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ucture–activity relationships of
indole-3-butyric acid-based hydrazones:
predicting their antibacterial and antioxidant
potential through integrated experimental,
molecular docking and DFT studies

Mudasara Azam,a Talha Mashhood, a Shehar Bano,a Muhammad Ibrahim, *a

Sehar Nadeem, b Humaira Zulfiqar,c Nora Hamad Al-Shaalan, d

Sarah Alharthi, ef Mohammed A. Amin g and Muhammad Usman Khan *b

Indole-based hydrazone derivatives are a valuable group of molecules owing to their adjustable electronic

structures, strong donor–acceptor properties, and broad biological applications in antioxidants,

antibacterials, and optoelectronics. In the current work, indole 3-butyric acid (IBH) derivatives of

hydrazones (DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH, and TCIBH) were prepared using

a multi-step method with aldehydes or ketones substituted to form the hydrazide group. Melting point

analysis and FTIR, UV-visible and NMR spectroscopy confirmed the structures of the hydrazine

derivatives. The evaluation of biological activity showed trends in activity. DHIBH outperformed all other

compounds synthesized in terms of antibacterial screening against Escherichia coli and Staphylococcus

aureus, with maximum zones of inhibition of 18.3 mm and 19.3 mm, respectively, and an MIC of 2.5 mg

mL−1. Meanwhile, ICIBH and 4-PCIBH exhibited selective performance against the Gram-positive strain

at a dosage of 2.5 mg mL−1, while the antioxidant activity was observed using the DPPH assay, with

DHIBH being the most effective radical scavenger with an IC50 of 44.51 ± 7.46 mL mL−1. The findings of

the experiment were justified by extensive DFT computations. There was good agreement between the

experimental vibrational frequencies and the calculated vibrational frequencies, which verified the

structural stability and functional group integrity of the structure using comparative IR analysis. Frontier

molecular orbital analysis has shown that the HOMO–LUMO energy gaps are substituent-dependent,

which shows variable chemical reactivity and charge-transfer capacity. UV-vis analysis favors the

predominant p / p and n / p transitions with the bathochromic effects of extended conjugation and

electron-withdrawing substituents, respectively. Nonlinear optical (NLO) computations proved an

increase in the dipole moment, polarizability, and first hyperpolarizability of a few derivatives, which

denoted their multifunctional behavior. Molecular electrostatic potential, global reactivity descriptors,

and NBO analyses were further used to provide greater insights into and confirm the presence of

efficient intramolecular charge transfer. A strong correlation between molecular docking with DNA

gyrase B (PDB ID: 6F86) and antioxidant-related protein (PDB ID: 1HD2) was observed against

experimental antibacterial and antioxidant data, especially with DHIBH and NIBH. The ADMET results

confirmed the favorable drug-like and pharmacokinetic properties of all the compounds. In general,

these findings indicate that indole-based hydrazones are promising lead structures that should be further

optimized structurally and biologically prior to the determination of their therapeutic potential.
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1 Introduction

Nitrogen and oxygen heterocyclic frameworks are of consider-
able pharmaceutical signicance as numerous bioactive natural
products and clinically approved drugs incorporate these priv-
ileged scaffolds.1 Among these architectures, hydrazones
featuring the characteristic –CONH–N]CH– linkage with
multiple electron donor sites constitute a distinct subclass
within the Schiff base family.2 From a synthetic standpoint,
hydrazones participate as key substrates in several named
transformations, notably the Shapiro, Bamford–Stevens and
iodination reactions. Conversely, they function as critical
intermediates in Wolff–Kishner reductions.3 Structurally, these
compounds are obtained via the condensation of hydrazides
with an aldehyde or ketone, yielding a conjugated framework
enriched with nitrogen and oxygen heteroatoms (Fig. 1). The
resulting donor–acceptor architecture facilitates hydrogen bond
formation with biological macromolecules, thereby modulating
receptor interactions and interfering with diverse physiological
processes.4 Importantly, hydrazones have demonstrated thera-
peutic utility extending well beyond antimicrobial applications,
offering viable strategies to overcome drug resistance while
maintaining a favorable toxicity prole.5 Consequently, the
design and synthesis of multi-target hydrazone derivatives,
exhibiting antimicrobial,6 cardioprotective,7 anti-HIV,8 anti-
inammatory,9 antioxidant,10 antihypertensive, anticancer,11

antitubercular,12 antidepressant,13 antimalarial14 and anticon-
vulsant15 properties.

In this regard, hydrazones are considered an important
group of organic compounds due to their various applications
in medicine. Hydrazone derivatives are highly reactive because
the NH functional group is acidic and has electrophilic and
nucleophilic sites. We note that acidic hydrazones are subject to
amido–iminol tautomerism, making them interesting bidentate
ligands. They are keto preferred in the solid phase but are found
as an equilibrium mixture of enol and keto species in solution.
The key structural attributes responsible for the medicinal
relevance of hydrazones include their ability to enhance radical
stability, act as alternative antioxidants, participate in nucleo-
philic reactions, and undergo isomerization.

Hydrazones have been extensively studied for their broad
spectrum of biological activities.16 According to Sondhi et al.
(2006),17 compound A (Fig. 2) is a sufficiently stable compound
that neutralizes free radicals via electron transfer, thereby
Fig. 1 Structural assortment of the hydrazone functionality.

© 2026 The Author(s). Published by the Royal Society of Chemistry
reducing their destructive capability. This is based on an eval-
uation of the active characteristics of synthetic hydrazone
antioxidants. Compound B (Fig. 2) was reported by Shah et al.
(2012) as a registered antitubercular and antibacterial agent.
Küçükgüzel et al. (2003).18 Tayade et al. (2022)19 synthesized
compound C (Fig. 2), which exhibited the highest antioxidant
activity among the synthesized compounds. Jabeen (2022)20

synthesized D (Fig. 2), an antibacterial drug containing
a hydrazone moiety. Shah et al. (2012)21 reported that the
nifuroxazide structure is used as an intestinal antiseptic
compound E (Fig. 2).

Nifuroxazide (Fig. 3) is a well-known nitrofuran-based drug
containing a hydrazone moiety that has attracted signicant
attention in medicinal chemistry due to its vast spectrum of
antibacterial activity and low toxicity.22 It is used to treat acute
diarrheal infections.23 It affects the gastrointestinal tract, with
its effects retained, and does not affect the entire intestinal
ora.24 The hydrazone functionality enhances its molecular
stability, biological activity, and conjugation between the
aromatic ring and nitrofuran.25 This conjugation enhances the
enzymatic reduction of the nitro group inside bacterial cells.
Hydrazone proton donor and acceptor sites interact strongly
with bacterial enzymes and proteins by improving their binding
ability.26

Despite several hydrazone analogs reported in the literature,
no systematic study has been performed to synthesize, fully
characterize spectroscopically, analyze by DFT, and molecularly
dock IBA-derived hydrazones with dual antibacterial and anti-
oxidant proling.

In multidisciplinary research, computational studies of
newly synthesized organic compounds have increasingly gained
signicance in elucidating optoelectronic characteristics,
molecular stability, and atomic-level reactivity.27–30 Density
functional theory (DFT) simulations provide reliable informa-
tion on ideal geometries, electronic structures, charge distri-
bution, and frontier molecular orbitals, which are crucial for
correlating structural properties with experimental data.31–34

Furthermore, molecular docking studies offer molecular-level
elucidation of biological activity by detailing the binding
modalities, interaction patterns, and binding stability in bio-
logical targets.35 The current research thus proposes to synthe-
size and spectroscopically characterize eight new IBA-based
hydrazone analogs,36 determine their in vitro antibacterial and
antioxidant properties, and (3) rationalize the resultant
RSC Adv., 2026, 16, 30408–30433 | 30409
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Fig. 2 Representative hydrazone derivatives (A)–(E) with reported antimicrobial and antioxidant activities from the literature.

Fig. 3 Antibacterial drug nifuroxazide.
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structure–activity relationships using DFT calculations and
molecular docking.

2 Materials and methods

Indole-3-butyric acid (Sigma-Aldrich), acetophenone (Sigma-
Aldrich), 4-hydroxy acetophenone (Sigma-Aldrich), 2-
hydroxybenzaldehyde (Sigma-Aldrich), 2,4,5-tri-
methoxybenzaldehyde (Sigma-Aldrich), 4-chloroacetophenone
(Sigma-Aldrich), sulfuric acid (MERCK), hydrazine (Sigma-
30410 | RSC Adv., 2026, 16, 30408–30433
Aldrich), methanol (Sigma-Aldrich), Cexime (Sigma-Aldrich),
and Ciprooxacin (MERCK).
2.1 General procedure

The synthesis of the hydrazones was carried out in a series of
steps that began with the esterication of indole-3-butyric acid.
In the next step, the hydrazide was synthesized by reuxing the
ester with hydrazine hydrate for 4 h using methanol as
a solvent. All the reagents used were of analytical purity, and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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solvents were used without additional purication. The trans-
formation process was evaluated by thin-layer chromatography
using silica gel plates (0.25 mm) and visual observation. NMR
spectra were obtained using a Bruker Avance 400 MHz spec-
trometer in DMSO-d6, and Fourier-transform infrared spectra
were obtained using a Shimadzu IR Prestige-21 instrument.
Absorption analysis was carried out using a Shimadzu UV-vis
spectrophotometer (model UV-5100) with a spectral window of
190–1000 nm, using a deuterium lamp as a source of short
wavelength radiation and a tungsten lament as the source of
long wavelength radiation.
2.2 Technique for the synthesis of indole-3-butyric acid-
based hydrazones (DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH,
ICIBH, 4-PCIBH and TCIBH)

In methanol, a solution of indole-3-butyric acid hydrazide (0.47
mmol) and substituted aromatic aldehydes (0.47 mmol) was
allowed to reux for four hours. At the end of the reaction,
which was followed by the use of thin-layer chromatography,
the reaction mixture was concentrated using a rotary evapo-
rator. The crude material was then subjected to routine workup,
and the nal products were puried using column
chromatography.

2.2.1 N0-(3,4-Dihydroxybenzylidene)-4-(1H-indol-3-yl)
butanehydrazide (DHIBH). M.P: 131–132 °C, yield: 72%.

IR nmax (cm
−1): 3373 (N–H, amidic) str, 3045 (C–H, sp2) str,

2914–2868 (C–H, sp3) str, 1664 (–C]O, amidic), 1533 (–C]N,
iminic), 1372 (C–N).

UV lmax = 368 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 10.96 (s, 1H, N–H15, amide),
10.74 (s, 1H, N–H1), 9.30 (s, 1H, OH25), 9.24 (s, 1H, OH24), 7.94
(s, 1H, Ar–H5), 7.79 (s, 1H, Ar–H26), 7.52 (dd, J = 7.9, 4.7 Hz, 1H,
Ar–H8), 7.33 (d, J = 8.3 Hz, 1H, Ar–H23), 7.18–7.16 (m, 1H, Ar–
H19), 7.13–7.01 (m, 2H, Ar–H2,7), 6.96 (td, J= 7.4, 4.1 Hz, 1H, Ar–
H6), 6.75 (d, J = 8.9 Hz, 1H, Ar–H22), 2.79–2.62 (m, 3H, H1300,12),
2.22 (t, J = 7.4 Hz, 1H, H130), 1.94 (td, J = 7.7, 4.3 Hz, 2H, H12).

13C-NMR (101 MHz, DMSO) d 174.42, 168.69, 147.92, 146.06,
143.48, 136.78, 126.29, 122.77, 122.66, 121.29, 120.78, 120.12,
118.81, 118.57, 116.07, 115.96, 113.08, 111.79, 40.58, 40.37,
40.16, 39.96, 39.75, 39.54, 39.33, 32.41, 26.37, 24.98.

2.2.2 (E)-4-(1H-Indol-3-yl)-N0-(pyridin-4-ylmethylene)
butanehydrazide (PIBH). M.P: 127–129 °C, yield: 70%.

IR nmax (cm
−1): 3343 (N–H, amidic) str, 3055 (C–H, sp2) str,

2914–2868 (C–H, sp3) str, 1684 (–C]O, amidic), 1531 (–C]N,
iminic), 1361 (C–N).

UV lmax = 335 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 11.48 (s, 1H, N–H1), 10.78 (s,
1H, N–H15, amide), 8.58–8.56 (m, 2H, Ar–H17,21), 7.91 (s, 1H, Ar–
H23), 7.52 (dd, J = 7.9, 3.4 Hz, 1H, Ar–H8), 7.48–7.42 (m, 2H, Ar–
H18,20), 7.34 (dd, J = 8.2, 4.3 Hz, 1H, Ar–H5), 7.13 (d, J = 2.3 Hz,
1H, Ar–H2), 7.06 (t, J = 7.6 Hz, 1H, Ar–H7), 7.01–6.91 (m, 1H, Ar–
© 2026 The Author(s). Published by the Royal Society of Chemistry
H6), 2.81–2.66 (m, 3H, H1300,11), 2.30 (t, J = 7.4 Hz, 1H, H130), 1.96
(dt, J = 14.9, 5.5 Hz, 2H, H12).

13C-NMR (101 MHz, DMSO) d 169.56, 150.65, 150.62, 143.71,
140.25, 136.78, 127.70, 122.84, 121.29, 120.99, 118.79, 118.59,
114.55, 111.81, 40.59, 40.39, 40.18, 39.97, 39.76, 39.55, 39.34,
32.39, 25.84, 24.82.

2.2.3 (Z)-4-(1H-Indol-3-yl)-N0-(naphthalen-1-ylmethylene)
butanehydrazide (NIBH). M.P: 132–134 °C, yield: 68%.

IR nmax (cm
−1): 3366 (N–H, amidic) str, 3054 (C–H, sp2) str,

2924–2863 (C–H, sp3) str, 1656 (–C]O, amidic), 1548 (–C]N,
iminic), 1372 (C–N).

UV lmax = 347 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 11.27 (s, 1H, N–H15, amide),
10.78 (s, 1H, N–H1), 8.60 (d, J= 8.0 Hz, 1H, Ar–H26), 7.98 (dq, J=
6.3, 3.0 Hz, 2H, Ar–H19,24), 7.86 (d, J = 7.2 Hz, 1H, Ar–H22), 7.78
(d, J = 7.3 Hz, 1H, Ar–H8), 7.68–7.51 (m, 4H, Ar–H5,20,21,25), 7.34
(dd, J = 8.2, 4.3 Hz, 1H, Ar–H2), 7.15 (s, 1H, Ar–H17), 7.06 (q, J =
7.1 Hz, 1H, Ar–H7), 6.95 (dt, J = 15.1, 7.4 Hz, 1H, Ar–H6), 2.78
(dt, J = 15.8, 7.5 Hz, 3H, H1300,11), 2.33 (t, J = 7.4 Hz, 1H, H130),
2.01 (td, J = 7.7, 3.7 Hz, 2H, H12).

13C-NMR (101 MHz, DMSO) d 169.14, 142.60, 136.80, 133.98,
130.79, 130.51, 129.28, 129.21, 127.68, 127.36, 126.67, 126.03,
125.98, 124.13, 122.78, 121.27, 118.81, 118.60, 118.57, 111.81,
32.63, 25.72, 24.98.

2.2.4 (E)-4-(1H-Indol-3-yl)-N0-(2-methylbenzylidene)butane-
hydrazide (MBIBH). M.P: 140–141.5 °C, yield: 78%.

IR nmax (cm
−1): 3365 (N–H, amidic) str, 3042 (C–H, sp2) str,

2915–2862 (C–H, sp3) str, 1655 (–C]O, amidic), 1556 (–C]N,
iminic), 1377 (C–N).

UV lmax = 304 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 11.13 (s, 1H, N–H24, amide),
10.77 (s, 1H, N–H23), 8.23 (s, 1H, Ar–H15), 7.63–7.56 (m, 1H, Ar–
H2), 7.52 (d, J = 7.8 Hz, 1H, Ar–H4), 7.37–7.17 (m, 4H, Ar–
H1,18,19,20), 7.12 (dd, J = 5.9, 2.3 Hz, 1H, Ar–H6), 7.09–7.01 (m,
1H, Ar–H7), 6.96 (q, J= 7.6 Hz, 1H, Ar–H5), 2.80–2.63 (m, 4H, Ar–
H1000,12), 2.38 (d, J = 10.7 Hz, 3H, H22), 2.26 (t, J = 7.4 Hz, 1H,
H100), 1.95 (p, J = 7.4 Hz, 2H, H12).

13C-NMR (101 MHz, DMSO) d 168.98, 144.69, 141.97, 136.78,
132.70, 131.34, 129.67, 127.68, 126.61, 126.55, 122.75, 121.26,
118.78, 118.55, 114.63, 111.79, 40.60, 40.39, 40.19, 39.98, 39.77,
39.56, 39.35, 32.51, 25.79, 24.92, 19.84.

2.2.5 (E)-4-(1H-Indol-3-yl)-N0-(4-methoxybenzylidene)buta-
nehydrazide (4-MBIBH). M.P: 116–118 °C, yield: 83%.

IR nmax (cm
−1): 3299–3230 (–N–H, amidic), 3060 (Ar–H) str,

2938–2847 (C–H, sp3) str, 1652 (–C]O, amidic)str, 1606 (C]C)
str, 1542 (–C]N, iminic)str, 1246 (C–N)str.

UV lmax = 389 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 11.05 (s, 1H, N–H1), 10.75 (s,
1H, N–H15, amide), 7.88 (s, 1H, Ar–H25), 7.64–7.56 (m, 1H, Ar–
H5), 7.55–7.43 (m, 2H, Ar–H18,22), 7.33 (dq, J = 7.9, 1.1 Hz, 1H,
Ar–H8), 7.11 (d, J = 2.3 Hz, 1H, Ar–H2), 7.05 (ddd, J = 8.1, 7.0,
RSC Adv., 2026, 16, 30408–30433 | 30411
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1.2 Hz, 1H, Ar–H7), 7.01–6.91 (m, 3H, Ar–H6,19,21), 3.78 (d, J =
1.5 Hz, 3H, CH3

24), 2.70 (ddd, J = 31.1, 15.1, 7.5 Hz, 3H, H1100,13),
2.23 (t, J = 7.4 Hz, 1H, H110), 1.93 (p, J = 7.5 Hz, 2H, H12).

13C-NMR (101 MHz, DMSO) d 168.36, 160.38, 142.12, 136.29,
128.46, 128.07, 127.21, 126.92, 122.27, 120.77, 118.31, 118.09,
118.07, 114.23, 111.30, 55.24, 32.02, 25.35, 24.43.

2.2.6 (E)-N0-((1H-Indol-5-yl)methylene)-4-(1H-indol-3-yl)
butanehydrazide (ICIBH). M.P: 126–127 °C, yield: 76%.

IR nmax (cm
−1): 3368 (–N–H, amidic), 3036 (Ar–H) str, 2926–

2865 (C–H, sp3) str, 1643 (–C]O, amidic)str, 1598 (C]C)str,
1557 (–C]N, iminic)str, 1284 (C–N)str.

UV lmax = 308 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (500 MHz, DMSO) d 11.26 (s, 1H, Ar–H21), 10.99 (s,
1H, Ar–H17), 10.76 (s, 1H, Ar–H15, amide), 8.03 (s, 1H, Ar–H26),
7.70 (s, 1H, Ar–H18), 7.53 (t, J = 9.5 Hz, 2H, Ar–H5,8), 7.42 (d, J =
9.8 Hz, 1H, Ar–H24), 7.37 (s, 1H, Ar–H23), 7.33 (d, J = 7.8 Hz, 1H,
Ar–H2), 7.13 (s, 1H, Ar–H21), 7.05 (d, J = 7.8 Hz, 1H, Ar–H6),
6.98–6.92 (m, 1H, Ar–H7), 6.48 (s, 1H, Ar–H19), 2.77 (t, J= 7.3 Hz,
1H, H1200), 2.71 (d, J = 9.9 Hz, 2H, H13), 2.25 (t, J = 7.3 Hz, 1H,
H12), 2.00–1.93 (m, 2H, H11).

13C-NMR (126 MHz, DMSO) d 168.21, 144.35, 136.68, 136.30,
127.56, 127.23, 126.26, 125.52, 122.27, 120.75, 120.33, 118.95,
118.32, 118.05, 111.92, 111.88, 111.29, 101.82, 32.04, 25.32, 24.48.

2.2.7 (E)-4-(1H-Indol-3-yl)-N0-(4-phenylbutan-2-ylidene)
butanehydrazide (4-PCIBH). M.P: 137–138 °C, yield: 64%.

IR nmax (cm
−1): 3363 (–N–H, amidic)str, 3036 (Ar–H)str, 2946–

2865 (C–H, sp3)str, 1646 (–C]O, amidic)str, 1599 (C]C)str,
1565 (–C]N, iminic)str, 1278 (C–N)str.

UV lmax = 309 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (500 MHz, DMSO) d 10.74 (s, 1H, N–H15, amide),
9.91 (s, 1H, N–H1), 7.52–7.48 (m, 1H, Ar–H5), 7.29–7.21 (m, 5H,
Ar–H22,23,24,25,26), 7.18–7.13 (m, 2H, Ar–H7,8), 7.10–7.04 (m, 2H,
Ar–H2,6), 2.77 (dt, J = 12.7, 7.7 Hz, 2H, H13), 2.68 (d, J = 7.5 Hz,
2H, H12), 2.53 (d, J = 7.5 Hz, 1H, H1100), 2.47–2.43 (m, 1H, H110),
1.93–1.83 (m, 4H, H12,18), 1.82 (s, 3H, CH3

19).
13C-NMR (126 MHz, DMSO) d 168.57, 151.19, 141.37, 136.28,

128.24, 128.13, 127.18, 125.79, 125.69, 122.14, 120.77, 120.74,
118.25, 118.01, 111.27, 33.72, 32.19, 31.54, 26.03, 24.43, 15.99.

2.2.8 4-(1H-Indol-3-yl)-N0-((1E,2E)-3-phenylallylidene)buta-
nehydrazide (TCIBH). M.P: 114–116 °C, yield: 62%.

IR nmax (cm
−1): 3305 (–N–H, amidic)str, 3160 (C–H, sp2)str,

3041 (Ar–H)str, 2921–2865 (C–H, sp3)str, 1643 (–C]O, amidic)
str, 1544 (C]C)str, 1486 (–C]N, iminic)str, 1202 (C–N)str.

UV lmax = 332 nm corresponds to the p / p* and n / p*

transitions of the conjugated hydrazone (–C]N–NH–) system,
indicating extended conjugation in the molecule.

1H-NMR (400 MHz, DMSO) d 11.12 (s, 1H, N–H25), 10.76 (s,
1H, N–H1), 7.79 (d, J = 8.4 Hz, 1H, Ar–H5), 7.58 (dt, J = 8.2,
2.5 Hz, 2H, Ar–H20,24), 7.52 (dd, J = 7.9, 3.4 Hz, 1H, Ar–H16),
7.40–7.27 (m, 4H, Ar–H6,8,18,22), 7.12 (d, J = 2.3 Hz, 1H, Ar–H2),
7.06 (t, J = 7.5 Hz, 1H, Ar–H7), 7.00–6.82 (m, 3H, Ar–H21,23,27),
2.72 (q, J= 7.9 Hz, 2H, H13), 2.60 (t, J= 7.4 Hz, 1H, H1100), 2.24 (t,
J = 7.4 Hz, 1H, H110), 1.94 (p, J = 7.4 Hz, 2H, H12).
30412 | RSC Adv., 2026, 16, 30408–30433
13C-NMR (101 MHz, DMSO) d 168.98, 138.54, 136.80, 136.41,
129.28, 129.24, 129.18, 129.11, 127.64, 127.44, 122.72, 121.29,
118.82, 118.78, 118.55, 111.80, 32.13, 26.25, 24.87.

2.3 In vitro antioxidant activity

The potential antioxidant capabilities of the derivatized
compounds (DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-
PCIBH, and TCIBH) were assessed by preparing stock solutions
of the test samples in DMSO at a concentration of 10 mg mL−1.
A DPPH solution comprising 9.2 mg of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) dissolved in 100 mL of methanol was
also prepared. Subsequently, different concentrations of each
test sample (12.5, 25, 50, and 100 mL) were combined with DPPH
solution, maintaining a nal volume of 1 mL to obtain nal
concentrations of 0.125, 0.25, 0.5 and 1 mg mL−1, respectively.
Ascorbic acid was used as the standard, while the DPPH solu-
tion served as the control (Ablank). The reaction mixtures were
incubated in the dark at 37 °C for 60 minutes, and the absor-
bance of the samples was assessed at 517 nm using a UV-visible
spectrophotometer. The proportion of inhibition or scavenging
activity was assessed by quantifying the discolouration of the
DPPH solution. The free radical scavenging activity was quan-
tied as percentage inhibition and calculated using the
following equation:

Inhibition (%) = [(Ablank − Asample)/Ablank] × 100,

where Ablank represents the absorbance of the DPPH solution
and Asample represents the absorbance of the test compound.
The calculated inhibition values indicate the DPPH radical
scavenging efficiency of each compound.

2.4 Antibacterial activity of synthesized compounds

The agar well diffusion assay was utilized to assess the anti-
bacterial effectiveness of the synthetic compounds DHIBH,
PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH
against pathogenic strains Escherichia coli ATCC 25922 and
Staphylococcus aureus ATCC 25923 at a concentration of 108 CFU
per mL. Wells of 8 mm were created in Luria Bertani (LB) agar
plates by a sterilized cork borer. Pathogenic bacterial strains
were disseminated across the plates using sterilized cotton
swabs. Aer dissolving the compounds (DHIBH, PIBH, NIBH,
MBIBH, 4-MBIBH, ICIBH, 4-PCIBH, and TCIBH) in 10 mg mL−1

of DMSO, 80 mL of each compound was added to the well.
Ciprooxacin functioned as a positive control, while the solvent
(DMSO) served as the negative control. The plates were incu-
bated at 37 °C for 24 hours. Aer 24 hours, the inhibition zones
around the wells were measured in millimeters with a zone
meter.37

2.5 Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of the synthe-
sized compounds was determined by the broth microdilution
assay previously described by Swebocki et al.38 as per the Clin-
ical and Laboratory Standards Institute39 procedures for anti-
microbial susceptibility testing, with few minor modications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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A stock solution of each compound was prepared in DMSO at
a concentration of 10 mg mL−1. Initially, 90 mL of sterile Luria
Bertani (LB) broth was added to each well of the microtiter
plate. Then, 90 mL of stock solution was added to the rst well of
the plate. A two-fold dilution was accomplished by shiing 90
mL from the rst well to subsequent wells. The bacterial
suspension was diluted to achieve 0.5 McFarland at an optical
density (OD) of 0.08 at 600 nm. In each well of the microtiter
plate, except for the blank, 10 mL of standardized inoculum of
reference strains (E. coli and S. aureus) was introduced. LB broth
served as the negative control and positive control wells that
contained LB with bacterial suspension. Then, all the plates
were incubated at 37 °C for 24 h. The MIC was calculated by
comparing each well with the negative and positive controls.
2.6 In silico molecular docking

In silico docking studies of synthesized analogues were carried
out according to the procedure reported by Blessy and Shar-
mila,48 with minor modications. The synthesized ligands
(DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH, and
TCIBH) were found to interact with specic biological targets of
Escherichia coli DNA gyrase B (PDB ID: 6F86) to exhibit antibac-
terial activity and antioxidant-related proteins (PDB ID: 1HD2)
using AutoDock Tool 1.5.7.40 Initial drawing of the chemical
structures of the resulting compounds was performed with the
ChemOffice Suite (ChemDraw 16.0) in an appropriate two-
dimensional orientation. Thereaer, ChemBio3D was used to
energy-minimize the molecular geometries, and optimized
geometries were used as inputs for the ligands in the docking
simulations. The crystallographic structures of the target
proteins were obtained from the Protein Data Bank (PDB).
Protein preparation was performed using conventional proce-
dures, which included the elimination of co-crystallized ligands,
the choice of water molecules, and cofactors. The ready protein
structures were subjected to AutoPrep in AutoDock Tool 1.5.7,
and all crucial residues were retained on the target proteins. The
parameters of the docking grids were specied through the
graphical user interface of AutoDock, and the grid box was
placed in such a way that it covered the active site region of the
macromolecule. To nd the most preferred interaction confor-
mations between the ligand and the protein, docking simula-
tions were performed using the AutoDock Tool 1.5.7 algorithm. A
maximum of nine conformers were produced in each case, with
the lowest binding free energy chosen for further analysis. The
resulting ligand–protein interactions were studied and visualized
by Discovery Studio, in which the ligands were presented in
different colors, and the hydrogen bonds and interacting amino
acid residues were indicated with ball-and-stick models.41

The robustness of the adopted docking methodology was
veried via a self-docking validation step. Native co-crystallized
ligands were obtained from crystal structures of human perox-
iredoxin 5 (PDB ID: 1HD2) and E. coli gyrase B; each was inde-
pendently re-docked into its corresponding active sites under
identical grid and scoring parameters. The accuracy of the
docking method was evaluated by calculating the RMSD values
between the experimentally determined binding pose and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
re-docked conformation. The obtained RMSD values # 2.0 Å
remained reproducible and conrmed that the docking algo-
rithm reliably recapitulated the experimentally resolved ligand
orientations within the catalytic pockets.

2.7 ADMET prediction

The pharmacokinetic properties, encompassing absorption,
distribution, metabolism, and excretion (ADME), of all synthe-
sized compounds were evaluated using the SwissADME online
tool (https://www.swissadme.ch/). The SMILES notation of each
compound was used as an input to predict key parameters, such
as drug-likeness, lipophilicity, solubility, and gastrointestinal
absorption.

2.8 Density functional theory (DFT) calculation

DFT computation of DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH,
ICIBH, 4-PCIBH and TCIBH was carried out with Gaussian 09
(ref. 42) at the B3LYP/6-311+G(d,p) theory level. All molecular
geometries were optimized completely, and the vibrational
frequencies were calculated to give no imaginary frequencies,
which was the true indication of minima on the potential energy
surface. Frontier molecular orbital (FMO), natural bond orbital
(NBO), molecular electrostatic potential (MEP), global reactivity
descriptors, and nonlinear optical (NLO) properties were
considered using optimized geometries at the same level of
theory. The absorption spectra in the UV-visible region were
simulated by performing time-dependent DFT (TD-DFT) calcu-
lations in the gas phase. Multiwfn 3.7 (ref. 43) was used to carry
out electron localization function (ELF) and localized orbital
locator (LOL) analyses. GaussView 5.0,44 GaussSum,45 Chem-
Cra46 and Avogadro47 soware were used to visualize molecular
structures, orbitals, spectra and topological maps.

3 Results and discussion

The rst step involved the transformation of indole-3-butyric
acid into its ester using methanol as a solvent and a reagent
in the presence of two drops of concentrated H2SO4 as a catalyst
(dehydrating agent) aer 4 hours of stirring. Subsequently, the
reaction of ester with hydrazine monohydrate in the presence of
methanol solvent was performed, thus enabling the reaction to
produce indole-3-butyric acid hydrazide. Finally, substituted
benzaldehydes were reacted with the hydrazide in methanol for
4 hours under reux conditions to form the desired hydrazones
(Scheme 1).

The synthesis of the hydrazones was analyzed using various
spectroscopic methods. The formation of the hydrazone linkage
(–C(O)–NH–N]CH–) of all the eight derivatives was validated
through convergent spectroscopic evidence. The absence of the
aldehyde C–H group in the products and the loss of the
hydrazide –NH2 group (∼3288 cm−1) in the IR spectra provide
the rst indication of the effectiveness of the condensation. The
typical N–H stretching band of the amide hydrazone (3373–
3299 cm−1) is broad in each of the compounds, which is in line
with intermolecular hydrogen bonding. The amide C]O
vibration (1684–1643 cm−1) is greatly red-shied compared to
RSC Adv., 2026, 16, 30408–30433 | 30413
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Scheme 1 Synthetic route for the preparation of hydrazone derivatives from the naturally occurring indole-3-butyric acid.
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the esters (1735 cm−1), conrming conjugation with the azo-
methine bond. The appearance of the azomethine C]N
stretching band (1571–1456 cm−1) is the most diagnostically
30414 | RSC Adv., 2026, 16, 30408–30433
evident in all derivatives and gives positive evidence of
hydrazone formation. Interestingly, the C]N band changes
frequency (to higher frequencies) with electron-withdrawing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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groups (pyridyl in PIBH, 1571 cm−1) compared to electron-
donating groups (styryl in TCIBH, 1456 cm−1), indicating that
the aromatic substituent canmodulate the electronic properties
of the amino-group. The geometry of the hydrazone bond was
determined from the 1H-NMR spectra. The azomethine proton
(–N]CH–), which appears as a singlet downeld (7.79–8.60
ppm), and the broad amide NH signal are evidence of the
geometry of the hydrazone bond. The 13C-NMR carbonyl carbon
(d ∼168–174 ppm) and azomethine carbon (d ∼140–151 ppm)
prove the assigned structures.
3.1 Evaluation of the antioxidant potential of indole-3-
butyric acid-based hydrazones

The antioxidant activity of DHIBH, PIBH, NIBH, MBIBH, 4-
MBIBH, ICIBH, 4-PCIBH, and TCIBH was assessed using the
DPPH assay (Table 1). The results demonstrate that DHIBH had
the most signicant dose-dependent increase in radical scav-
enging, with the most notable mean activity of 84.79% ± 0.21%
Table 1 Results for the antibacterial activity of the synthesized
hydrazone derivatives

Compound

Anti-oxidant
activity (%)
(1 mg mL−1)

Anti-microbial
activity ZOI (mm)

Anti-microbial
activity ZOI (mm)

E. coli S. aureus

DHIBH 84.79 � 0.21 18.3 � 0.88 19.3 � 0.33
PIBH 52.75 � 0.38 15.7 � 0.33 10.0 � 0.58
NIBH 52.32 � 0.39 15.0 � 0.58 8.7 � 0.33
MBIBH 49.23 � 0.16 11.3 � 0.33 0.0
4-MBIBH 2.72 � 0.38 8.3 � 0.33 8.3 � 0.33
ICIBH 47.99 � 0.22 10.7 � 0.38 9.7 � 0.38
4-PCIBH 6.37 � 0.51 13.0 � 0.58 12.0 � 0.58
TCIBH 28.51 � 0.16 12.7 � 0.88 10.7 � 0.33
Ciprooxacin — 26.7 � 0.33 26.3 � 0.33
Ascorbic acid 95.67 � 0.38 — —

Fig. 4 Antioxidant activity of the synthesized derivatives.

© 2026 The Author(s). Published by the Royal Society of Chemistry
at 100 mL mL−1. Therefore, DHIBH showed the lowest IC50 value
(44.51 ± 7.46 mL mL−1) compared to PIBH (81.16 ± 0.67 mL
mL−1) and NIBH (83.94 ± 0.46 mL mL−1). Other derivatives,
such as MBIBH and TCIBH, did not achieve 50% inhibition in
the range tested, thus resulting in ˃100 mL mL−1. Standard
ascorbic acid was most effective with an IC50 of 11.07 ± 1.55 mL
mL−1. The structural substituents of DHIBH signicantly
enhance their hydrogen-donating potential compared to other
substitutes, as demonstrated by their high efficacy. The varia-
tion in the antioxidant capacity of derivatized substances
resulted from aromatic substitution. Indole-3-butyric acid
hydrazones contain conjugated electron rich structures and
charge transferring properties.48 Hydroxyl substitution
increases antioxidant properties via membrane affinity, elec-
tron donation and solubility.49 Consequently, the hierarchy of
antioxidant activity for the derivatized compounds is as follows:
4-MBIBH < 4-PCIBH < TCIBH < ICIBH <MBIBH <NIBH < PIBH <
DHIBH < ascorbic acid (Fig. 4).
3.2 Evaluation of the anti-bacterial potential of indole-3-
butyric acid-based hydrazones

The antibacterial screening results showed that the largest zone
of inhibition (26.7 and 26.3 mm) was created by the reference
agent ciprooxacin39 against pathogenic strains of Escherichia
coli ATCC 25922 and Staphylococcus aureus ATCC 25923. The
consecutive synthesized indole-3-butyric acid-based hydrazone
derivatives demonstrated a range of antibacterial activity, with
the strongest ZOI of DHIBH, 4-MBIBH, PIBH, 4-PCIBH, and
TCIBH, revealing a moderate inhibitory ability. Molecule
DHIBH exhibits good activity against both pathogenic strains.
The presence of hydroxyl substitution on themolecule increases
its bacterial effectiveness via hydrogen bonding with bacterial
enzymes and membranes, damaging the membrane structure
and leaking the intracellular contents.50,51 Furthermore, ICIBH
did not show activity against S. aureus but showed moderate
activity against E. coli under all conditions of the experiment.
RSC Adv., 2026, 16, 30408–30433 | 30415
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Fig. 5 Antibacterial activity of the synthesized compounds.
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Although the antibacterial activity of the synthesized
compounds was lower than that of the standard antibiotic, the
observed differences can be attributed to the structural differ-
ences in the hydrazone scaffold, highlighting the key role of
substituent identity and position in antibacterial activity
(Fig. 5). Altogether, these results support the idea of the
potential of selected hydrazone analogs as a prospective scaf-
fold to be further optimized structurally in order to increase
antibacterial effectiveness. The antibacterial activity results are
shown in Table 1.

3.3 Minimum inhibitory concentration

Minimum inhibitory concentration (MIC) screening demon-
strated that a signicant number of compounds exhibited
moderate antibacterial activity against the Gram-negative
bacteria E. coli within the examined concentration range
(0.0024–5 mg mL−1). Compound DHIBH exhibited the most
signicant inhibitory prole, holding growth suppression at
MIC concentrations of 5 and 2.5 mg mL−1, with calculated
inhibition values of 58.09% and 40.32%, respectively. 4-PCIBH
demonstrated a minimum inhibitory concentration (MIC) of
5 mg mL−1, indicating an average inhibition of 16.45%. In
contrast, substances PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH,
and TCIBH did not signicantly inhibit growth at the highest
concentration tested, resulting in MIC values surpassing 5 mg
mL−1. DHIBH was found to be the most potent derivative,
exhibiting an MIC of 2.5 mg mL−1 against both strains. The
high OD600 values recorded for substances, such as TCIBH (OD
= 2.183 at 5 mg mL−1), indicate a notable resilience of the
Gram-negative cell membrane to these chemical structures. The
diverse antibacterial properties of the two strains emphasize
a distinct structure–activity relationship (SAR) shaped by the
characteristics of the substituents on the synthetic benzohy-
drazide framework. The extensive action of DHIBH indicates
that its particular electronic or steric arrangement facilitates
better permeability through the protein peptidoglycan layer of
the Gram-positive bacteria and the lipopolysaccharide-based
outer membrane of Gram-negative bacteria. Notably,
numerous substances demonstrated negative inhibition values,
30416 | RSC Adv., 2026, 16, 30408–30433
indicating that the sample OD600 exceeded the control at higher
concentrations. This behavior is usually attributed to the
inherent chromophoric characteristics of the chemicals or
solubility constraints in the aqueous broth medium, resulting
in turbidity rather than the true enhancement of bacterial
metabolic activity. This evidence establishes DHIBH as a prin-
cipal candidate for further optimization to improve pharma-
cological potency and bioavailability. Ciprooxacin displayed
a minimum inhibitory concentration (MIC) of 0.078 mg mL−1

against E. coli and had remarkable antibacterial properties
against S. aureus with an MIC of 0.0195 mg mL−1.

3.4 Molecular docking studies

Three-dimensional crystallographic structures of the two target
proteins (PDB IDs: 1HD2 and 6F86) were retrieved from the
Protein Data Bank (PDB). Binding pocket identication was
performed using a DoGSiteScorer. The predicted active site
residues for 1HD2 (Chain A) as shown in Fig. 6(A) comprise
GLU16, GLY17, PHE55, ALA59, GLN58, LEU62, LYS63, GLN68,
VAL67, VAL69, THR80, VAL70, GLY82, ARG86, GLY85, ALA90,
GLU91, GLY92, LYS93, ARG95, VAL94 and LEU96. The predicted
active site residues for 6F86 (Chain A) as shown in Fig. 6(B) are
GLU42, VAL44, VAL43, ASN46, ALA47, GLU50, ILE59, ASP49,
VAL71, GLN72, ASP73, GLY75, ARG76, ILE78, GLY77, PRO79,
ILE94, VAL120, MET95, ARG136, THR165, GLY164, MET166
and VAL167 (Fig. 6).

Following the completion of the docking process, strict
selection criteria were applied to identify the most energetically
favorable binding pose for each ligand protein. In the visual
representations, ligands docked within the antioxidant protein
are rendered in grey, while interacting amino acid residues are
highlighted in pink. The computed binding scores for all
derivatives revealed differential affinities toward the 1HD2 and
6F86 receptors, reecting distinct interaction proles that may
govern their respective inhibitory potential.

3.4.1 Antioxidant activity (target protein: PDB ID 1HD2).
The molecular docking ndings with the antioxidant-related
protein 1HD2 show clear variations in the binding affinity of
the synthesized hydroxyl amino acid derivatives based on their
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Binding pocket prediction by DoGSiteScorer for the target proteins (A) 1HD2 and (B) 6F86.
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structure. The most stable poses have the following docking
scores: NIBH (−6.0 kcal mol−1), 4-PCIBH (−5.6 kcal mol−1),
ICIBH (−5.5 kcal mol−1), DHIBH (−5.4 kcal mol−1), 4-MBIBH
(−5.3 kcal mol−1), PIBH (−5.3 kcal mol−1), MBIBH
(−5.3 kcal mol−1), and TCIBH (−5.2 kcal mol−1). The low RMSD
values suggest that the antioxidant binding pocket accommo-
dates its ligands in a reliable manner.

The pattern of analyzing the 2D interaction diagrams reveals
that the conventional hydrogen bonding, p-alkyl, and hydro-
phobic interaction with the residue GLY46, CYS47, ARG127,
THR147, PRO45, ILE119, PHE120 and LYS49 are predominant
in antioxidant binding. The hydrazone moiety, amide carbonyl
oxygen and indolic nitrogen are always important anchoring
sites. Short and directional hydrogen bonds are observed in the
hydrogen-bonding diagrams and are usually between 2.09 and
2.53 Å, which are strong polar interactions that hold the ligand–
protein complexes stable (Fig. 7).

NIBH with the highest favorable antioxidant docking score
(−6.0 kcal mol−1, RMSD 1.912 Å) has several hydrogen bonds
with ARG127, and p-alkyl interactions with ILE119 and PRO45.
The long naphthyl aromatic system promotes the 3D delocal-
ization of electrons and hydrophobic surface area through
which it is able to penetrate farther into the antioxidant pocket,
which is easily observed in the 3D docked pose with the
aromatic moiety in a hydrophobic groove and the hydrazone
linkage in an optimal orientation to polar residues.

The 4-PCIBH has a very interaction-rich antioxidant prole
with a slightly reduced docking score. Multiple hydrogen bonds
are indicated as strong with GLY46 (2.53 Å), CYS47 (2.09 Å) and
ARG127 (2.23 Å), and this is backed by hydrophobic contacts
with PRO45 and LYS49. The chloro substituent enhances lip-
ophilicity and pocket complementarity, while the hydrazone-
amide structure guarantees high levels of electrostatic
anchoring. This dual polar-hydrophobic binding mode was
observed in the 2D interaction map and in the 3D complex
orientation.

The moderate antioxidant binding observed between ICIBH
andDHIBH is due to an equal balance of hydrogen bonding and
alkyl interactions; TCIBH, which is the weakest in antioxidant
docking (score−5.2 kcal mol−1), has fewer hydrogen bonds and
depends more on hydrophobic contacts (resulting in reduced
binding within the binding site).
© 2026 The Author(s). Published by the Royal Society of Chemistry
In general, antioxidant docking behavior signicantly
correlates with the length of p-conjugation, as shown in Table
S1 (SI), the presence of heteroatoms, and electronic delocal-
ization. Docking indicates that NIBH is the best binder for
1HD2.

3.4.2 Antibacterial activity (DNA gyrase B, PDB ID 6F86).
The docking studies of Escherichia coli DNA gyrase B (PDB ID:
6F86) have strong molecular evidence in the presence of the
antibacterial activity of the synthesized compounds. DHIBH
(−6.8 kcal mol−1), MBIBH (−6.4 kcal mol−1), 4-PCIBH
(−6.4 kcal mol−1), 4-MBIBH (−6.3 kcal mol−1), NIBH
(−6.1 kcal mol−1), TCIBH (−6.1 kcal mol−1), and ICIBH
(−6.0 kcal mol−1) are in order of antibacterial docking scores
with stable binding conformations.

GLY77, ASP73, ARG76, PRO79, ALA47, ILE78, VAL167, and
ASN46 are always determined as important active-site residues
in 2D interaction diagrams. DHIBH with the highest binding
affinity (−6.8 kcal mol−1) has a dense interaction network
consisting of three strong conventional hydrogen bonds with
ASP73 (1.9 Å), GLY77 (2.3 Å), and VAL71 (2.5 Å). Additional
stabilization is caused by p-cation and p-anion interactions
with ARG76 and many p-alkyl interactions between ARG76,
PRO79, ALA47, and VAL167. Interactions are well demonstrated
in the hydrogen-bonding and 3D docked models, in which
DHIBH is in great detail embedded into the gyrase-B catalytic
pocket (Fig. 8).

MBIBH and 4-MBIBH indicate that the effect of methoxy
substitution on antibacterial binding is that 4-PCIBH has more
hydrogen bonding with ASN46 and GLY77 and more carbon–
hydrogen bonding interactions with LEU98 and VAL118, which
leads to a high docking score and low RMSD. Conversely, the
least potent antibacterial binder, PIBH, has fewer hydrogen
bonds (especially with THR165); instead, it depends predomi-
nantly on less strong hydrophobic interactions, which are
indicated in its spacer 2D interaction map and worse 3D
orientation. Taken together, the data of the antibacterial
docking reveal that compounds with multiple hydrogen-bond
donors and acceptors (phenolic OH, hydrazone NH, and
carbonyl O) and aromatic systems with the ability of 2-dimen-
sional interaction (2 stacks) and intermolecular electrostatic
interactions exhibit better interactions with DNA gyrase B. The
high concordance between the docking activity of DHIBH and
RSC Adv., 2026, 16, 30408–30433 | 30417
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Fig. 7 Molecular docking analysis of antioxidant compounds with
DHIBH, PIBH, NIBH,MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH. (a)
2D interaction diagram showing the hydrogen bonding and hydro-
phobic interactions between the ligands and active site residues. (b) 3D
binding interactions illustrating the ligand orientation within the
binding pocket and binding interactions with surrounding residues. (c)
Surface representation of the protein–ligand complexes highlighting
the hydrogen bond donor and acceptor regions and hydrophobic
contact areas.

30418 | RSC Adv., 2026, 16, 30408–30433
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the maximum inhibitory zone of activity of the enzyme, which is
experimentally determined, is strong evidence that DNA gyrase
B inhibition is a potential antibacterial process. This suggests
that the compound may inhibit bacterial growth by interfering
with DNA replication.

The selection of target proteins was based on their well-
established biological relevance. DNA gyrase B is a validated
antibacterial target responsible for ATP-dependent DNA super-
coiling, and its inhibition is a proven strategy in antimicrobial
drug development. For antioxidant studies, human peroxir-
edoxin 5 was selected due to its role in cellular redox homeo-
stasis and peroxide detoxication. Compounds capable of
interacting with their proteins may inuence oxidative stress
pathways. Thus, both targets were chosen to provide a mecha-
nistic basis for the experimentally observed antibacterial and
antioxidant activities. Overall, molecular docking results
provide mechanistic support for enzyme inhibition by demon-
strating that synthesized compounds bind preferentially within
the active sites of antioxidant and antibacterial proteins.

The docking scores and biological assay results reported in
this study provide insight into the structure–activity relation-
ships of synthesized hydrazone compounds; their interpreta-
tion must be approached with careful consideration of both
their relevance and inherent limitations. Docking scores serve
as a relative indicator of ligand–protein binding affinity, where
more negative values generally reect stronger predicted inter-
actions and enhanced stability of the ligand–enzyme complex.
In the present study, DHIBH shows comparatively favorable
docking values toward DNA gyrase B, which is observed to some
extent with its antibacterial activity. This suggests that the
effective occupation of the ATP-binding pocket may contribute
to its biological performance or disrupt the proper orientation
of catalytic residues, thereby potentially inhibiting enzyme
function. In addition, detailed interaction proles, particularly
hydrogen bonding and hydrophobic contacts within the
binding cavity, may contribute to the stabilization of the ligand–
protein complex and support the inhibitory mechanism.

The rank of docking scores across all eight compounds is in
strong agreement with the experimental inhibition zones, with
molecules displaying more hydrogen bond donors and
aromatic p-systems achieving both higher binding affinities
and greater antibacterial potency. Compounds with less
productive contact showed correspondingly weaker antibacte-
rial activity. Despite these observations, the predictive capability
of docking remains limited by simplication within scoring
functions, which do not adequately capture protein exibility,
solvent effect, entropic contribution and the dynamic nature of
biological systems. Consequently, small differences in binding
energies (<1–2 kcal mol−1) should not be interpreted as den-
itive evidence of superior activity.

Notably, several inconsistencies between the computational
predictions and the experimental ndings were identied.
NIBHDH displayed one of the most favorable docking scores in
antioxidant-related docking yet exhibited relatively weak radical
scavenging activity, while 4-PCIBH exhibited the highest anti-
oxidant activity but only moderate docking affinity. ICIBH
showed strong antioxidant potential but lacked antibacterial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Molecular docking analysis of antibacterial compounds with
DHIBH, PIBH, NIBH,MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH. (a)
2D interaction diagram showing the hydrogen bonding and hydro-
phobic interactions between the ligands and active site residues. (b) 3D
binding interactions illustrating the ligand orientation within the
binding pocket and the binding interactions with surrounding residues.
(c) Surface representation of the protein–ligand complexes high-
lighting the hydrogen bond donor and acceptor regions and hydro-
phobic contact areas.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:2

4:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activity even though it formed reasonable interactions with the
bacterial target. These discrepancies indicate that biological
activity is inuenced by multiple factors beyond binding
affinity, including solubility, membrane permeability, molec-
ular stability and alternate mechanisms, such as direct free
radical scavenging.

The integration of docking and experimental results offers
complementary perspectives on the potential bioactivity of
these molecules; the ndings should be interpreted with
appropriate caution. Molecular docking should be regarded as
a supportive tool for elucidating possible molecular interactions
and guiding molecular design, rather than as denitive proof of
biological activity. Establishing a stronger correlation between
computational predictions and experimental outcomes requires
further validation through quantitative biochemical assays and
kinetic studies to better capture the dynamic behavior of
ligand–protein interaction.

Collectively, these results suggest that the inhibition of DNA
gyrase B is likely the primary mechanism underlying antibac-
terial activity, while the modulation of peroxiredoxin 5 may
contribute to a secondary enzyme-mediated pathway in anti-
oxidant activity, complementing the direct radical scavenging
activity observed in the DPPH assay.

3.4.3 Docking validation. The docking protocol was vali-
dated by extracting and re-docking the native co-crystallized
ligands into the active site of 1HD2 and 6F86 protein using
AutoDock Tool 1.5.7. The computationally reproduced binding
conformations exhibited excellent spatial agreement with the
experimentally resolved crystallographic orientation, thereby
conrming the precision and validity of the docking approach.
The successful superimposition of re-docked and reference
poses demonstrates that the grid parameters, score functions
and search algorithms were appropriately calibrated for reliable
ligand binding predictions. Validation is crucial for ensuring
the robustness and dependability of the docking protocol used
for subsequent binding affinity and interaction analyses (Fig. 9).
3.5 ADMET analysis

The pharmacokinetic and drug-likeness proles of all synthe-
sized derivatives were computationally predicted using the
SwissADME web server. Key parameters evaluated included
compliance with Lipinski's rule violations, BBB penetration,
bioavailability score, GI absorption, PAINS alerts, lead likeness
violations and log Kp (cm s−1) (Table 2 and Fig. 10). The
bioavailability radar plots offer a consolidated visual summary
of six critical physicochemical properties (lipophilicity, molec-
ular size, polarity, aqueous solubility, saturation, and exibility)
that collectively dene the drug-like chemical space. In these
plots, the red contour traces the compound's physicochemical
space, while the shaded pink zone delineates the optimal range
for orally bioavailable drugs. Any excursion of the red line
beyond the pink boundary indicates a potential limitation in
drug-like behavior. Notably, all compounds displayed molec-
ular weights within acceptable limits and exhibited full
compliance with Lipinski's criteria without any violations,
indicating promising oral drug-like characteristics.
RSC Adv., 2026, 16, 30408–30433 | 30419
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Fig. 9 Docking validation results showing the redocking of the native co-crystallized ligand into the active site target protein. Superimposition of
the experimentally observed and re-docked ligand conformations within the binding pockets of (A) PDB ID: 1HD2 and (B) PDB ID: 6F86.

Table 2 ADMET profiling results of DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH determined by SwissADME

Compound
MW
(g mol−1)

Rotatable
bonds

H-bond
acceptors

H-bond
donors GI BBB

log Kp

(cm s−1)
Lipinski
violations BS

PAINS
alert

Lead-likeness
violations

DHIBH 337.37 7 4 4 High No −6.25 0 0.55 2 0
PIBH 306.36 7 3 2 High Yes −6.32 0 0.55 0 0
NIBH 355.43 7 2 2 High Yes −4.97 0 0.55 0 2
MBIBH 319.4 7 2 2 High Yes −5.37 0 0.55 0 1
4-MBIBH 335.4 8 3 2 High Yes −5.75 0 0.55 0 2
ICIBH 344.41 7 2 3 High Yes −5.8 0 0.55 0 1
4-PCIBH 347.45 9 2 2 High Yes −5.48 0 0.55 0 2
TCIBH 331.41 8 2 2 High Yes −5.4 0 0.55 0 2
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3.6 DFT analysis

3.6.1 Optimized geometries. All the synthesized hydrazone
derivatives are based on the same type of hydrazone structure
(indole-3-butyric acid), with three major structural units: (i)
indole nucleus, (ii) hydrazone linkage (–CONH–NH–C]N–),
and (iii) substituted aromatic or heteroaromatic terminals. DFT
at the B3LYP/6-311+G(d,p) level was used to obtain optimized
molecular geometries (Fig. 11) that provide information on
electronic delocalization and structural stability.

The indole ring preserved in all derivatives serves as a rigid
p-conjugated system and provides hydrogen-bonding proper-
ties by the indolic NH group, which promotes intermolecular
engagements. The main pharmacophoric group is the hydraz-
one moiety, in which the conjugation between the carbonyl
group and the azomethine (C]N) bond facilitates electron
30420 | RSC Adv., 2026, 16, 30408–30433
delocalization, as conrmed by the optimized structures.
Several hydrogen-bond acceptor and donor sites are also
present here, which increases chemical reactivity and biological
relevance. The different derivatives vary in their terminal
substituents, which creates structural differences between the
derivatives. DHIBH has a dihydroxyphenyl group added, which
adds powerful donating hydroxyl functionalities and increases
polarity and hydrogen-bonding capacity. PIBH and NIBH have
heteroaromatic pyridyl and extended naphthyl systems,
respectively, which enhance p-surface area and conjugation
length. MBIBH and 4-MBIBH are differentiated by the position
of the methoxy group, which affects the planarity of molecules
and their electronic distribution. ICIBH also has an extra indole
moiety, increasing the level of heteroatoms and aromatic
conjugation with the electron-withdrawing effects observed in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SwissADME bioavailability radar of the DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH compounds.

Fig. 11 Optimized geometries of all the designed compounds.
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4-PCIBH, controlling charge-distribution and the increase in p-
conjugation in TCIBH as a result of its styryl extension.

3.6.2 Frontier molecular orbitals (FMOs). FMOs are the
highest occupied molecular orbital (HOMO)52 and the lowest
unoccupied molecular orbital (LUMO), which are crucial
determinants of the electronic, optoelectronic, and charge-
transfer characteristics of organic molecules.53 The HOMO–
LUMO energy gap (DE) is commonly employed as a measure of
chemical reactivity, kinetic stability and intramolecular charge-
transfer efficiency.

Table 3 shows that the calculated energies of HOMO and
LUMO at the B3LYP/6-311+G(d,p) level (see Table 3) are signif-
icantly different among the derivatives of hydrazone, which is
caused by the electronic effect of substituents. The HOMO
energies show limited variation (−5.27 to −5.36 eV), which
suggests a similar capability to donate electrons in the indole-
hydrazone backbone. Conversely, there is increased
© 2026 The Author(s). Published by the Royal Society of Chemistry
dispersion in the LUMO energies representing the impact of
terminal substituents on the electron-accepting nature. Conse-
quently, the HOMO–LUMO gaps (DE) range from 3.570 to
5.109 eV, indicating that there are important structural property
links.

The lowest energy gaps are observed in compounds PIBH
(3.570 eV) andNIBH (3.586 eV), and this fact can be explained by
the increased p-conjugation and the increased aromaticity of
the model compounds (pyridyl and naphthyl units) that stabi-
lize the LUMO and allow intramolecular charge transfer. The
gap is also lower in TCIBH (3.726 eV) because it has a longer
styryl conjugation. Conversely, the broadest gap is at 4-PCIBH
(5.109 eV), which is in line with the great electron-withdrawing
inuence of the para-chloro substituent that destabilizes charge
delocalization and enhances molecular hardness. Intermediate
gaps occur in ICIBH (4.430 eV) and 4-MBIBH (4.280 eV),
RSC Adv., 2026, 16, 30408–30433 | 30421
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Table 3 Calculated values of HOMO and LUMO in eV of all the
synthesized compounds

Molecule HOMO (eV) LUMO (eV) DE = ELUMO − EHOMO (eV)

DHIBH −5.304 −1.057 4.247
PIBH −5.363 −1.792 3.570
NIBH −5.270 −1.684 3.586
MBIBH −5.299 −1.291 4.009
4-MBIBH −5.310 −1.030 4.280
ICIBH −5.278 −0.848 4.430
4-PCIBH −5.304 −0.195 5.109
TCIBH −5.331 −1.605 3.726
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indicating a compromise between heteroaromatic conjugation
and steric/electronic modulation by substituents.

The general pattern of the HOMO–LUMO gap is as follows:
PIBH < NIBH < TCIBH <MBIBH < DHIBH < 4-MBIBH < ICIBH <
4-PCIBH.

Using the orbital contour plots, it is possible to determine
that red and blue isosurfaces indicate opposite phases of the
molecular wavefunction. The orbital contour plots give more
insight into these trends. The red and blue lobes shown in all
derivatives are opposite phases of the molecular wavefunction,
which depict the geometrical distribution and phase symmetry
of the FMOs. The HOMO density is mainly concentrated in the
indole nucleus and hydrazone linker areas, indicating that
these regions have the highest number of electrons as donors.
The presence of heteroatoms (N and O) and the conjugation of
the C]N bond contribute to this localization and increase the
density of electrons and polarizability. Conversely, the LUMO is
predominantly concentrated over the terminal aromatic or
heteroaromatic substituents, especially in compounds with
extended conjugation (PIBH,NIBH, and TCIBH). This change in
electron density on the cores of the indole-hydrazone to the
substituent on the excitation of the core is a clear indication of
an intramolecular charge-transfer (ICT) process. In the case of
4-PCIBH, the chlorine atom is an electron-withdrawing atom
Fig. 12 Highest and lowest molecular orbitals of all the synthesized com

30422 | RSC Adv., 2026, 16, 30408–30433
that causes the localization of the LUMO region, which leads to
diminished charge mobility and an increased gap between the
energy levels.

In general, the orbital contour analysis allows for the
conclusion that the charge-transfer efficiency is dictated by the
substituent-controlled modulation of orbital localization and
conjugation length, which dictates the electronic behavior of
such indole-based hydrazone derivatives, as shown in Fig. 12.

Biologically, the experimentally recorded antioxidant and
antibacterial activities can be theoretically explained by the
observed FMO qualities. The lower the HOMO-energy gap of the
compounds, such as PIBH, NIBH and TCIBH, the greater the
chemical reactivity of the compound and the stronger the ability
to transfer electrons, which is desirable in radical scavenging
and redox-mediated biological processes. The strong HOMO
localization on the indole-hydrazone core facilitates electronic
donation to support antioxidant functionality, and the well-
circumvented LUMO localization on the terminal aromatic
moieties supports interactions with biological targets. In
contrast, these molecules with higher energy differences, such
as 4-PCIBH, exhibit kinetic stability, which can serve as
a selective antioxidant activity with regulated electron accep-
tance. In general, the parameters of FMO calculated with DFT
are consistent with the biological screening data, which proves
that the modication of electronic structure with the help of
substituents is a key factor in determining the antibacterial and
antioxidant properties of these indole-based hydrazone
derivatives.

3.6.3 Molecular electrostatic potential analysis (MEP). A
strong visual charge distribution, polarity, and reactive site
visualization description of a molecule, MEP, is complementary
to frontier molecular orbital (FMO) analysis.54 Overall, MEP and
FMO studies explain the control of intramolecular charge
transfer, intermolecular interactions and structure-specic
biological activity by electronic structure.

The MEP maps of the calculated B3LYP/6-311+G(d,p)-
optimized geometries of the indole and hydrazone show the
charge distribution within the indole and hydrazone structures,
pounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Molecular electrostatic potential surfaces of all the investigated compounds.

Table 4 Reactivity parameters of all the studied compounds (in eV)a

Molecule IP EA c Μ h S u DNmax

DHIBH 5.304 1.057 3.181 −3.181 2.123 0.235 2.382 1.498
PIBH 5.363 1.792 3.577 −3.577 1.785 0.280 3.585 2.004
NIBH 5.270 1.684 3.477 −3.477 1.793 0.279 3.372 1.939
MBIBH 5.299 1.291 3.295 −3.295 2.004 0.249 2.708 1.644
4-MBIBH 5.310 1.030 3.170 −3.170 2.140 0.234 2.348 1.482
ICIBH 5.278 0.848 3.063 −3.063 2.215 0.226 2.118 1.383
4-PCIBH 5.304 0.195 2.750 −2.750 2.554 0.196 1.480 1.076
TCIBH 5.331 1.605 3.468 −3.468 1.863 0.268 3.229 1.862

a Units are in eV for IP, EA, c, m, h, s, and u of the studied compounds.
For s, the unit is eV−1.
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as displayed in Fig. 13. The regions in such color-coded surfaces
are red/orange (negative electrostatic potential, i.e. electron-rich
and nucleophilic), blue (positive electrostatic potential, i.e.
electron-decient and electrophilic) and green (near-neutral) in
potential. In all derivatives, the most negative potential is
always concentrated near the carbonyl oxygen atom and
azomethine/hydrazide nitrogen atom, and the hydrazone
moiety is the major site of interaction. However, positive
potential is primarily observed around the indolic and hydra-
zide NH protons, indicating that they are hydrogen-bond
donors.

The variation in the substituent greatly contributes to the
variation in the extent and distribution of the electrostatic
potential. DHIBH carrying dihydroxy groups also has stronger
negative potentials around the phenolic oxygens, enhancing the
local electron density and polarization. PIBH demonstrates
a deep dark spot close to the nitrogen of the pyridyl ring, which
readily accepts electrons and encourages the charge transfer of
the indole-hydrazone core to the heteroaromatic ring on its
terminal. NIBH has a more diffuse, dispersed potential across
the naphthyl moiety, as expected in the large-scale p-delocal-
ization of the electrons. The positional dynamics of the methoxy
group slightly remodel the surface potential in MBIBH and 4-
MBIBH, and the para isomer exhibits greater delocalization
along the conjugated backbone. The addition of the hetero-
atoms increases polarity in ICIBH and furthers negative regions
on the units of indole. The chloro withdrawal group in 4-PCIBH
diminishes the amount of electrophilic species on the phenyl
ring, directing negative potential on the hydrazone unit. TCIBH
has a sustained electrostatic gradient along the extended
conjugated system, which is a sign of effective long-range
charge communication.

Notably, the trends of the MEP are very supportive in the
context of the FMO-based charge-transfer reaction with the
localization of HOMO on the core of the indole-hydrazone
complex and the extension of LUMO into substituted
aromatic units as a means of facilitating intramolecular elec-
tron migration. This electronic asymmetry increases the radical
scavenging capacity and target-site interactions, which can give
a theoretical role to the observed antioxidant activity and anti-
bacterial activity of synthesized hydrazone derivatives.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.6.4 Global reactivity indices. Conceptual DFT global
reactivity descriptors are directly related to biological activity
because they measure the electron-donating/accepting poten-
tial, charge-transfer propensity, and kinetic stability of a mole-
cule, which are the determinants of redox activity, binding
affinity, and intermolecular interactions.55 The descriptors most
strongly correlated with biological performance include elec-
tron affinity (EA), chemical hardness (h), soness (S), electro-
philicity (u) and maximum charge transfer (DNmax).

As illustrated in Table 4, the EA order (electron-accepting
ability) is PIBH > NIBH > TCIBH > MBIBH > DHIBH > 4-
MBIBH > ICIBH > 4-PCIBH.

The increased EA in PIBH and NIBH is due to the hetero-
aromatic substituents (pyridyl and naphthyl), stabilizing the
mode of EA LUMO due to extended pi-conjugation, which is
more favorable to the uptake of electrons during redox
processes. However, 4-PCIBH has the lowest EA because the
electron-withdrawing chloro group enhances localization and
prevents charge acceptance. Reactivity versus stability is
expressed through chemical hardness (h) and soness (S). The h
order is where 4-PCIBH = 4-MBIBH = DHIBH = MBIBH =

TCIBH = NIBH = PIBH, with mildness (S), while the opposite is
true. The weaker molecules (PIBH, NIBH, and TCIBH) are easier
to polarize and respond to chemicals, which is in line with the
increased biological interaction. The 4-PCIBH is highly hard,
which implies that it is more kinetically stable and less reactive.
RSC Adv., 2026, 16, 30408–30433 | 30423
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Table 5 Maximum absorption wavelength, excitation energy, oscil-
lation strength, and major electronic contribution of all the studied
compounds

Molecule lmax (nm) fos Ex (eV) % ECT

DHIBH 302.74 0.4548 3.9254 HOMO−1 / LUMO (92%)
PIBH 275.51 0.8177 3.2771 HOMO−2 / LUMO (97%)
NIBH 317.46 0.2302 3.3127 HOMO−2 / LUMO (95%)
MBIBH 278.30 0.7506 3.7089 HOMO−2 / LUMO (90%)
4-MBIBH 314.4 1.329 3.4394 HOMO−1 / LUMO (99%)
ICIBH 288.0 0.7387 4.1037 HOMO−1 / LUMO (82%)
4-PCIBH 291.1 0.9226 3.9598 HOMO−1 / LUMO (97%)
TCIBH 246.4 0.1293 4.7406 HOMO−2 / LUMO (69%)
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An important measure of the reaction with the nucleophilic
biological sites is electrophilicity (u): PIBH > NIBH > TCIBH >
MBIBH > DHIBH > 4-MBIBH > ICIBH > 4-PCIBH. However,
DNmax reects this sequence, which validates the high charge-
accepting capacity of heteroaromatic derivatives. Methoxy
replacement controls these parameters subtly; positional
(MBIBH vs. 4-MBIBH) and para-substitution (the para-substi-
tution slightly decreases electrophilicity because of the stabili-
zation caused by symmetry) effects control delocalization.

These results have a signicant relationship with the FMO
and MEP analyses. Molecules with larger EA, u and S also have
smaller HOMO–LUMO gaps and strong MEP polarization,
allowing for efficient intramolecular charge transfer. This e-
exibility facilitates radical scavenging (antioxidant activity)
and high electrostatic/hydrogen-bonding affinity with bacterial
targets and is a consistent theoretical account of the observed
trends in biological activity.

3.6.5 UV-visible analysis. UV-visible spectroscopy is a key
instrument for investigating electronic transitions and conju-
gation and hence for determining optoelectronic behavior,
including light absorption, charge transfer probability, and
excitation energy.56 In the case of bioactive p-systems, electron
delocalization and redox responsiveness are also manifested in
these transitions, which frequently form the basis of antioxi-
dant activity and biomolecular interactions.

Fig. 14 depicts normalized intensity (y-axis) vs. wavelength
(nm, x-axis) spectra with strong absorption bands in the UV
region, which are typical of a p / p* transition and n–>p
transition in the indole-hydrazone chromophore. Table 5 shows
that the lmax values lie between 246.4 and 317.46 nm and the
excitation energy (Ex) of the system is 3.2771 to 4.7406 eV, with
the greatest contribution being HOMO−n to LUMO transitions
(69–99%).

There is also an evident structure–property dependence. The
red-shied absorptions in NIBH (317.46 nm) and 4-MBIBH
Fig. 14 UV-vis spectra of all the designed compounds.

30424 | RSC Adv., 2026, 16, 30408–30433
(314.4 nm) correspond to the lowest-energy transitions, which
are explained by an increase in p-delocalization: the extended
aromatic structure (naphthyl in NIBH) and a good para-
substitution/conjugation orientation (4-MBIBH) stabilize the
excited state and decrease transition energy. In contrast, TCIBH
(246.4 nm) shows a strong blue shi and the highest Ex (4.7406
eV), which agrees with a weaker ICT contribution (69%) and
a single excitation led by higher occupied orbitals (HOMO–
2LUMO), implying weak donor–acceptor coupling in the most
important excitation. Intermediate 6-max values are observed
with PIBH (275.51 nm) and MBIBH (278.30 nm), indicating
a moderate degree of conjugation and substituent-controlled
polarization, while DHIBH (302.74 nm) has the advantage of
electron-donating hydroxyl groups, which enhance the delo-
calization of charge and red-shi absorption compared to less
donating substituents. The comparatively good oscillator
strengths, especially of 4-MBIBH (fos = 1.329) and 4-PCIBH
(0.9226), indicate higher transition probabilities, which are
linked to better orbital overlaps in the major excitation
channels.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Connected to previous discussions, it is associated with the
UV-vis trends: compounds with stronger ICT character (high
HOMO−n to LUMO contribution) and stabilized excited state
are associated with more polarized MEP surfaces and effective
redistribution of charges. These characteristics can coexist with
increased electron-transfer capacity, justifying antioxidant
capability, and optimized electronic distribution and transition
intensity could also bias target-site interactions, which would be
benecial for antibacterial action.

3.6.6 Density of state (DOS). DOS analysis gives a quanti-
tative representation of available electronic states around the
frontier region by which charge-transport, optical response and
excitation pathways in the p-conjugated systems are
explained.57 DOS characteristics in bioactive molecules also
indicate the capacity to donate electrons and accept electrons as
well as the accessibility of redox potential that may affect anti-
oxidant and binding interactions. The x-axis (energy, eV) of the
DOS plots is the orbital energy with respect to the reference
level, and the y-axis (relative intensity) is the number of states
available at this energy. The blue trace represents the total DOS,
and the black and red curves are the contributions of the two
major fragments (butanehydrazide core and the substituted
aldehyde/ketone moiety). The observation of a distinct low-DOS
region about the frontier energies agrees with the calculated
HOMO–LUMO gaps, and the striking peaks at lower (more
negative) energies are attributed to s/p states further located
deeper within the bandgap. In all the derivatives, the prole of
DOS conrms that both fragments play a role in the frontier
region, yet the quantity of their overlap varies with substitution,
indicating varying levels of electronic coupling.

More highly conjugated and heteroaromatic analogues (e.g.
PIBH, NIBH, and TCIBH) are more likely to have the mixing of
fragment DOS around the frontier energies, and this should
happen due to the increased delocalization and intramolecular
charge transfer. In comparison, more localized systems (e.g. 4-
Fig. 15 DOS spectra of all the studied compounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
PCIBH) have comparatively lower frontier mixing and, there-
fore, can be more kinetically stable and have a more localized
electronic density. Substituent electronics also modulate the
positions and strength of its peaks: densities of accessible states
on the aromatic segment are enhanced by electron-rich groups
(e.g. DHIBH with phenolic OH), and states with the potential
accessed in electron acceptance or polarization are created by
heteroatoms (pyridyl N in PIBH and another indole N in ICIBH).
The change in coupling (positional methoxy effects MBIBH vs.
4-MBIBH) is observed as changes in frontier DOS overlap
(Fig. 15).

In sum, the trends of DOS are consistent with the gaps in the
FMO and the polarization of the MEPs, which validates the
presence of the charge-transfer excitations observed in the UV-
vis spectrum. The molecules with higher frontier-state mixing
and greater state availability are likely to be redox responsive,
giving the theoretical basis for the antioxidant and antibacterial
activities.

3.6.7 Infrared spectrum. IR spectroscopy is a key method
for investigating the vibrational properties, bonding conditions,
and integrity of the functional groups of organic molecules,
which offers straightforward information about their electronic
structure and molecular stability. In p-conjugated and
heteroatom-rich systems, IR vibrational vibrations are directly
related to the delocalization of electrons, the capacity to form
hydrogen bonds, and the distribution of charge within the
intramolecular framework of systems, which dictate optoelec-
tronic behavior. Moreover, the position and strength of char-
acteristic IR bands corresponding to functional groups of
molecules, including NH, OH, CO, and CN, are essential in
determining biological activity since they are the ones involved
in hydrogen bonding and electrostatic interactions with bio-
logical targets. Thus, IR studies conducted using both experi-
mental and DFT computations can provide a solid system for
correlating the structural stability, electrical characteristics, and
RSC Adv., 2026, 16, 30408–30433 | 30425
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Fig. 16 IR spectra of the synthesized compounds.
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biotic activity of the obtained indole-3-butyric acid-based
hydrazone analogs.

3.6.7.1 O–H/N–H vibrations (∼3600–3200 cm−1). The DFT-
computed IR spectra of DHIBH also have a broad and strong
band in the range of 3400–3300 cm−1, which is also consistent
with the experimental assignment of overlapping OH and NH
groups in the range of phenolic hydroxyl groups and hydroxyl
hydrazide/indolic NH niches. This expansion is a manifestation
of hydrogen-bonding interactions, which are also experimen-
tally observed. The calculated spectra of PIBH, NIBH,MBIBH, 4-
MBIBH, ICIBH, 4-PCIBH, and TCIBH also consistently show
bands within the same range, which can be attributed to the
N3H stretching of the hydrazide and indole units, in good
agreement with their corresponding FTIR spectra (about 3400–
3300 cm−1). Slight deviation in frequencies should be observed
as a result of harmonic approximation and gas-phase maximi-
zation in DFT (Fig. 16).

3.6.7.2 C–H aromatic and aliphatic stretching vibrations
(∼3100–2850 cm−1). Theoretical calculations of all the
compounds reproduce the multiple medium intensity bands at
around 3050–3000 cm−1 based on the aromatic C–H stretching,
in agreement with the experimental results for DHIBH, PIBH,
NIBH and ICIBH. Further bands in the 2950–2850 cm−1 range
are attributed to aliphatic C–H (sp3) stretching, which is espe-
cially intense inMBIBH, 4-MBIBH and TCIBH, and attributed to
methoxy (or alkyl/styryl) substituents. The structural assign-
ments are also conrmed by these intensity variations, which
are substituent-dependent (Fig. 16).

3.6.7.3 Carbonyl stretching vibrations, n(C]O) (∼1680–
1620 cm−1). There is always a strong, sharp DFT-predicted
absorption in the 1650–1620 cm−1 range of DHIBH, PIBH,
NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH and TCIBH, which is
related to amide carbonyl (C]O) stretching vibration. The fact
30426 | RSC Adv., 2026, 16, 30408–30433
that the experimental FTIR values are close to the values in the
close match conrms the presence of the acyl hydrazide func-
tional group in all derivatives. Small red shis of certain
compounds can be ascribed to conjugation with the azome-
thine group and electronic delocalization of substituents.

3.6.7.4 Azomethine vibrations (n(C]N)) ∼1600–1530 cm−1.
The calculated IR spectra exhibit clearly dened bands in the
range of 1580–1530 cm−1 for all derivatives, which are in good
agreement with the experimental C]N stretching frequencies.
In the case of DHIBH, the calculated band at the 1580–
1550 cm−1 range coincides with the experimental band, while
PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH, and TCIBH
present bands at the positions of 1560–1530 cm−1. Minor
changes between compounds indicate the electronic inuences
of electron-giving or electron-taking away substituents on the
azomethine linkage (Fig. 16).

3.6.7.5 C–N stretching and ngerprint area. The 1350–1200/
1150 cm−1 DFT predictions are close to the experimental C–N
stretching vibrations of all compounds. The high concentration
of bands below 1100 cm−1 is a result of aromatic ring defor-
mations, in-plane and out-of-plane C–H bending and skeletal
vibrations, which clearly demonstrate the presence of
substituted aromatic and hetero-aromatic structures.

3.6.8 ELF and LOL analyses. Topologically localized orbital
locator (LOL) maps give a visualization of the localization of
electrons in real space in the context of the molecular frame-
work. The colors of the given diagrams vary among blue (low
localization of electrons), green/yellow (moderate localization of
electrons) and red (high localization of electrons). Molecular
length in Bohr is used as the x-axis, and spatial distribution
perpendicular to the molecular backbone is used as the y-axis in
order to visualize electronic communication along the conju-
gated system (Fig. 17).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 LOL spectra of all the synthesized molecules.
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In the case of DHIBH, the LOL map displays a high concen-
tration of red/yellow areas localized around the phenolic oxygen
atoms and the hydrazone core, indicating a high level of electron
localization favored by hydrogen bonding and lone-pair density.
PIBH demonstrates an increase in the localization of the pyridyl
nitrogen, which shows the electron-withdrawing heteroaromatic
unit and asymmetric charge distribution across the backbone.
The longer naphthyl moiety in NIBH has broader green-yellow
© 2026 The Author(s). Published by the Royal Society of Chemistry
regions, indicating greater delocalization of p-electrons
compared to the fused aromatic system.

The positional effects are evident in the methoxy-substituted
MBIBH and 4-MBIBH; para substitution (4-MBIBH) provides
improved conjugative interaction between rings, resulting in
a more continuous localization pattern, while meta substitution
provides slightly fragmented localization. The data of the
increasing electron localization around the two indole units of
RSC Adv., 2026, 16, 30408–30433 | 30427
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ICIBH conrm the presence of heteroatom-assisted charge
retention and two-way donor properties. Conversely, 4-PCIBH
exhibits smaller red regions around the chloro-substituted ring
with less delocalization of the linker, which is expected in the
case of an electron-withdrawing effect. TCIBH displays
comparatively homogeneous green-yellow outlines in the
background, that is, the prolonged and less intense localization
is caused by the styryl fragment.

The electron localization function (ELF) is a powerful topo-
logical measure of electron pairing, bond character and lone-
pair localization, which directly affects charge transport,
optical response, and molecular stability. ELF in bioactive
scaffolds identies electron-rich areas that control redox activity
and noncovalent interactions (H-bonding and electrostatics)
associated with antioxidant and antibacterial activity.

The ELF plots are displayed in the form of 3D surfaces and
a color map (2D); the molecular backbone is traced on the x-
axis (length unit: Bohr), and the spatial distribution of the
framework is reected on the perpendicular axis. In the color
scale (intensity of localization), red and yellow indicate the
most localized electron density (bonding and lone pairs), while
green and blue indicate a more delocalized electron density.
High ELF is uniformly observed at heteroatom-rich locations
(carbonyl O and hydrazone N atom) and aromatic rings, indi-
cating strong sigma/pi interactions and concentrated lone
pairs around the core of the indole-hydrazone moieties
(Fig. 18).

A continuity of localization is also modulated along the
conjugated path by substituent effects. DHIBH demonstrates
increased localization around phenolic O atoms, which agrees
with a high lone-pair density and hydrogen-bonding ability.
Fig. 18 ELF plots of all the designed molecules.

30428 | RSC Adv., 2026, 16, 30408–30433
PIBH shows localization around pyridyl N and polarization in
the backbone. NIBH is more extensively and continuously
localized throughout the extended naphthyl pi-system, which
favors delocalization. MBIBH vs. 4-MBIBH shows that conju-
gation is positionally controlled by the presence of para
substitution and allows for easier ELF connectivity compared to
the more discontinuous meta analogue. ICIBH displays more
localization of two units of indole, but 4-PCIBH displays more
localized distributions around the chloro-phenyl end, which is
expected of less delocalization. This has TCIBH with long-term
though mid-range localization along the styryl fragment.

The trends of LOL and ELFs in general support FMO, MEP,
UV-vis and DOS analyses to establish substituent-controlled
localization/delocalization and charge-transfer mechanisms.
These digital derivatives justify the noted antioxidant redox
ability and antibacterial correlations of the hydrazone
derivatives.

3.6.9 Natural bond orbital analysis. Natural bond orbital
(NBO) is a useful method for measuring intramolecular charge
transfer (ICT) due to the interaction between a donor and an
acceptor, thus explaining the electronic delocalization appli-
cable to the optoelectronic response and chemical reactivity.
These hyperconjugative pathways also explain the redox
behavior and the noncovalent binding potential of bioactive
hydrazones, which affect antioxidant and antibacterial activity.

Table 6 accentuates the important stabilizing interactions
between donor and acceptor orbitals responsible for charge
delocalization. Throughout the series, the p / p* interactions
are observed within the conjugated systems, e.g., p (C4) / p*

(C3) interactions in DHIBH (1.37 kcal mol−1), NIBH
(1.38 kcal mol−1), and TCIBH (1.37 kcal mol−1), indicating that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Natural bond orbitals of all the designed compounds

Molecule Donor (i) Type Acceptor (j) Type E36 kcal mol−1 E(j) − E(i) (a.u.) F(i; j) (a.u.)

DHIBH p C4 p* C3 1.37 11.31 0.111
s C2–C3 s* C4–C5 17.56 0.3 0.071
LP (1) N16 s* C10–N15 10.85 0.83 0.085
LP (2) O25 p* H44 1.7 2.58 0.061

PIBH p C6 p* C5 1.53 10.79 0.115
s C2–C3 s* C4–C9 15.44 0.29 0.066
LP (1) O14 s* C10–C11 2.64 1.05 0.047
LP (2) O14 s* C10 2.32 2.51 0.071

NIBH p C4 p* C3 1.38 11.31 0.112
s C2–C3 s* C4–C9 15.48 0.29 0.066
LP (1) N15 s* C10–O14 51.21 0.3 0.113
LP (2) O14 p* C10 2.06 2.47 0.066

MBIBH p C3 p* C8 1.8 11.22 0.127
s C3–C8 s* C4–C5 19.96 0.28 0.068
LP (1) N14 s* C15–H36 10.5 0.8 0.083
LP (2) O13 p* C9 2.09 2.47 0.066

4-MBIBH p C4–C9 p* C3 1.37 11.31 0.111
s C4–C9 s* C7–C8 18.94 0.27 0.065
LP (1) N15 s* C10–O14 60.68 0.28 0.119
LP (2) O24 p* C21 2.36 2.27 0.068

ICIBH p C5 p* C6 1.74 10.75 0.122
s C4–C9 s* C5–C6 19.96 0.28 0.068
LP (1) N15 s* C10–O14 61.04 0.28 0.119
LP (2) O14 p* C10 1.93 2.44 0.063

4-PCIBH p C3 p* C4–C5 1.48 10.62 0.113
s C2–C3 s* C4–C9 15.42 0.29 0.066
LP (1) N1 s* C4–C9 35.45 0.3 0.095
LP (2) O14 p* C10 1.79 2.27 0.059

TCIBH p C4 p* C3 1.37 11.32 0.111
s C5–C6 s* C7–C8 19.52 0.28 0.067
LP (1) N1 s* C4–C9 35.45 0.3 0.095
LP (2) O14 s* C10 1.95 2.45 0.064
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the series is uniformly conjugated at p-systems. There is also
stronger s / s* hyperconjugation with s (C2–C3) / s* (C4–
C5) in DHIBH (17.56 kcal mol−1) and s (C4–C9) / s* (C5–C6)
in ICIBH (19.96 kcal mol−1), indicating that conformationally
facilitated charge redistribution happens through the linker.

Above all, overwhelming stabilization is a result of lone-pair
donation on heteroatoms to antibonding s and p orbitals,
which implies that ICT at the hydrazone core is intense. Some
examples of representative transitions are LP36 N16/ s* (C10–
N15) in DHIBH (10.85 kcal mol−1), LP36 N15/ s* (C10–O14) in
NIBH (51.21 kcal mol−1), LP36 N14 / s* (C15–H36) in MBIBH
(10.50 kcal mol−1), and LP36 N15 / s* (C10–O14) in 4-MBIBH
(60.68 kcal mol−1). The greatest E36 values were found in 4-
MBIBH (60.68 kcal mol−1) and ICIBH (61.04 kcal mol−1) with
LP36 N15 / s* (C10–O14), indicating very strong n / s*

interactions with extensive resonance delocalization. Consid-
erable interactions in 4-PCIBH, including LP36 N1/ s* (C4–C9)
(35.45 kcal mol−1), further support the participation of nitrogen
lone pairs in electron delocalization across the hydrazone
framework.

Comparing these results, the high HOMO–LUMO energy gap
of 4-PCIBH (5.109 eV) indicates greater electronic hardness and
kinetic stability, which is consistent with its selective and
regulated electron-transfer behaviour. In contrast, compounds
© 2026 The Author(s). Published by the Royal Society of Chemistry
with smaller gaps, such as PIBH (3.570 eV) and NIBH (3.586 eV),
exhibit greater electronic soness, facilitating electron dona-
tion and explaining their relatively stronger DPPH radical
scavenging activity. Similarly, the strong NBO interaction of
LP(N) / 4-(C]O) in 4-MBIBH (60.68 kcal mol−1) indicates the
high polarization of the intramolecular charge in the hydrazone
structure, which also increases its hydrogen bonding capacity,
thus facilitating the increased affinity of the compound with the
protein targets and higher docking scores.

The NBO data in general support the FMO/UV-vis charge-
transfer transitions and the localization of MEP/ELF at the O/
N-rich sites and prove that heteroatom lone pairs contribute
to ICT via heterodimeric hydrazone linkage. This improved
delocalization facilitates electron-transfer mechanisms perti-
nent to antioxidant activity and increases interaction ability
with bacterial targets, which is in line with the recorded bio-
logical proles.

3.6.10 Non-linear optical (NLO) properties. The NLO
optical study is crucial in determining how a molecule delo-
calizes its electrons, efficiency in charge-transfer and response
to polarization when it is subjected to an external electric eld.
These are properties that underlie optoelectronic performance
(electro-optic modulation and frequency conversion) and have
applications in biological activity, where polarizability and
RSC Adv., 2026, 16, 30408–30433 | 30429
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Table 7 Non-linear optical properties (m = dipole moment (Debye),
polarizability (a), and hyperpolarizability (b)) of all the proposed
compounds

Molecule m (D) a (a.u.) b (a.u.)

DHIBH 3.04 246.86 1408.39
PIBH 3.57 231.59 794.63
NIBH 3.91 272.87 210.67
MBIBH 2.50 250.30 200.51
4-MBIBH 1.82 258.25 1678.20
ICIBH 3.15 269.61 1535.66
4-PCIBH 1.89 255.15 110.15
TCIBH 1.02 281.24 297.09
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dipole moment affect molecular recognition and redox
processes. Donor–pi–acceptor systems are sensitive to
substituent-controlled intramolecular charge transfer (ICT).

The dipole moments vary between 1.02 and 3.91 D, showing
different degrees of asymmetry of the molecules. The highest m
is observed in NIBH (3.91 D) and PIBH (3.57 D), which can be
explained by heteroaromatic substituents (naphthyl/pyridyl),
increasing charge separation within the indole-hydrazone
system. The reduced m values in 4-MBIBH (1.82 D), 4-PCIBH
(1.89 D) and TCIBH (1.02 D) indicate reduced donor–acceptor
asymmetry owing to substitution effects (Table 7). The dipole
moment of all the compounds is larger than that of urea (about
1.37 D), which means that they are more polarized.

The values of polarizability (231.59–281.24 a.u.) are on the
rise with molecular size and pi-conjugation. TCIBH (281.24 a.u.)
and NIBH (272.87 a.u.) exhibit the highest a because of the long
aromatic system, which makes electron cloud distortion easier.
The inductive and resonance effects of methoxy and chloro
substitutions (MBIBH/4-MBIBH/4-PCIBH) have a moderate
effect on 3. These a values are signicantly higher than those of
urea, which shows greater electronic soness and optical
responsiveness.

There is a wide range from 66.15 to 1678.20 a.u. for 4-MBIBH
(1678.20 a.u.), ICIBH (1535.66 a.u.) and DHIBH (1408.39 a.u.)
due to effective donor–acceptor coupling within the structures.
Conversely, the 4-PCIBH (110.15 a.u.) exhibits a suppressed ICT
owing to an electron-withdrawing chloro substitution. Signi-
cantly, the b values, including the largest ones, are multiple
times greater than those of urea (b = 0.343 a.u.), and this fact
highlights the great NLO potential.

In general, the NLO trends are very consistent with the FMO,
NBO, MEP, ELF, DOS, and UV-vis analyses, all of which indicate
the presence of a substituent-based intramolecular charge
transfer along the indole-hydrazone backbone. The compounds
with a larger dipole moment and hyperpolarizability have lower
HOMO–LUMO gaps, NBO interaction, potent MEP polarization,
and higher ELF delocalization, supporting effective electronic
communication between segments of donors and acceptors.
This shared electronic exibility is not only the basis of excel-
lent optoelectronic/NLO response but can also be used to
explain the observed antioxidant/antibacterial activity, the
result of which is dependent on the efficient electron transfer
and polarized site of interaction.
30430 | RSC Adv., 2026, 16, 30408–30433
3.7 Structure–activity relationship analysis

An examination of how different substituents inuence bio-
logical outcomes reveals distinct electronic and steric factors
controlling activity proles. DHIBH, which carries a 3,4-di-
hydroxyphenyl group, demonstrated the strongest antibacterial
response potency (ZOI: 18.3 mm against E. coli; MIC: 2.5 mg
mL−1) alongside the most effective radical scavenging ability
(IC50: 44.51 mL mL−1). This enhanced performance can be
attributed to the presence of two phenolic hydroxyl groups that
act as hydrogen-bond donors during interactions with bacterial
enzymes and simultaneously facilitate hydrogen atom donation
for DPPH radical neutralization.

In contrast, compounds bearing electron-withdrawing
groups (4-PCIBH and chlorophenyl ketone) or those devoid of
active hydrogen-bond donor functionalities (MBIBH and
TCIBH) showed weaker antibacterial activity and were unable to
reach 50% DPPH inhibition at the tested concentration range
(IC50 > 100 mL mL−1). PIBH and NIBH occupied intermediate
positions, indicating that extended p-conjugation alone
increases target binding affinity (supported by docking scores)
yet remains inadequate for effective radical scavenging in the
absence of active hydrogen-donor groups.

Based on these ndings, the SAR ranking for antioxidant
activity follows the order catechol-OH (DHIBH) >>
heteroaromatic-N (NIBH, PIBH) > methoxy-OMe (4-MBIBH) >
halogen/alkyl (4-PCIBH, MBIBH, and TCIBH). The antibacterial
activity ordering reects combined dependencies on hydrogen-
bonding ability and membrane permeability: DHIBH > 4-
MBIBH > PIBH z TCIBH > 4-PCIBH > NIBH > MBIBH > ICIBH.
It is noteworthy that NIBH displays favorable antioxidant
docking scores yet weak experimental radical scavenging,
emphasizing that binding alone is not a reliable prediction of
functional activity, since physicochemical parameters,
including aqueous solubility and membrane permeability, also
critically determine in vitro performance.
4 Conclusion

A family of indole-3-butyric acid-based hydrazone compounds
(DHIBH, PIBH, NIBH, MBIBH, 4-MBIBH, ICIBH, 4-PCIBH, and
TCIBH) was successfully produced, and their structure was
conrmed using melting point, FTIR, UV-vis, and NMR spec-
troscopy. The experimental biological assessment showed that
all the compounds have concentration-dependent antioxidant
and variable antibacterial properties. DHIBH was found to be
the most active antioxidant derivative (84.79% at 100 mL mL−1,
IC50 = 44.51 mL mL−1), while DHIBH also demonstrated the
largest antibacterial zone of inhibition (18.3 mm against
Escherichia coli) compared with ciprooxacin (26.7 mm).
However, it should be noted that these values remain consid-
erably lower than those of the reference standards, ascorbic acid
(IC50: 11.07 mL mL−1) and ciprooxacin (MIC: 0.078 mg mL−1

against E. coli), indicating that further structural optimization is
necessary to achieve clinically relevant potency. The DFT
computations were a powerful indication of the experimental
results. Frontier molecular orbital analysis showed that HOMO–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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LUMO energy gaps are between 3.57 and 5.11 eV, which depend
on the substituent and are therefore capable of chemical reac-
tivity and charge-transfer. The calculations of UV-vis indicated
the predominance of p–p and n–p transitions with bath-
ochromic shis, showing derivatives with more extended
conjugation. ELF, MEP and LOL studies revealed specic sites
of electron localization and delocalization, which were associ-
ated with hydrogen-bonding and radical stabilization. Global
reactivity descriptors also proved the increased electrophilicity
and soness of the most bioactive compounds. The NBO anal-
ysis revealed good intramolecular interactions between charge
transfers, especially between the LP (N/O) and s/pi transitions.
Enhanced values of the rst hyperpolarizability (8 up to 1678
a.u.) were calculated using nonlinear optical (NLO) measure-
ments and were found to be superior to those of urea, indicating
multifunctional optoelectronic potential. The molecular dock-
ing experiments with DNA gyrase B (PDB ID: 6F86) and an
antioxidant-linked protein (PDB ID: 1HD2) revealed a great
correspondence with the experimental data. DHIBH had the
best antibacterial binding affinity (−6.8 kcal mol−1), and NIBH
had good docking scores for antioxidants (up to
−6.0 kcal mol−1) due to the large number of hydrogen bonds
and hydrophobic interactions. The ADMET results further
conrmed the favorable drug-like and pharmacokinetic prop-
erties. Nevertheless, notable discrepancies between docking
predictions and experimental outcomes for creation derivatives
(e.g. NIBH shows favorable docking but weak radical scav-
enging) highlight limitations of static computational
approaches and the need for dynamic validation. Overall, the
integrated experimental and computational ndings suggest
that substituent-controlled electronic modulation signicantly
inuences the antioxidant and antibacterial behaviors of
indole-hydrazone derivatives. Among synthesized compounds,
DHIBH emerges as the most promising lead scaffold; however,
its moderate activity relative to drugs necessitates further
medicinal chemistry optimization, like bioisosteric replace-
ment and formulation strategies, to increase potency and
bioavailability prior to any advancement toward therapeutic
utility.
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