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Abstract: A Schiff base ligand (E)-11-(2-phenylhydrazono)-11H-indeno[1,2-b] quinoxaline was synthesized by the
condensation of o-phenylenediamine with ninhydrin followed by its Pd (Il) complex under refluxing condition. The
newly formed compounds have been systematically characterized by various spectroscopic and analytical
techniques which include UV-Vis, FT-IR, "H-NMR, Mass spectroscopy; additionally supported by elemental analysis
for their chemical composition. A square-planar geometry has been proposed for the Pd(ll) complex. The Pd (II)
complex demonstrated notable antioxidant potential in ABTS and FRAP assays. Pd(ll) complex demonstrated
antimicrobial activity against Staphylococcus aureus and Candida albicans. Dose-dependent a-amylase inhibition
(ICso = 326.47 ug/mL) exhibiting a mixed mode was observed. In silico studies using molecular docking indicate a
binding energy of -7.65 kcal/mol and stable interactions at the a-amylase active site. Molecular dynamics simulations
(100 ns) revealed structural stability of the ligand—enzyme complex. MM/GBSA free energy calculations estimated a
binding free energy of —61.4 kcal/mol, dominated by van der Waals and lipophilic interactions. These findings
underscore the potential of the Pd(Il) complex as a promising antidiabetic and antimicrobial agent and warrant further
investigation into its mechanism of action and in vivo efficacy.

Keywords: Pd(Il) Acetate Complex, Bio-Effectiveness, Radical Scavenging, Molecular Docking.

1. Introduction

Recent years have seen significant research
interest in the synthesis of Schiff base ligands containing
the imine (—HC=N-) group due to their strong
coordinating ability with transition metals. Owing to their
easy preparation and versatile properties, these ligands
are widely used in catalysis and biological studies. [1-5]
Among them, quinoxaline-based Schiff bases are
particularly important for their diverse pharmacological
activities, including antibacterial, antifungal,
antidepressant and anticancer effects. Building on
earlier studies of Pd(Il) acetate complexes with such
ligands, current research focuses on their synthesis,
characterization, and biological evaluation, along with
molecular modelling investigations. In this context, the
present work explores a Pd(ll) Schiff base quinoxaline
complex, assessing its antioxidant potential, radical
scavenging ability, ferric reducing power, and antifungal,
anticancer, and antidiabetic activities.

Indenoquinoxaline scaffolds are characterised
by their fused nitrogen-containing heterocyclic
framework which comprises of an indeno group and a
quinoxaline moiety. These scaffolds have gained

considerable attention due to their broad utility in
synthetic and medicinal chemistry, that is as building
blocks in the design of pharmaceuticals, dyes, and
advanced materials [6]. These scaffolds are used in the
synthesis of spiroheterocycles, a class of compounds
which are known for their structural diversity and
promising bioactivity. Indenoquinoxalines can also be
further chemically fused with other heterocyclic systems,
viz., thiazole, hydrazide, and benzimidazole rings, which
are used for therapeutic potential as well as for
environmental applications [7-10].

Metal complexes derived from
indenoquinoxaline ligands have expanded the functional
versatility of this heterocyclic framework, particularly
through interactions with transition metals. [11,12].
These interactions yield a broad array of coordination
structures that exhibit distinct chemical and biological
behaviors. Metals such as Cu(ll), Co(ll), Zn(ll), and Ni(ll)
are frequently utilized for metal-complex synthesis
[13,14]. These compounds are synthesised either by
direct combination of starting materials in a
multicomponent fashion or by introducing metal ions into
pre-assembled ligands [15-16]. Functionally, many of
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these complexes display heightened bioactivity,
including cytotoxic, antimicrobial, and neuroprotective
effects and often outperforming the unbound ligand due
to changes in membrane transport and redox potential.
[17-20]. Additionally, cooperative magnetic behavior are
shown by some ligand-metal complexes. Also, these
complexes serve as oxidation catalysts, which suggests
a broader applicability in biomedical and environmental
contexts [21-23].

Schiff base compounds formed by attaching
azomethine (-C=N-) groups to indenoquinoxaline
structures via condensation with amines or hydrazine
have drawn attention due to their chemical adaptability
and biological relevance. This linkage forms when the
carbonyl moiety of the indenoquinoxaline engages with
nitrogen-containing nucleophiles, producing diverse
products depending on the specific amine involved [24].
Many of these molecules are further modified with
heterocyclic structures like thiazole rings. The resulting
hybrids, which would contain the rigid fused-ring system
that is combined with imine linkages and various side
chains, often would show promising activity in
biomedical contexts [25-26]. Their antioxidant behaviors
is thought to stem from the capacity of their conjugated
systems to stabilize reactive species. In addition, some
variants have been found to interfere with enzymes such
as a-glucosidase, pointing to possible roles in managing
metabolic disorders like diabetes [8,27]. Further,
antimicrobial properties of these complexes have also
been reported [28]. Among these, phenylhydrazone-
derived indenoquinoxaline Schiff bases are particularly
noteworthy. These are synthesized via condensation of
phenylhydrazone with carbonyl-functionalized
indenoquinoxaline  derivatives. These molecules
integrate the characteristic hydrazone functionality with
the indenoquinoxaline core, enhancing their chemical
versatility and bioactivity [11,29].

Palladium (Pd) Schiff base complexes have
emerged as a distinct class of coordination compounds
with significant therapeutic and catalytic potential
[30,31]. Pd in its +2 oxidation state tends to adopt a
square planar shape, which, along with its electron
configuration, makes it particularly suited for forming
stable bonds with Schiff base ligands that donate
electrons through atoms like nitrogen, oxygen, or sulfur.
Unlike metals such as Cu or Zn, Pd often engages in
stronger Tr-backdonation and exhibits higher kinetic
flexibility [32,33]. Schiff base ligands play a pivotal role
in modulating the reactivity and selectivity of these
complexes by influencing the electron density and
overall molecular architecture [34]. Biologically, Pd-
Schiff base complexes have demonstrated a wide
spectrum of activity, including antibacterial, antifungal,
antioxidant, antimalarial, anticancer, and antidiabetic
[35-38]. In addition, these complexes have been
successfully employed in the development of functional
materials [30, 39-41]. The dual utility of Pd-Schiff base
complexes in medicinal and material chemistry

underscores its application both in material science and
biological science. Keeping these views, Pd(Il) complex
was synthesized and characterized. Further, the
biological activities of the synthesized compound such
as in vitro antioxidant, antimicrobial, and mammalian o-
amylase inhibitory effect, are determined. Further in
silico molecular docking and molecular dynamics (MD)
simulation of synthesized Pd(ll) complex with human a-
amylase was carried out to understand the interaction of
the ligand and protein. Post-MD analysis, such as root
mean square deviation (RMSD), root mean square
fluctuation (RMSF), principal component analysis (PCA),
detailed cross correlation map (DCCM), and binding free
energy [Molecular Mechanics-Generalized Born Surface
Area (MM/GBSA)] were done.

2. Experimental
2.1 Materials and Instruments

MS Scientific Chemicals & Instruments provided
the chemicals o-phenylenediamine, ninhydrin, and
phenylhydrazone, which were used without additional
purification. Standard procedures were followed in the
purification and drying of the solvents. Every reaction
was carried out at room temperature. Merck pre-coated
plates (silica gel 60 F254) were used for TLC analysis of
all reactions. These plates were either placed in an
iodine chamber or exposed to intense UV light for
evaluation. Unadjusted melting points were determined
using the capillary tube method and an Electrothermal
9200 instrument. Utilizing a PerkinElmer FT-IR
spectrometer with a scan range of 400-4000 cm™, IR
spectra were acquired. With TMS serving as an internal
reference, NMR spectra were captured using a Bruker
DRX-400 MHz NMR instrument in DMSO-d, solvent.
Utilizing a Maxis 10138 mass spectrometer operating at
70 eV, high-resolution mass spectra of representative
compounds were acquired.

2.2. Synthesis of Quinoxaline Schiff Base

0.1784 g of ninhydrin was added concurrently
with the dissolution of 0.2164 g of o-phenylenediamine
in 10 mL of ethanol. For forty-five minutes, the mixture
was swirled at room temperature. TLC was used to
monitor the development reaction. After completion the
reaction, the reaction mixture was filtered and
recrystallize using hot ethanol. The quinoxaline yellow
solid precipitate was obtained. After adding a few drops
of glacial acetic acid to ethanol to dissolve the
quinoxaline compound obtained from the Schiff base
reaction, 2-hydrazinopyridine (0.1081 g) was added. For
three hours, the mixture was refluxed while being
constantly stirred. Using vacuum filtration, the red solid
precipitate-the quinoxaline Schiff base ligand ((E)-11-(2-
phenylhydrazono)-11H-indeno[1,2-b] quinoxaline was
collected. Anal. Cal. C,;H14N,: C, 78.24%; H, 4.38%; N,
17.38%. Found: C, 69.51; H, 4. 23; N, 6.12 %; IR (ATR,
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cm-1): 3355 (N-H); 1690, 1641 (C=0), 1606 (C=N). UV-
Vis (CH2Cl2, Amax, nm): 265, 382 and 507. "H-NMR (400
MHz, DMSO-d6) & ppm: 7.0-7.1 (t,1H J = 7.2 Hz, CHa),
7.40 (t,2H J = 7.6 Hz, CHar), 7.54-7.59 (m,3H J = 8 Hz,
CHar), 7.65-7.69 (t, 1H, J = 7.2 Hz, CHa/), 7.88-7.90
(m,2H, J = 3.2 Hz, CHar), 7.98-7.99 (d, 1H, J = 7.6 Hz,
CHar), 8.11-8.13 (d, 1H, J = 7.2 Hz, CHar), 8.18-8.20 (t,
1H, J = 5.6 Hz, CHar) 8.35-8.38 (t, 1H, J = 3.6 Hz, CHa/),
12.837 (s, 1H, NH).

2.3 Synthesis of the Palladium (ll)-Quinoxaline
Complex

Palladium (Il) acetate (0.1 mmol) and
quinoxaline Schiff base ligand (0.1 mmol) were mixed in
a 1:1 solvent mixture of ethanol (10 mL) and chloroform
(10 mL), and the mixture was refluxed for six hours at 95
°C with stirring. Thin layer chromatography was used to
monitor the progress of the reaction. At the end, the
solvent was extracted using a rotatory evaporator. Using
silica gel column chromatography with a 9:1 (v/v)
petroleum ether to ethyl acetate ratio as the mobile
phase, the resulting crude material was processed to
produce a pure product. Anal.cal: C,¢H,3N,O,4Pd: C,
55.57%; H, 4.13%; N, 9.97%; O, 11.39%; Pd, 18.94%.
MS (ESI, m/z): required 561.91, found 561.08 [M] +. IR
(FT-IR, cm-1): 3048 (N-H), 1479 (C=0), 1431 (C=N).
UV-Vis (CH2Cl2, Amax, nm): 265, 382 and 507. "H-NMR
(400 MHz, DMSO-6) 6 ppm: 1.96 (s, 6H, CHs), 6.95-699
(t,1H J = 6.9 Hz, CHar ), 7.15-7.09 (t, 1H J = 7.0 Hz,
CHar), 7.48-7.39 (m,3H J = 7.4 Hz, CHar), 7.78-7.65 (t,
3H,J=7.6 Hz, CHar), 7.96-7.89 (m,2H, J = 7.8 Hz, CHa),
8.12-8.05 (m, 2H, J = 8.06 Hz, CHar), 8.24-8.17 (t, 1H, J
= 8.27 Hz, CHar), 8.38-8.31 (t, 1H, J = 8.27 Hz, CHa)
8.46-8.45 (d, 1H, J = 8.4 Hz, CHar), 11.96 (s, 1H, NH)
Figure 1.

2.4 In Vitro Antioxidant Assay

The ABTS scavenging and ferric reducing
antioxidant power (FRAP) assay were performed
following the previous method [42, 43]. ABTS (7 mM)
was reacted with 2.45 mM potassium persulfate and
incubated in the dark for 12-16 h to generate ABTS+*
radicals. The solution was diluted with ethanol to an
absorbance of 0.70 + 0.02 at 734 nm and equilibrated at
30 °C. For the assay, 900 ul of the ABTS solution was
mixed with various concentrations of the Pd(ll) complex
and made up to 1 ml with ethanol. After 3 h incubation in
the dark at room temperature, absorbance was
measured at 734 nm. The FRAP reagent was prepared
by mixing acetate buffer (300 mM), TPTZ (10 mM in
40 mM HCI), and FeCl;-6H,0 (20 mM) in a 10:1:1 ratio
and prewarmed to 37 °C. For the assay, 300 pl of FRAP
reagent was mixed with various concentrations of the
Pd(ll) complex and the volume adjusted to 1 ml with
distilled water. After 15min incubation at 37 °C,
absorbance was measured at 593 nm.

2.5 Antimicrobial Assay

The antibacterial and antifungal activity of the
Pd(ll) complex was evaluated against Staphylococcus
aureus and Candida albicans. For the zone of inhibition
(Z0l) assay, Mueller—Hinton agar (MHA) was used for S.
aureus, while Sabouraud dextrose agar (SDA) was used
for C. albicans. The media were prepared in distilled
water (pH 7.0) and sterilized by autoclaving at 121 °C for
15 minutes. After solidification, plates were inoculated
with microbial suspensions, approximately 10 CFU/mL
using a sterile cotton swab.

(0]
OH . (0]
©:NH2 . @LOH 45 Min Reflux N j@
NH, Do) EtOH/ CH;COOH \N
O-Phenylenediamine Ninhydrin
N
EtOH/ CH;COOH
Reflux-3 h
N &
NH
N—Pd—OAc Pd(OAc)z
\ \ HN-~-N
N Toluene-7 h

Reflux

200

Figure 1. Synthesis of the Quinoxaline Ligand and its Pd (Il) Complex
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Wells of 8 mm diameter were punched into the
agar, and different concentrations of the Pd(Il) complex
(400, 600, 800, and 1000 pg/mL) were added into
respective wells. Amikacin (for S. aureus) and
voriconazole (for C. albicans) were used as standard
controls. The plates were allowed to stand at room
temperature for 4 hours followed by incubation at 37 °C
for 24 hours (for bacteria) and 30 °C for 48—72 hours (for
fungi). After incubation, the diameter of the inhibition
zones was measured in millimeters.

2.6 MIC, MBC and MFC Analysis

The minimum inhibitory concentration (MIC) of
the Pd(Il) complex was determined using the broth
microdilution method. Serial dilutions of the compound
were prepared in Mueller—Hinton broth for bacterial
assays and Sabouraud dextrose broth for fungal assays.
A standardized inoculum equivalent to 0.5 McFarland
standard was diluted to achieve a final concentration of
approximately 5 x 10° CFU/mL in each well of a sterile
96-well microtiter plate. Each well contained 190 L of
the diluted compound and 10 pL of microbial
suspension. Positive controls (broth with inoculum) and
negative controls (broth only) were included. The plates
were incubated at 37 °C for 24 hours for S. aureus and
30 °C for 48 hours for C. albicans. The MIC was defined
as the lowest concentration of the compound that

completely inhibited visible microbial growth. The
minimum  bactericidal concentration (MBC) and
minimum  fungicidal concentration (MFC) were

determined following the MIC assay. Aliquots (10 L)
from wells corresponding to the MIC and higher
concentrations were spread onto fresh MHA (for
bacteria) and SDA (for fungi) plates. The plates were
incubated at 37 °C for 18-24 hours for S. aureus and
28-30 °C for 24-48 hours for C. albicans. After
incubation, colony formation was assessed. The lowest
concentration that resulted in no visible growth or fewer
than 10 colonies (299.9% killing) was recorded as the
MBC or MFC.

2.7 A-Amylase Inhibition Assay

The assay was conducted using porcine
pancreatic a-amylase (1 mg/mL). The reaction mixture
consisted of 50 uyL of the enzyme and 0.1% starch in
1 mL of 20 mM potassium phosphate buffer (pH 7) and
was incubated at 37 °C for 1 hour. The reaction was
terminated by adding 1 mL of dinitro salicylic acid (DNS)
reagent, followed by boiling for 15 minutes. After cooling,
absorbance was measured at 540 nm. For inhibition
studies, oa-amylase was preincubated with Pd(ll)
complex at concentrations ranging from 100 to
500 yg/mL for 30 minutes, and residual activity was
assessed as described. Enzyme kinetics were evaluated
using varying starch concentrations (0.1%-0.2%), and
the inhibition type and Ki values were determined using
Lineweaver—Burk and Dixon plots [44].

2.8 Molecular Docking Analysis

The chemical structure of the synthesized Pd (I1)
complex was generated using ChemDraw, while the
three-dimensional coordinates of human a-amylase
were obtained from the Protein Data Bank (PDB ID:
4GQR) [45]. Prior to docking, both the ligand and protein
were prepared using standard protocols in the Auto
Dock suite. Docking simulations were carried out with a
grid box dimension of 52 x 50 x 56, cantered at
coordinates 0.45, 10.062, and -5.874, using default grid
spacing settings [46]. Post-docking, the binding
interactions between the metal complex and the active
site residues of the enzyme were examined using
PyMOL to visualize and interpret the molecular contacts
involved.

2.9 Molecular Dynamics Study

Molecular dynamics (MD) simulations were
conducted using the Desmond module within the
Schrodinger suite, applying the OPLS4 force field [47,
48]. An orthorhombic simulation box was constructed
with a 10 A buffer using the TIP3P water model to
solvate the system. Counterions (Na*/Cl") were
introduced uniformly to achieve overall charge neutrality
and to accommodate Ewald summation requirements.
Energy minimization was carried out using both steepest
descent and conjugate gradient algorithms. The system
was gradually heated from 0 Ks to 300 K over 200 ps
under an NVT ensemble to equilibrate temperature.
Following this, production runs were executed for 100
nanoseconds under NPT conditions, maintaining
constant temperature (300 K) and pressure (1 bar) with
a 2 fs integration time step. The dynamic stability and
flexibility of the ligand—a-amylase complexes were
evaluated by tracking RMSD and RMSF metrics across
the simulation timeline [49, 50]. To further assess motion
patterns and residue correlations, PCA and DCCM were
generated using CPPTRAJ and R-based analytical tools
[51, 52]. Additionally, binding free energy estimations
(MM/GBSA) were performed using trajectory snapshots
from the 50 ns and 100 ns marks via the Prime module
integrated in the Schrodinger platform [53-55].
Visualization of the complex and analysis of key
interactions were carried out using PyMOL [The Pymol
Molecular Graphics System Version 2.0, Schrodinger
LLC] and Discovery Studio Visualizer [BIOVIA, San
Diego, CA, USA].

2.10 Statistical Analysis

All experiments were performed in triplicates,
and results were expressed as mean t standard
deviation (SD). One-way ANOVA followed by Tukey’s
post hoc test was used to assess statistical significance,
with a p-value < 0.05 considered significant. Graphical
representations were generated using GraphPad Prism
software.
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3. Result and Discussion
3.1 Electrical Spectra

The electronic spectra of the quinoxaline ligand
and its Pd(ll) complex was recorded in a 10> M CHCI;
solution at room temperature over the wavelength range
of 200—-800 nm (Figure 2). The free ligand exhibits three
absorption bands at approximately 272 nm (e = 2,50,980
M~ cm™), 388 nm (¢ = 1,66,180 M~* cm™), and 496 nm
(e =74,515 M~ cm™), which are attributed to intra-ligand
T—m* and n—T* transitions ligand moiety. In the
spectra of the complexes, these transitions are observed
with slight shifts in energies at 279 (¢ = 2,90,000 M™
cm™), 395( € =2,29,000 M™* cm™), and 572 (¢ = 31,000
M~ cm™), indicating coordination of the ligand to the
palladium metal ion [56].

3.2 Infrared Spectra

The infrared spectrum of Schiff base ligand
shows a prominent band at 1604 cm™ associated with
the v(C=N) stretching vibration and a N-H stretching
band at 3355 cm™. These bands are displaced to lower
wavenumbers in the palladium (Il) complex, appearing
at 1479 cm™ and 3048 cm™, respectively, indicating that
the azomethine nitrogen atom is coordinated to the
metal centre [21]. An absorption band at approximately
513 cm™ is associated with the v(M-N) stretching
vibration, confirming that the metal-ligand bond has
formed. The Pd (II) complex showed slight changes in

40

C—H stretching and bending frequencies in comparison
to the unbound ligand. Collectively, these spectral
changes support coordination through the azomethine
nitrogen (Figure 3).

3.3 'H NMR Spectra of Synthesised Quinoxaline
Schiff Base Ligand and Its Pd (ll) Complex

The 'H NMR spectra of the synthesized ligand
and its corresponding palladium (lI) complex provide
clear evidence for coordination without deprotonation.
Upon comparison of the spectra, noticeable changes in
chemical shifts are observed, confirming the interaction
between the ligand and the palladium centre. The NH
proton signal present in the free ligand appears in the
downfield region (12.84 ppm) and is retained in the
palladium complex with only a slight shift, indicating that
this proton is not involved in deprotonation or direct
coordination. This suggests that the ligand coordinates
to the metal ion in a neutral form. The aromatic protons
of both the ligand and the complex resonate in the region
0 8.8-6.9 ppm, showing minor downfield shifts upon
complexation due to deshielding effects arising from
coordination with the palladium (Il) ion. These shifts
support the involvement of nearby donor atoms in
binding. Additionally, the appearance of a new singlet in
the region & 1.96 ppm in the complex is attributed to the
methyl protons of the coordinated acetate (OAc) groups,
confirming the incorporation of the Pd (OAc), moiety.

3.5 4

3.0

25 +

20 4

1.5 4

Absorbance(a.u)

1.0 4

0.5 +

—1
——Pd(ll)

0.0 l T I T 'I T
250 300 350

400

T I T I T I T | T I T

450 500 550 600 650 700

Wavelength(nm)

Figure 2. UV-Visible Spectra Of A) Schiff Base Ligand and B) Pd (II) Complex
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Figure 3. FTIR-Spectra of a) Quinoxaline Ligand and B) Pd (lI) Complex.

Overall, the "H NMR spectral data indicate that
coordination occurs through the azomethine nitrogen
and adjacent heteroaromatic nitrogen atoms, while the
NH group remains non-coordinated and intact in the
complex (Figures 4, 5).

3.4 Mass Spectrometry

The base peak of the Schiff base ligand is
represented by the [M + H] * ion, which is represented
by a molecular ion peak at m/z 323.52. The calculated
molecular weight of the ligand is 322.36 g-mol™, which
is consistent with the m/z value that was found.
A molecular ion peak at m/z 561.91 is visible in the mass
spectrum of the pd(ll) complex, confirming the proposed
molecular formula. The ligand and palladium complex
mass spectra are displayed in Figure 6.

3.5 XPS Study

The primary purpose of an X-ray photoelectron
spectroscopy (XPS) examination of a Pd (ll) complex is
to verify the palladium's oxidation state and its
coordination environment with ligands. For a Pd (ll)
system, the most important region is the Pd 3d core-level
spectrum investigates typically shows two characteristic
peaks due to spin-orbit splitting of Pd 3ds2 and Pd 3ds2
the peak appears at the binding energies of 341.15 eV

and 335.78 respectively. The separation between these
peaks is approximately 5.37 eV, confirming these
binding energies are characteristic of Pd in +2 oxidation
state. In addition, pd with complementary shifts in ligand-
associated peaks N 1s, O 1s and C 1s further verify
strong metal-ligand interactions and the formation of a
well-defined Pd (II) coordination complex. The O 1s
spectrum can be deconvoluted into multiple components
corresponding to lattice oxygen, surface hydroxyl
groups, and adsorbed oxygen species. The dominant
peak at ~531.21 and ~532.64 eV is attributed to lattice
oxygen (Pd-O-Pd), confirming the formation of palladium
oxide or strong Pd-O bonding. Additional peaks at higher
binding energies ~533.96 arise from surface hydroxyl
groups and adsorbed oxygen species, indicating the
presence of defect sites and surface functionalization.
Concurrently, the Pd 3d spectrum exhibits a positive shift
relative to metallic Pd, further supporting the electron-
withdrawing effect of oxygen and the stabilization of Pd
in the +2-oxidation state. These results collectively
confirm the successful formation of Pd—O interactions
with significant surface reactivity. The peak at ~398.5 eV
is assigned to uncoordinated nitrogen species, while the
shifted peak at ~400.5 eV is attributed to nitrogen atoms
coordinated with Pd, confirming the formation of Pd-N
bonds. This positive shift in binding energy arises from
electron donation from nitrogen to Pd, resulting in
reduced electron density around nitrogen.
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Figure 7. XPS spectra of Pd (II) Complex exhibited (a) Pd3d, (b) C1s, (c) O1s (d) N1s
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3.6 Antioxidant Activity of the Pd (II) Complex

The antioxidant activity of the synthesized Pd (II)
complex was evaluated using two assays: ABTS radical
scavenging activity and the FRAP assay. In the ABTS
assay, the complex exhibited a concentration-dependent
increase in radical scavenging activity. The scavenging
activity increased from 15.7% at 30 ug/mL to 83.7% at
150 pg/mL concentrations (Figure 8A). The ICs, value of
the complex was determined to be 130.5 pg/mL,
indicating moderate antioxidant potential. In comparison,
the standard antioxidant ascorbic acid showed
significantly higher activity with an ICs, value of 2.79
pg/mL (Figure 8B). In the FRAP assay, the Pd (ll)
complex also demonstrated a dose-dependent increase
in reducing power. The optical density (OD) values at
593 nm increased from 0.142 at 30 pyg/mL to 0.438 at
150 pg/mL (Figure 8C). These values reflect the
compound's ability to reduce Fe** to Fe?*, confirming its
antioxidant capacity. However, the standard ascorbic

=100+ A

ABTS scavenging activity (%

30 60 90 120 150
Conc. of Pd(ll) complex (pg/mL)

FRAP (OD at 593 nm)

120 150
Conc. of Pd(ll) complex (ng/mL)

30 60 90

ABTS scavenging activity (%)

acid displayed higher reducing power across all tested
concentrations, with an OD of 0.79 at 10 pg/mL (Figure
8D).

The antioxidant activity of Pd(ll) complex is
attributed to the combined effects of the Schiff base
structure and the redox-active Pd center. Hydrogen
atom transfer (HAT) and single electron transfer (SET)
mechanisms would have been involved in the
antioxidant capacity of Pd(ll) complex [57]. The
aromaticity of the indenoquinoxaline moiety and the
presence of electron-donating nitrogen in the phenyl
hydrazine unit would augment the Pd(ll) complex’s
ability to participate in HAT and SET pathways. Thus,
the synergistic interplay between the structural elements
of the Schiff base and the redox-active Pd(Il) Centre
accounts for the potent antioxidant activity observed,
with potential implications for therapeutic antioxidant
applications [25, 58-61].
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Figure 8. In vitro antioxidant activity. ABTS radical scavenging activity of Pd (lI) complex (A) and standard ascorbic
acid (B). FRAP activity of Pd (II) complex (C) and standard ascorbic acid (D). Data are presented as mean + SD,
and significant differences (P < 0.05) between groups are indicated by different letters (a-€) in each assay
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3.7 Antimicrobial Activity of Pd (ll) Complex

The ZOl assay demonstrated a clear
concentration-dependent increase in antimicrobial
activity (Figure 9A-B). Statistical analysis using one-way
ANOVA confirmed significant differences among
treatment groups (P < 0.05), as indicated by distinct
lettering in the graphical representation (Figure 9C). The
MIC values further substantiated the inhibitory potential
of the Pd (Il) complex. The compound exhibited an MIC
of 0.721 mg/mL against S. aureus and 0.635 mg/mL
against C. albicans, indicating slightly higher sensitivity
of the fungal strain (Figure 9D). MBC (Figure 6E-G) and
MFC (Figure 9H-J) analyses revealed that the Pd (ll)
complex exerted bactericidal and fungicidal effects at
concentrations above the MIC. Complete inhibition of
microbial growth was observed upon subculturing at
higher concentrations. The calculated MBC/MIC and
MFC/MIC ratios were 1.39 for S. aureus and 1.57 for C.
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albicans, respectively. Since these values are less than
4, the Pd (lI) complex can be classified as bactericidal
against S. aureus and fungicidal against C. albicans
rather than merely inhibiting microbial growth. Previous
studies have shown that indenoquinoxaline derivatives
or hybrid molecules as well as Pd-Schiff base complexes
exhibited antimicrobial activity [28, 62-65]. Several
plausible pathways have been proposed for these
compounds antimicrobial activity which includes
microbial cell wall disruption, ROS generation, and DNA
interaction [66-68]. Additionally, Pd(Il) complexes have
been reported to inhibit the N or A efflux pump, thereby
resensitizing fluoroquinolone-resistant S. aureus strains
[69]. In line with previous reports, the synthesized Pd—
Schiff base complex demonstrated notable antimicrobial
activity in the present study; however, the exact
molecular mechanism underlying this bioactivity remains

to be elucidated to support its potential clinical
application.
Hl Antibiotics
Hl Pd (II)-complex (400 ng/mL)
40 c Il Pd (II)-complex (600 pg/mL)
Hl Pd (II)-complex (800 ng/mL)
30 a- Pd (II)-complex (1000 pg/mL)

N
(=
1

10=

S. aureus C. albicans

Pd(I1) complex
0.01 mg/mL 1 mg/mL

T~
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Figure 9. Representative images showing ZOI by Pd (ll) complex against (A) S. aureus and (B) C. albicans. (C)
Z0I comparison showing concentration-dependent antimicrobial potency. (H) MIC curve for S. aureus and C.
albicans demonstrating progressive inhibition with increasing Pd (Il) concentration (D). (E-G) Representative

images showing MBC against S. aureus. (H-J) Representative images showing MBC against C. albicans. Different
letters (a—e) denote statistically significant differences (P < 0.05).
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3.8 A-Amylase Inhibition by Pd (lI) Complex

The Pd (ll) complex exhibited a clear,
concentration-dependent inhibition of a-amylase activity.
At 100 pg/mL, the inhibition was modest (19.3 £ 3.5%),
but it increased progressively with concentration,
reaching 76.7 +2.5% at 500 pg/mL (Figure 10A). The
IC5, value for the complex was determined to be 326.47
pg/mL, which, although significantly higher than that of
the standard inhibitor acarbose (ICs5, = 12.5 pg/mL), still
indicates notable inhibitory activity (Figure 10B). Kinetic
analysis revealed that the complex follows a mixed mode
of inhibition, with a calculated Ki value of 302.56 ug/mL
(Figure 10C and 10D).

3.9 In Silico Analysis: Binding of Pd (ll)
Complex with A-Amylase Details of Pd (ll)
Complex Interaction with Amino Acids Present
In A-Amylase

The binding energy of the Pd (II) complex with
the a-amylase enzyme was found to be -7.65 kcal/mol.
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The intermolecular interactions between the Pd (Il)
complex and the a-amylase enzyme during molecular
docking and MD simulation are shown in Figure 9 Table
1 summarises the key interactions between the Pd (Il)
complex and a-amylase obtained from docking and MD
simulations. Hydrogen bonding, hydrophobic, and
electrostatic interactions were analysed to evaluate
ligand binding stability and molecular recognition. The
superimposed structure of the Pd (Il) complex and a-
amylase from docking and MD is shown in Figure 9A.
The Pd (ll) complex was oriented in the same site at the
end of 100 ns MD, similar to that of docking indicating
the stable binding of Pd (II) complex with a-amylase. In
the docking analysis, hydrogen bonds were observed
with Tyr151, Thr163, Asp197, His201, Glu233, 11235,
and Asp300, with bond distances ranging from 2.2 to 3.5
A. Hydrophobic interactions involved Leu162, 11e235,
Ala198, Lys200, and His201, with distances up to 4.8 A.
Electrostatic interactions were primarily mediated by
His201 and Glu233, with interaction distances of 3.4 and
4.4 A, respectively (Figure 11B and Table 1).
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Figure 10. Enzyme inhibition. Dose-dependent inhibition of a-amylase by Pd-Schiff base ligand complex (A) and
standard acarbose (B). LB (C) and Dixon plot Pd-Schiff base ligand inhibition of a-amylase (D). Data are presented
as mean * SD, and significant differences (P < 0.05) between groups are indicated by different letters (a-e) in each

assay.
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Figure 11. In silico analysis. (A) Superimposed structure of human a-amylase and Pd-Schiff base ligand during
docking and at the end of 100 ns MD simulation. (B) Details of hydrogen bond interaction of Pd-Schiff base ligand
with the amino acids present in human a-amylase during docking (B) and MD simulation (C)

Table 1. Intermolecular interactions of the Pd (Il) complex with a-amylase (distance in A)

Pd(ll) complex/a-

Hydrogen bonding interactions

Hydrophobic Electrostatic

Glu233 (2.7),
Phe256 (3.1)

Gly164 (3.2), Leu165 (3.4), Asp197 (2.7),
lle235 (2.9), Glu240 (3.5),

amylase interactions interactions
Docking Tyr151 (3.2), Thr163 (3.5), Asp197 (3.0), | Leu162 (3.3), 1le235 (3.6), | His201 (3.4),
His201 (3.2), Glu233 (2.7), 1le235 (3.2), | Ala198 (4.8), Lys200 (4.8), | Glu233 (4.4)
Asp300 (2.2) His201 (4.2)
MD Tyr62 (2.8), GIn63 (3.2), His101 (2.9), | Leu162(5.0), Leu165 (4.6), | Asp197 (2.1)

Ala198 (4.6), 1le235 (4.5)

MD simulations revealed a shift in key
interacting residues, suggesting ligand—Pd complex-
induced conformational changes in a-amylase.
Hydrogen bonding interactions were formed with Tyr62,
GIn63, His101, Gly164, Leu165, Asp197, Glu233,
1le235, Glu240, and Phe256, with bond distances
ranging from 2.7 to 3.5 A. Hydrophobic interactions
involved Leu162, Leu165, Ala198, and 1le235, with
interaction distances between 4.5 and 5.0 A,
Electrostatic interactions were reduced, with Asp197
being the primary contributor (2.1 A) (Figure 11 C and
Table 1).

3.10 RMSD and RMSF Analysis

The RMSD and RMSF plots of ligand-Pd
complex/a-amylase enzyme complex are shown in
Figure 9A and 9B, respectively. The RMSD plot confirms
no large conformational modifications during the MD
simulation. The RMSD value of the ligand—Pd complex
molecule possesses a high stability nature. From
starting to 20 ns time, the ligand molecule shows the
range of 1to 1.4 A, and after that, the molecule remains
stable in the range of 1.7 A. The RMSD value of a-
amylase enzyme is also within 2.5 A, up to 100 ns MD
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simulation. The RMSF plots indicate the high  happened for the region Trp58-Tyr62 from molecular
fluctuations of the loop region around the active site of  docking to MD simulation. The relative RMSF values of
the enzyme due to ligand—Pd complex binding those amino acids are about 3-4 A. The residues
conformational modifications. However, the value is low  Asn137-Gly139 undergo loop to a-helix conformational
for all the amino acids except the terminal region. In  modifications, with the RMSF values around 4 A (Figure
particular, a-helix to loop conformational modifications 12 and Table 2).
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Figure 12. (A) RMSD, (B) RMSF, (C) DCCM, and (D) PCA of Pd-Schiff base ligand complex/o-amylase
complex throughout 100 ns MD simulation.

Table 2. MM/GBSA binding free energy of Pd (II) complex with a-amylase

AG Bind Coulomb Covalent H bond Lipo vdW
kcal/mol
-61.4 8.5 7.7 -14 -29.1 -43.4
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3.11 PCA and DCCM Analysis

Figure 9C presents the DCCM derived from MD
simulations of the ligand—Pd complex/enzyme complex.
The correlation coefficients, ranging from -1.0 (light
yellow) to 1.0 (dark blue), provide insights into the extent
of concerted motion between residue pairs. Positive
correlation values indicate residues moving in a
concerted manner, while negative correlation (anti-
correlation) values signify residues moving in opposing
directions. The strong positive correlations along the
diagonal indicate expected sequential residue
interactions due to local secondary structural elements,
such as a-helices and B-strands. Beyond the diagonal,
distinct regions exhibit significant positive correlation,
particularly in residues spanning positions 56—-126 and
306-386, suggesting long-range cooperative motions.
These interactions likely reflect structural coupling
between functional domains, which may be essential for
maintaining enzymatic activity.

Additionally, clusters of strong anti-correlation
are observed between residues 86—156 and 256—406,
indicating dynamic fluctuations that may facilitate
conformational changes required for substrate binding or
product release. The presence of these correlated and
anti-correlated regions highlights the role of ligand
binding in modulating the enzyme’s internal dynamics.
Specifically, the ligand-induced stabilization of certain
residue pairs appears to enhance structural rigidity in the
active site region while promoting flexibility in distal
regions, potentially enabling allosteric regulation.

The observed long-range correlations suggest
that ligand binding influences global protein motions,
which could be crucial for catalytic efficiency and
specificity. The correlation distribution suggests a
heterogeneous dynamic landscape, with distinct clusters
of residues exhibiting strong cooperative motion while
other regions remain relatively independent. This
phenomenon indicates the tight binding of the ligand—Pd
complex with the active site residues, while other amino
acids support the relative binding. These findings
underscore the importance of dynamic coupling between
structurally distant residues in enzyme function. PCA
was applied to identify the key dynamic features of the
complexes. Figure 9D presents the results of the PCA
performed on the MD simulation trajectory of the ligand-
enzyme complex. The scatter plots of the first three
principal components (PC1, PC2, and PC3) illustrate the
conformational clustering of the system. PC1 accounts
for 21.48% of the total variance, followed by PC2 with
9.44% and PC3 with 7.03%, indicating that a significant
portion of the system’s motions can be captured by these
three components.

Distinct clustering of conformations is observed
in the PC space, where red and blue colour gradients
indicate different conformational states sampled during
the simulation. The separation along PC1 suggests a
dominant global motion, likely corresponding to large-

scale domain rearrangements or hinge-like motions. The
spread along PC2 and PC3 indicates additional
conformational flexibility, which may contribute to
functional transitions between different enzyme states.
The scree plot (bottom right panel) further supports
these observations, with a sharp decline in variance after
the first few principal components, suggesting that the
majority of relevant dynamical information s
concentrated in the leading PCs. These results indicate
that the ligand binding event induces distinct
conformational sub-states, which may be crucial for
catalytic activity and allosteric regulation. Further
analysis of the eigenvectors associated with PC1 and
PC2 could provide deeper insights into the specific
residue movements contributing to these dominant
motions.

3.12 MM/GBSA Free Energy Calculations

The MM/GBSA calculations provided insights
into the binding free energy components for the ligand-
a-amylase complex. The total binding free energy (AG
Bind) was calculated to be -61.4 kcal/mol, indicating a
strong binding affinity between the ligand and a-
amylase. Among the contributing energy terms, van der
Waals interactions (AvdW) were the most significant,
contributing -43.4 kcal/mol, followed by lipophilic
interactions (ALipo) at -29.1 kcal/mol. These findings
highlight the dominant role of hydrophobic interactions in
stabilising the ligand-enzyme complex.

Electrostatic interactions, represented by
Coulomb energy, contributed 8.5 kcal/mol, suggesting
that while electrostatic forces play a role, they are not the
primary driving factor in ligand binding. Covalent
interactions also contributed positively (7.7 kcal/mol),
indicating some degree of covalent stabilisation.
Hydrogen bonding (AH bond) exhibited a minor
unfavourable contribution of -1.4 kcal/mol, suggesting
that specific hydrogen bonds may not be a major factor
in the overall binding affinity. These results indicate that
the ligand binding is primarily driven by van der Waals
and lipophilic interactions, with minor contributions from
electrostatics and hydrogen bonding interactions.

Diabetes is a growing global health concern,
with projections indicating a significant rise in cases by
2045 (70). Enzymes like a-amylase and a-glucosidase
play a central role in carbohydrate digestion and
postprandial hyperglycemia. While current enzyme
inhibitors like acarbose are effective, they often cause
gastrointestinal side effects. Consequently, there is
increasing interest in developing synthetic inhibitors with
improved efficacy and tolerability (8, 25). Previous
studies have reported the a-amylase inhibitory effect of
Schiff bases (thiadiazol-based Schiff bases, thiazole-
based Schiff bases, benzimidazole-based Schiff bases,
and indazole-based Schiff bases) and
indenoquinoxaline derivatives (25, 27, 71-73). Pd(ll)
complexes have also been reported for their ability to
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suppress the activity of a-amylase and a-glucosidase
(74). In another study, newly synthesized 4-hydroxy Pd-
C-Ill derivatives demonstrated dual inhibitory action by
targeting both a-glucosidase and protein tyrosine
phosphatase 1B (PTP1B), indicating their promise in
modulating glucose metabolism and insulin signaling
pathways (75). Similar to these reports, the newly
synthesized Pd(Il) complex has inhibited the a-amylase.
The kinetic analysis indicating a mixed mode of
inhibition, suggests that the Pd-Schiff base complex
interacts with both the free enzyme and the enzyme—
substrate complex, potentially enhancing its inhibitory
efficacy through multiple binding interactions. The in
vitro result was corroborated by in silico molecular
docking and MD analysis. Pd-Schiff base complex was
found to bind in the active site of a-amylase (44). The
comparison between docking and MD results highlighted
the dynamic nature of ligand binding and its strong
binding within the active site. The ligand showed
orientation in the active site, forming stable binding with
the catalytic site amino acids Asp197 (catalytic
nucleophile) and Glu233 (catalytic proton donor) (44).
Persistent hyperglycaemia and oxidative stress are key
drivers of diabetic complications, while elevated glucose
levels and immune dysfunction increase susceptibility to
microbial infections in diabetic individuals (76,77). Given
this, the multifunctional nature of the synthesized Pd-
Schiff base complex, demonstrating antioxidant,
antimicrobial, and a-amylase inhibitory activities,
positions it as a compelling lead for the development of
therapeutic agents targeting both diabetes and its
associated secondary complications.

4. Conclusions

A new quinoxaline Schiff base ligand and its Pd
(I1) complex were synthesized and characterized in good
yield. The present study highlights the potential of the
newly synthesized Pd (ll) complex as a promising
multifunctional therapeutic agent. Its demonstrated
antioxidant capacity, effective inhibition of a-amylase
through a mixed mode of action, and significant
antimicrobial activity underscore its relevance in
addressing hyperglycaemia and managing secondary
complications associated with diabetes. In silico
molecular docking analysis further supported these
findings, revealing strong binding affinity of the complex
to the active site of human a-amylase, with interactions
involving key catalytic residues. These combined
experimental and computational results support further
investigation into the complex’s mechanism of action
and in vivo efficacy, paving the way for its development
in antidiabetic drug discovery and the management of
related complications.
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