, 15, 45690–45706
a ligand is inside a protein binding pocket and its conforma-
tional changes. It is a vital step for facilitating logical drug
design processes. Four ligand–protein complexes were simu-
lated for 25 ns using the YASARA soware, version 22.9.24.W.64
bar. Energy minimization was conducted through an optimized
step for acquiring an equilibrated system. During the simula-
tion, pH 7.4 was sustained, along with the addition of NaCl
(0.9%) for neutralization. The complex was introduced inside
a periodic boundary with 1.0 bar pressure at a temperature of
300 K and a water density of 0.997 g mL−1 was preserved.
AMBER14 forceeld with 250 snapshots, each for 100 picosec-
onds, was used for analyzing and calculating the corresponding
trajectory.34
3. Results and discussion
3.1 Chemistry

In this study, eleven novel thiophene–thiazole-Schiff base
derivatives (2a–k) were synthesized via a two-step reaction. In
the rst step, 5-methylthiophene-2-carboxaldehyde and thio-
semicarbazide were reuxed with stirring at 78 °C in an ethanol
solution. The initial product (1a) from the rst step interacted
with the alpha-haloketones or phenacyl bromides, forming the
desired nal compounds. Different characterization techniques
(IR, 1H NMR, and HRMS) were used for conrming the struc-
tures of the synthesized analogs. The spectroscopic character-
ization of compound 2c was described; for instance, its IR
absorption peaks were found at 3453, 1717, 1638, and 733 cm−1,
conrming the presence of NH, C]O, C]N, and C–S–C func-
tional groups.35,36 In the 1H NMR spectrum, a singlet was
observed at 8.19 ppm for the azomethene group. Additionally,
the aromatic ring containing two protons appeared at 6.81 ppm
and 7.21 ppm with two individual singlets. Only the quartet in
the spectrum was visible at 4.18 ppm due to the presence of CH2

in the thiazole ring substituent of the ether group. The methyl
group in the substituted ether showed a triplet at 1.26 ppm with
a coupling constant of 7.2 Hz. Moreover, the methyl groups in
the thiophene and thiazole rings displayed two singlets at
2.45 ppm and 2.49 ppm, respectively. The calculated HRMS data
conrmed the exact mass of the desired derivatives.
3.2 Antimicrobial activity

The in vitro antimicrobial activities of the novel thiazole-Schiff
base derivatives were evaluated against four Gram-positive
bacteria (S. aureus, B. megaterium, B. cereus, and B. subtilis),
two Gram-negative bacteria (E. coli and S. typhi), and two fungi
(T. harzianum and A. niger) using the agar disc diffusion
method. The zone of inhibition values of the derivatives and
standards are depicted in Table 1. Most of the new chemical
entities revealed potential bioactivities with moderate-to-high
inhibitory values against all the bacterial and fungal strains.
The presence of the thiazole-Schiff base derivatives improved
the mechanism of protein binding owing to hydrogen bonding
and electron donation.37 Additionally, the thiophene-Schiff base
ligands coordinatedmetals with the azomethine N and thienyl S
to enhance the activity.38 The presence of a methyl group in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Diameter of the inhibition zones (mm) of synthesized compounds 2a–2k, ceftriaxone (Cef), and amphotericin B (Am) against tested
bacterial and fungal strains

Compd

Gram-positive bacteria Gram-negative bacteria Fungi

S.
aureus B. megaterium B. cereus B. subtilis E. coli S. typhi T. harzianum A. niger

2a 9.2 � 0.3 11.2 � 0.6 13.2 � 0.2 13.8 � 0.6 11.5 � 0.4 21.2 � 0.6 20.0 � 0.4 15.8 � 0.6
2b 11.5 � 0.4 8.0 � 0.4 — 10.0 � 0.8 13.8 � 0.6 7.5 � 0.4 13.0 � 0.8 6.5 � 0.4
2c 12.2 � 0.2 8.0 � 0.4 12 � 0.4 12.9 � 0.3 15.3 � 0.5 6.8 � 0.6 11.8 � 0.6 10.5 � 0.4
2d 13.8 � 0.2 14.2 � 0.2 8.0 � 0.4 11.1 � 0.3 11.7 � 0.5 14.8 � 0.6 15.0 � 0.4 15.7 � 0.5
2e 7.2 � 0.2 11.0 � 0.8 15.0 � 0.8 8.3 � 0.5 11.7 � 0.5 9.8 � 0.6 13.5 � 0.4 17.8 � 0.6
2f 13.4 � 0.4 13.9 � 0.3 15.2 � 0.8 17.2 � 0.2 13.0 � 0.8 15.2 � 0.6 20.2 � 0.6 32.3 � 0.5
2g 7.5 � 0.4 14.8 � 0.6 11.9 � 0.3 — 13.2 � 0.6 14.0 � 0.8 12.0 � 0.4 27.7 � 0.5
2h 17.3 � 0.2 6.7 � 0.5 11.0 � 0.8 15.2 � 0.2 8.7 � 0.5 15.0 � 0.8 18.7 � 0.5 15.8 � 0.6
2i 13.2 � 0.2 7.7 � 0.5 12.2 � 0.6 11.9 � 0.1 8.5 � 0.4 11.8 � 0.6 15.7 � 0.5 12.1 � 0.3
2j 8.3 � 0.2 11.9 � 0.4 13.1 � 0.4 8.3 � 0.5 10.3 � 0.5 6.0 � 0.8 11.7 � 0.5 11.2 � 0.6
2k 17.2 � 0.2 9.8 � 0.6 13.1 � 0.3 12.9 � 0.7 7.7 � 0.5 14.0 � 0.4 16.0 � 0.8 21.8 � 0.6
Cef 40.2 � 0.6 50.2 � 0.6 20.2 � 0.6 20.0 � 0.4 38.0 � 0.8 44.3 � 0.5
Am 17.2 � 0.6 8.0 � 0.8
DMSO — — — — — — — —
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thiophene ring might be responsible for the robust perfor-
mance in this experiment. In the rst series of new analogs 2a–
e, the zone of inhibition was not so pronounced against the
Gram-positive bacteria, except for 2e against B. cereus (15.0 ±

0.8 mm). In the case of the Gram-negative bacterial strains,
compounds 2a and 2c displayed a maximum inhibitory growth
against S. typhi (21.2 ± 0.6 mm) and E. coli (15.3 ± 0.5 mm),
respectively, compared to the standard ceriaxone (44.3 ± 0.5
and 38.0 ± 0.8 mm, respectively). On the contrary, the second
series of the analogs (2f–k) showed some leading activities
against all four Gram-positive bacterial strains, where
compound 2f exhibited maximum activity against two bacterial
strains, namely B. cereus (15.2 ± 0.8 mm) and B. subtilis (17.2 ±

0.2 mm). In addition, compound 2h showed the highest
inhibitory value against S. aureus (17.3 ± 0.2 mm), and 2g had
the lead activity against B. megaterium (14.8 ± 0.6 mm). The
substituted phenyl ring in compound 2f might be responsible
for its higher activity against all the bacterial strains.36 In
compounds 2g and 2h, the substituted methyl and methoxy
groups in the phenyl ring might be accountable for their
enhanced activities.39 The nitro-substituted 2i and 2j showed
the least activity against all the strains, while the electron-
withdrawing chloro group was noticeably active, especially
against S. aureus and the two fungal strains.

For the two fugal strains, the synthesized derivatives
exhibited increased activities compared to the standard
amphotericin B. Compounds 2a (20.0 ± 0.4 mm), 2f (20.2 ± 0.6
mm), and 2h (18.7 ± 0.5 mm) displayed outstanding activity
against the fungal strain, T. harzianum, compared with the
standard (17.2 ± 0.6 mm). Additionally, 2d, 2i, and 2k showed
moderate inhibitory capability. In the case of A. niger, all the
derivatives had a higher zone of inhibition than the standard
(8.0 ± 0.8 mm), except for compound 2b. However, the phenyl-
substituted compound 2f displayed a maximum activity of 32.3
± 0.5 mm, four-fold higher than the standard.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3 Antioxidant activity

The antioxidant potency of the synthesized derivatives was
determined using the DPPH free radical scavenging assay. Five
different concentrations were used in this experiment, and the
percentage of inhibition of the derivatives at these concentra-
tions is represented in Fig. 2, where all the compounds revealed
their maximum inhibitory value at 250 mg mL−1. Among all the
derivatives, 2b and 2c inhibited more than 80% of the DPPH
free radicals at 60, 125, and 250 mg mL−1. Considering the IC50

value of the synthesized analogs, 2c exhibited excellent antiox-
idant activity with an IC50 value of 14.78 ± 2.73 mg mL−1, having
methyl and ethoxycarbonyl groups attached to the 4- and 5-
position of the thiazole ring, respectively. With the presence of
the thiazole-Schiff bases, the antioxidant mechanism increased
along with the ability to donate hydrogen to radicals, to
modulate the redox systems, and to stabilize the radical species
via conjugation.40 When the methyl group in the 4-position was
replaced with an acetyl group in compound 2b, it became the
second most potent antioxidant agent with an IC50 value of
31.10 ± 3.57 mg mL−1 (Table 2). However, in compounds 2a, 2d,
and 2e, the 5-position was replaced with a hydrogen atom, and
the 4-position was replaced with ethyl acetate (2a), pyridine (2d),
and coumarin (2e), which decreased the antioxidant capability
as follows: 2e > 2a > 2d. In the second series of compounds (2f–
k), the electron-withdrawing nitro group as a substituent of the
phenyl ring exhibited the lowest antioxidant activity. Surpris-
ingly, the nitro group in the para position increased the inhib-
itory value of compound 2j (89.96 ± 1.52 mg mL−1) compared
with themeta-substituted nitro group in compound 2i (152.94±
1.88 mg mL−1). The presence of the chloro group in compound
2k also decreased its potential as an antioxidant agent. The
phenyl ring with no substituents or with methyl or methoxy
groups displayed moderate activities in compounds 2f (85.50 ±

2.19 mg mL−1), 2g (91.25 ± 2.81 mg mL−1), and 2h (90.62 ± 1.17
mg mL−1) compared to the IC50 value of the standard ascorbic
acid (49.67 ± 4.63 mg mL−1).
RSC Adv., 2025, 15, 45690–45706 | 45695
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Fig. 2 Comparison of the inhibition (%) of the DPPH radicals at various concentrations of ascorbic acid (AA) and the synthesized compounds
(2a–k). The data are expressed as mean ± SD of the three experiments.

Table 2 Antioxidant activities of the synthesized derivatives 2a–k and
ascorbic acid. Data represent mean ± SD of three experiments

Compound IC50 (mg mL−1) Compound IC50 (mg mL−1)

2a 97.75 � 0.51 2g 91.25 � 2.81
2b 31.10 � 3.57 2h 90.62 � 1.17
2c 14.78 � 2.73 2i 152.94 � 1.88
2d 114.47 � 1.62 2j 89.96 � 1.52
2e 88.89 � 3.02 2k 106.37 � 3.49
2f 85.50 � 2.19 Ascorbic acid 49.67 � 4.63
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3.4 Computational studies

3.4.1 Molecular docking study. The interaction prole of
the synthesized derivatives within a receptor is crucial for pre-
dicting their prociency as bioactive agents. Therefore, molec-
ular docking was performed for demonstrating their stability
and binding strength with various amino acid residues. Based
on the high activity of compounds 2a, 2f, and 2c, respectively, as
antibacterial, antifungal, and antioxidant agents, four different
protein co-crystals were selected for this computational experi-
ment. The binding interactions of the synthesized analogs with
protein residues are illustrated in Fig. 3. Compound 2a was
docked against 3G1T (protein co-crystal of S. typhi) with
a binding affinity of −7.5 kcal mol−1, where the thiazole-
45696 | RSC Adv., 2025, 15, 45690–45706
substituted CH2COOCH2CH3 group showed only a conven-
tional hydrogen bond with Ser155 at 1.97 Å, along with
a carbon–hydrogen bond with Gly198. Met204 and Trp164
exhibited two pi–sulfur interactions with thiazole ring at
a distance of 5.47 Å and 5.71 Å. Additionally, a pi–pi T-shaped
bond was formed between the thiazole ring and Tyr167. Addi-
tionally, the thiophene ring displayed two different interactions
withMet204 (4.99 Å) and Ile26 (2.53 Å). The presence of amethyl
group in the thiophene ring developed an alkyl interaction with
the residue Ile26 at a distance of 4.04 Å. Compound 2f was
docked against two different protein co-crystals, given its high
activity against B. subtilis (8ARE) and A. niger (5LWX), yielding
binding affinities of −8.6 kcal mol−1 and −7.4 kcal mol−1,
respectively. In complex 2f–8ARE, the thiophene ring revealed
extended connections through four different bonds, where two
interactions occurred with the ring and the double pi–alkyl
interactions were involved with the methyl substituent. A pi-
donor hydrogen bond and a pi–pi T-shaped bond were exhibi-
ted by the thiophene ring with Leu427 (2.97 Å) and Trp426 (5.21
Å). On the other hand, the thiophene-substituted methyl group
had two pi–alkyl interactions with Try168 and Phe167. A single
pi–sulfur bond was found between the thiazole ring and Arg423
at a distance of 4.19 Å. Lys27 exhibited a pi–alkyl connection
with the phenyl ring at 4.99 Å. When 2f interacted with 5LWX,
an electrostatic bond was formed by the thiazole ring with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Diagram of molecular docking studies of 2a against 3G1T and 2f against 5LWX and 8ARE protein receptors. (A) 3D interaction profile and
(B) 2D docking simulations.
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Asn103 from 2.41 Å. Additionally, the thiazole ring was involved
in two different bonds with Tyr562 at a distance of 5.42 Å (pi–
sulfur) and 5.49 Å (pi–pi T-shaped). A single conventional
hydrogen bond was found for the NH group of the Schiff base
with Asn103 from 2.41 Å. Two pi–alkyl interactions were
observed between Pro572 and the phenyl ring and between
Leu73 and the thiophene ring, respectively. At a distance of
Fig. 4 Molecular docking studies of 2c against human antioxidant enzym
simulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
4.56, an alkyl bond was visualized between Pro71 and the
thiophene-containing CH3 group.

In the nal complex 2c–2CDU, compound 2c demonstrated
the highest antioxidant potency among all the synthesized
derivatives, and was further used for the docking studies
against the human antioxidant enzyme receptor 2CDU (Fig. 4).
Amino acid residues exhibited plenty of interactions with
e receptor (PDB ID: 2CDU). (A) 3D interaction profile and (B) 2D docking

RSC Adv., 2025, 15, 45690–45706 | 45697
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Table 4 In silico toxicity risks and drug-likeness of compounds 2a–k,
ceftriaxone (Cef), amphotericin B (Am), and ascorbic acid (AA). Toxicity
effects are shown as M, mutagenic; T, tumorigenic; I, irritant; and R,
reproductive

Compd.

Toxicity

DruglikenessM T I R

2a Low High Low Low −5.11
2b Low High Low Low 4.55
2c Low High Low Low 0.96
2d Low High Low Low 5.75
2e Low High Low Medium 6.29
2f Low High Low Low 5.26
2g Low High Low Low 4.04
2h High High Low Low 5.26
2i Low High Low Low −0.06
2j Low High Low Low −5.1
2k Low High Low Low 5.42
Cef Low Low Low Low 16.69
Am Low Low Low Low 0.14
AA High High Low High 0.02
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compound 2c, having a binding affinity of −6.6 kcal mol−1. For
COOCH2CH3, there was a conventional hydrogen bond between
CO and Ser326, a carbon–hydrogen bond between CH2 and
Gly341, and a pi–alkyl interaction between CH3 and Tyr188.
Residue Tyr188 displayed two other interactions, as well with
the thiazole ring from 4.55 Å (pi–sulfur) and 4.81 Å (pi–pi T-
shaped). The thiazole ring containing the CH3 group had an
alkyl interaction at a distance of 4.08 Å with Leu346. Another
Leu residue exhibited a pi–sigma bond with the thiophene ring
from a distance of 5.15 Å. The thiophene ring was assumed to
have a pi–alkyl interaction with Pro298 at a distance of 5.32 Å,
while the methyl substituent in the ring exhibited two hydro-
phobic interactions with Ile160 (5.41 Å) and Typ159 (4.59 Å).

3.4.2 In silico ADMET properties. Absorption, distribution,
metabolism, and excretion (ADME) properties were evaluated
for understanding the efficacy and safety of a drug by assessing
its pharmacokinetics within the body. Furthermore, the
potential toxicological spectrum of the new derivatives was
predicted for proving the suitability of the analogs for clinical
use. Tables 3 and 4 summarize the ADME properties and toxi-
cological parameters, respectively. Lipinski's rule of ve and
Veber's rule were used to evaluate the oral bioavailability of
a drug, considering some key criteria, like the molecular weight,
lipophilicity, hydrogen bond donors, hydrogen bond acceptors,
number of rotatable bonds, and topological polar surface area.
An orally active drug should not violate more than one of the
mentioned criteria, and all the synthesized derivatives followed
the standard criteria of Lipinski's and Veber's rules. The
molecular weight of the compounds was below the range of 500
Daltons; all of them donated a single hydrogen bond and
possessed 2 to 4 hydrogen bond acceptors. Compound 2a
showed a lipophilicity value of 3.03, which was the lowest
among the synthesized compounds, indicating its high solu-
bility and hydrophilic nature. The sum of the surface contri-
bution of the polar atoms (TPSA) was excellent and suggested
good oral absorption. Compounds 2f, 2g, and 2k showed a TPSA
Table 3 Predicted pharmacokinetic properties of compounds 2a–k, ce

Compd. Lipinski's violations

Lipinski's rule

MWa (#500) HBAb (#10) HBDc (#

2a 0 309.41 4 1
2b 0 279.38 3 1
2c 0 309.41 4 1
2d 0 300.40 3 1
2e 0 367.44 4 1
2f 0 299.41 2 1
2g 0 313.44 2 1
2h 0 329.44 3 1
2i 0 344.41 4 1
2j 0 344.41 4 1
2k 0 368.30 2 1
Cef 1 331 5 2
Am 1 416 3 0
AA 0 176 6 4

a Molecular weight. b Number of hydrogen bond acceptors. c Number of
f Topological polar surface area. g Solubility parameter. h Percentage of ab

45698 | RSC Adv., 2025, 15, 45690–45706
value of 93.76 Å2, indicating strong absorption and higher
membrane permeability.

Human intestinal absorption (HIA) and blood–brain barrier
(BBB), two crucial pharmacokinetic behaviors for drug
discovery, were calculated and the results are illustrated in
Fig. 5. This graph indicates the good permeation of the
compounds across the membrane, which could easily reach the
hepatic portal vein.41 Except for 2a (88%), the HIA values for all
the compounds were more than 90%, even 99% for compounds
2e, 2f, 2h, and 2k. These computed values indicate their good
absorption by the human intestinal cavity. All the synthesized
derivatives showed positive BBB values, marking their smooth
permeation through the blood–brain barrier, and the range was
below 1, predicting CNS (central nervous system) inactivity.42
ftriaxone (Cef), amphotericin B (Am), and ascorbic acid (AA)

Veber's rule

Log Sg %ABSh5) c log Pd (#5) NROTBe (#10) TPSAf (140 Å2)

3.08 7 120.06 −3.88 67.47
3.11 4 110.83 −4.07 70.66
3.49 6 120.06 −4.42 67.47
3.37 4 106.65 −4.49 72.11
4.25 4 123.97 −5.58 66.12
4.11 4 93.76 −5.16 76.57
4.45 4 93.76 −5.45 76.57
4.10 5 102.99 −5.21 73.38
3.35 5 139.58 −5.19 60.72
3.36 5 139.58 −5.19 60.72
5.17 4 93.76 −6.32 76.57
−1.53 3 72.88 −3.32 83.85
4.85 6 27.05 −5.08 99.67
−2.46 2 107.2 −0.35 71.91

hydrogen bond donors. d Lipophilicity. e Number of rotatable bonds.
sorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Predicted HIA (%) and BBB values of synthesized derivatives 2a–k and standard ceftriaxone (Cef), amphotericin B (Am) and ascorbic acid
(AA).
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The toxicity llers of the synthesized derivatives are repre-
sented as M (mutagenicity), T (tumorigenicity), I (irritancy), and
R (reproductive effects), which are tabulated along with the
druglikeness of the synthesized derivatives in Table 4. Except
for compound 2h, all the other derivatives showed low muta-
genicity. In addition, the coumarin-containing compound 2e
exhibited the highest druglikeness value of 6.29, although it had
a medium reproductive effect. In the case of the drug score
(Fig. 6), a maximum similarity of 0.34 and 0.33 was calculated
for compounds 2b and 2d, respectively. The highest wet-lab
active compound, 2f, had a drugscore of 0.25, while the
minimum value (0.13) belonged to compound 2j.

3.4.3 Molecular dynamics (MD) simulation. MD simula-
tion is a quantum leap in drug discovery for investigating the
stability of ligand–protein complexes along a trajectory that
accelerates the evolution of new therapeutics, increases drug
efficacy, and introduces challenges like drug resistance.43 The
rigid structure of protein–ligand complexes in molecular
Fig. 6 Predicted drug-score of the synthesized compounds 2a–k,
ceftriaxone (Cef), amphotericin B (Am), and ascorbic acid (AA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
docking requires advanced study for illustrating their dynamic
behaviors and interactions at the atomic level during ligand
binding within the protein active site. The MD simulation
depicts various parameters, such as the RMSD (root mean
square displacement), RMSF (root-mean-square uctuation),
and the radius of gyration, related to the drug-receptor inter-
actions for a deeper understanding of the complexes. Snapshots
at 5 ns intervals of the four complexes are depicted and repre-
sented in Fig. 7–10. It was observed that the ligand was strongly
bound within the respective protein structures. In complex 2a–
3G1T, the ligand deviated from the active site between 15 ns and
20 ns. However, it returned to the stable position at the end of
the simulation period (Fig. 7). In complexes 2f–5LWX and 2c–
2CDU, the ligand deviated occasionally during the simulation,
but was held at the active site of the receptors, while complex
2f–8ARE displayed the most stability within the complex during
the whole trajectory.

The RMSD value was used to estimate the stability of the
complex, considering the deviation of the protein structure
from the reference structure aer ligand binding. In the 2a–
3G1T complex, the initial RMSD value was 0.36 Å, which rose to
1.14 Å at 0.8 ns, and at 2.4 ns, it again elevated to 1.17 Å, then
decreased to 1.13 Å at 4.2 ns. ThemaximumRMSD value of 1.9 Å
was observed at 5.5 ns and then dropped to 1.3 Å at 6 ns. During
the trajectory, the complex maintained an average value of 1.36
Å, indicating its stability inside the receptor.44,45 In the case of
the 2f–8ARE complex, the RMSD value was elevated from 0.36 Å
to 1.00 Å at 4 ns, maintaining a mean value of 0.99 Å for the
25 ns simulation time. The maximum deviation occurred at
22 ns with an RMSD value of 1.32 Å; thus, the 2f–8ARE
complex became the most stable complex among the four
complexes. On the contrary, the second complex of compound
2f (2f–5LWX) showed more deviation from the reference with
an average RMSD value of 1.96 Å. This complex rocketed from
0.43 to 2.01 Å at 6 ns, and at 15 ns, 20% of the RMSD values
crossed 2.00 Å. However, 16–22 ns was the maximum range, and
at 2.63 Å, there was the highest uctuation. For the antioxidant-
RSC Adv., 2025, 15, 45690–45706 | 45699

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07357j


Fig. 7 MD-simulated snapshots of complex 2a–3G1T during the 25 ns trajectory time.
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active complex 2c–2CDU, the maximum deviation was raised to
1.8 ns at 7.2 ns, making it the third-most stable complex.
Initially, the RMSD value was 0.43 Å and it increased to 1.3 Å
Fig. 8 MD-simulated snapshots of complex 2f–8ARE during the 25 ns t

45700 | RSC Adv., 2025, 15, 45690–45706
within 1 ns. Aer the maximum RMSD value at 7.2 ns, this
complex maintained the range between 1.3–1.6 Å, with a mean
value of 1.23 Å.
rajectory time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 MD-simulated snapshots of complex 2f–5LWX during the 25 ns trajectory time.
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RMSF measures the structural movement of amino acid
from its average position aer the ligand was bound inside the
protein. RMSF analysis was assessed and the results are
Fig. 10 MD-simulated snapshots of complex 2c–2CDU during the 25 n

© 2025 The Author(s). Published by the Royal Society of Chemistry
illustrated in Fig. 11 and 12 for the four complexes. The gure
displays that in the 2a–3G1T complex, Gly252 and Asn25
exhibited a minimum uctuation of 0.423 Å, while Lys75
s trajectory time.

RSC Adv., 2025, 15, 45690–45706 | 45701
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Fig. 11 RMSD and RMSF plots for the three protein–ligand systems 2a–3G1T, 2f–8ARE, and 2f–5LWX with respect to equilibrated initial
structure.
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displayed a maximum RMSF value of 2.058 Å. The lysine resi-
dues exhibited uctuations in the range of (1–1.8) Å, which
implies that the lysine residues were less exible. However,
45702 | RSC Adv., 2025, 15, 45690–45706
most of the amino acid residues were stable and uctuated
within the 0.4–0.8 Å range. In the 2f–8ARE complex, Lys280
revealed a maximum uctuation of 2.457 Å and Asn25 showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 RMSD and RMSF plots for 2c–2CDU complex with respect to the equilibrated initial structure.
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a minimum uctuation of 0.423 Å. Lys102, Lys103, Glu62, and
Lys226 showed uctuations above 1.4 Å, and threonine exhibi-
ted minimal uctuations above 1.1–1.3 Å. When the 2f
compound was bound with the 5LWX protein, it exhibited
maximum uctuations of 3.367 Å and 3.422 Å due to Asp225
and the root mean square of the structure. The Trp88 residue
revealed aminimum uctuation of 0.511 Å. Most of the residues
Fig. 13 Radius of gyration (Rg) plot against the simulation time of 25 ns

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited uctuations in the range of 0.5–0.8 Å, indicating their
relative stability. In the case of the 2c–2CDU complex, Lys150
and Arg58 showed maximum uctuations of 2.67 Å and 2.77 Å,
respectively, indicating less exibility. Ty201, Gly180, Asp179,
and Gly156 showed uctuations of about 0.5 Å. Gly7 exhibited
a minimum uctuation value of 0.508 Å.
for 2g + 8DAI, 2g + 2YOK, and 2d + 2CDU.

RSC Adv., 2025, 15, 45690–45706 | 45703
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A radius of gyration (Rg) analysis was employed to under-
stand the compactness and extension of the ligand–protein
complex during the simulation. The Rg (nm) vs. time (ns) plot is
presented in Fig. 13. The gure demonstrates that the Rg value
of the 2f + 8ARE complex ranged from 22.96 Å to 23.408 Å. In the
2a + 3G1T complex, the Rg value remained in the range of 17.46
to 17.99 Å, and that of the 2f + 5LWX complex ranged from 22.66
Å to 23.49 Å. In the 2c + 2CDU complex, the Rg value was 23.625
to 24 Å. These results are consistent with those executed with
the MD simulations, certifying the stability of the interaction
between the detected compounds and the protein receptors.46,47
4. Conclusions

The synthesis of eleven thiazole-Schiff base derivatives was
achieved by a two-step reaction. The chemical structures were
conrmed by spectral analysis (IR, 1H NMR, and HRMS). The
biological studies showed that the novel 2f derivative had an
outstanding antimicrobial activity. In terms of antioxidant
activity, compound 2c revealed a relatively higher capability as
an antioxidant agent. Based on the initial microbiological
screening outcomes, molecular docking was performed to
evaluate the interaction between the promising novel deriva-
tives and the target proteins. The results indicated that
compounds 2a, 2f, and 2c showed stable binding interactions
with the receptor proteins. Further, the MD simulation results
fortied the stability of the ligand during the simulation. The
experimental in vitro results agreed well with the theoretical
outcomes of the in silico studies. Overall, from this study, novel
thiazole-Schiff base derivatives can be utilized as antibiotic
candidates in the future.
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