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new quinoline-triazole based
hybrids: synthesis, nano-encapsulation, DFT
calculations, and evaluation of antidiabetic and
antioxidant activity

Fatma M. Elhalmoushy, a Mohamed N. Abd Al Moaty, ab Alaa S. Hegazy, c

Saied M. Soliman, a Mazen Sherif,d Doaa A. Ghareeb, def Mohamed Hagar *a

and Manar Ahmed Fouad *a

Currently, the development of effective and safe antidiabetic drugs remains a major challenge in diabetes

management. This study reports the design and synthesis of new quinoline-based hybrids, featuring an

oxymethylene-linked 1,2,3-triazole core and integrated 1,2,4-triazole pharmacophores, alongside their

chitosan-encapsulated derivatives, as prospective multitarget antidiabetic agents. The synthesized

compounds were evaluated for their in vitro inhibitory activity against a-amylase and a-glucosidase, as

well as for glucose uptake stimulation and their antioxidant potential through NO and DPPH radical

scavenging assays. Notably, CNPs 5* and 6* demonstrated significant a-amylase and a-glucosidase

inhibitory potencies, surpassing that of the standard drug acarbose. Compound 6* (IC50 = 0.17 mM)

exhibited the most potent a-amylase inhibition compared to acarbose (IC50 = 25.08 mM), alongside

demonstrating significant NO radical scavenging activity with a potency ∼1.78-fold greater than ascorbic

acid. Furthermore, it stimulated glucose uptake at a level ∼1.65-fold higher than Berberine. CNPs 5*

(IC50 = 58.21 mM) was identified as the most potent a-glucosidase inhibitor, surpassing acarbose (IC50 =

68.91 mM). To elucidate the electronic properties and stability of the new hybrids, DFT calculations were

performed. Subsequently, molecular docking studies were conducted to corroborate the in vitro findings

and explore the binding interactions within the active sites of the target enzymes. Finally, ADME profiles

of the new hybrids suggest their promising drug-like properties and support further investigation as

potential antidiabetic leads.
1. Introduction

Type 2 diabetes mellitus (T2DM) presents a signicant and
growing challenge to global health. In 2014, the World Health
Organization reported 422 million people living with this
condition worldwide, a number that has risen sharply.1 By 2021,
the International Diabetes Federation (IDF) estimated the
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global prevalence among adults had reached >10%, or approx-
imately 536.6 million individuals, with projections suggesting it
will climb to >12%, affecting more than 783 million people, by
2045.2,3 This trajectory underscores the escalating scale of
a disease characterized primarily by insulin resistance,
a condition affecting an estimated 95% of patients that disrupts
blood glucose regulation and signicantly heightens the risk of
devastating complications, including heart disease, stroke, and
kidney failure.4,5 Managing postprandial blood glucose spikes
through the inhibition of key digestive enzymes, such as a-
amylase and a-glucosidase, represents a crucial therapeutic
strategy, mirroring the mechanism of drugs like acarbose.6,7

However, currently available drugs are oen limited by adverse
side effects and inadequate long-term efficacy, highlighting the
urgent need for safer and more potent therapeutic alternatives.8

In this context, medicinal chemistry offers a promising
avenue for the development of new antidiabetic agents. In this
pursuit, N-heterocyclic compounds have been invaluable for
decades, forming the backbone of numerous therapeutic
agents, owing to their remarkable structural versatility and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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broad biological relevance.9–13 Within this important class,
quinoline derivatives emerge as a highly promising scaffold.
Quinolines are particularly noteworthy for their broad spectrum
of biological activities, including anticancer,14 antimalarial,15

antiviral,16 anti-inammatory,17 anti-leishmanial,18 and notably,
antidiabetic effects.19 Their proven utility is further highlighted
by the fact that several successful antibiotic drugs, such as
ciprooxacin, noroxacin, and ooxacin, belong to this family
(Fig. 1). This well-established pharmacological prole makes
the quinoline scaffold a rational starting point for the design of
new antidiabetic candidates.

In parallel to the quinoline scaffold, the triazole ring holds
great promise for drug design. The triazole ring system,
encompassing 1,2,3-triazole and 1,2,4-triazole isomers, is
recognized as a privileged pharmacophore in modern drug
discovery, featuring prominently in numerous bioactive mole-
cules with diverse therapeutic applications.20,21 The 1,2,3-tri-
azole is especially important because it can be efficiently
constructed via the Nobel Prize-winning “Click” reaction. This
reliable and high-yielding method provides a modular way to
link different pharmacophores together.22 This ability makes
the 1,2,3-triazole an excellent chemical bridge, enabling the
powerful strategy of molecular hybridization. By connecting
a quinoline unit to another active fragment through this triazole
linker, chemists can efficiently create new hybrid molecules.
The goal is to combine the benecial properties of both
components, potentially yielding hybrid compounds with
enhanced potency and improved interactions with antidiabetic
molecular targets.23

While molecular potency is essential, therapeutic efficacy
also depends on adequate drug delivery and bioavailability.
Here, nanotechnology offers a signicant advantage. Reducing
a drug's particle size to the nanoscale can greatly improve its
water solubility, bioavailability, and overall efficacy, which is
why nanoparticles are a major focus of recent clinical investi-
gations.24 These particles are well-established in drug develop-
ment, playing key roles in therapies for infectious diseases and
cancer, with growing applications in diabetes research.25

Among the various types, polymeric nanoparticles are particu-
larly promising due to their excellent biocompatibility and
controllable properties.26 In the last decade, polymeric chitosan
nanoparticles have gained considerable attention. Chitosan is
a natural, biodegradable biopolymer derived from chitin,
recognized by the FDA as Generally Recognized As Safe (GRAS),
Fig. 1 Structures of quinoline-based antibiotics.

© 2026 The Author(s). Published by the Royal Society of Chemistry
with favorable biocompatibility and non-allergenic properties
that make it a well suited carrier for oral drug delivery formu-
lations.27 Therefore, pairing the potential bioactive hybrids with
chitosan-based nanoparticles could be a cohesive strategy to
enhance their potential as an antidiabetic agent, simulta-
neously optimizing molecular bioactivity and systemic
bioavailability.

Therefore, herein we report the synthesis of new hybrids that
integrate 1,2,4-triazole and 1,2,3-triazole moieties with a quin-
oline backbone, along with their corresponding chitosan-
encapsulated formulations. This work aims to develop more
potent multitargeted antidiabetic agents with a potentially
reduced risk of adverse effects. The synthesized compounds
were evaluated for their antidiabetic potential, including in vitro
dual–inhibitory activity against a-amylase and a-glucosidase
enzymes and their ability to enhance glucose uptake in yeast
cells. Given the established link between oxidative stress and
the pathogenesis of diabetic complications,28 their antioxidant
activity against diphenyl-1-picrylhydrazyl (DPPH) and nitric
oxide (NO) was also investigated. To understand the molecular
basis of their activity, chemoinformatic studies were performed,
including molecular docking simulations to identify key inter-
actions within the target enzymes' active sites. Density func-
tional theory (DFT) calculations were introduced to elucidate
the electronic properties and stability of the new hybrids.
Finally, ADME (Absorption, Distribution, Metabolism, and
Excretion) proles were assessed to evaluate the compounds'
potential for further preclinical development.
2. Design rationale

The design of the new hybrids was inspired by previously re-
ported antidiabetic agents (Fig. 2).8,20,29,30 The key pharmaco-
phoric features incorporated into the target structures include:
(i) quinoline and triazole moieties as the core N-heterocyclic
scaffolds; (ii) a exible methylene linker to provide rotational
freedom; (iii) an imine group (–C]N–) capable of engaging
both electrophilic and nucleophilic residues within enzyme
active sites;31 and (iv) an aryl group to impart favorable lipo-
philic character. To complement this molecular design, the
synthesized hybrids were subsequently encapsulated within
chitosan nanoparticles to enhance solubility and
bioavailability.
RSC Adv., 2026, 16, 27884–27905 | 27885
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Fig. 2 Rationale design and key pharmacophoric features of the target hybrids.
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3. Results and discussion
3.1. Chemistry

In this work we aimed to construct a new molecular hybrid
architecture by linking 3-azidoquinoline 2 and 4-(prop-2-yn-1-
yloxy)benzaldehyde 4 moieties via click chemistry. This Cu(I)-
catalyzed 1,3-dipolar cycloaddition (CuAAC) ‘Click’ reaction
established a central 1,2,3-triazole ring, providing the key
aldehyde-functionalized scaffold 5. The resulting aldehyde 5
was then subjected to an imination reaction with a primary
aromatic amine to yield the corresponding Schiff base 6 which
Scheme 1 Synthesis of new quinoline-based hybrids incorporating 1,2,3

27886 | RSC Adv., 2026, 16, 27884–27905
features both 1,2,3- and 1,2,4- triazole motifs, as shown in
Scheme 1.

The previously reported compounds 2 and 4 were resynthe-
sized in the present study as the foundational precursors for the
preparation of the targeted compound 5. Thus, 3-aminoquin-
oline was converted to 3-azidoquinoline 2 via an aromatic
nucleophilic substitution reaction proceeding through a diazo-
nium salt intermediate, affording the desired product in an
excellent yield (98%) according to a reported procedure (Scheme
1A).32 In parallel, 4-(prop-2-yn-1-yloxy)benzaldehyde 4 was ob-
tained by propargylation of 4-hydroxybenzaldehyde 3 using
-triazole 5 and 1,2,4-triazole moieties 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of chitosan nanoparticles loaded with 5 or 6 via ionic gelation.
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propargyl bromide. Subsequent CuAAC between azide 2 and
alkyne 4 afforded the key aldehyde, 4-((1-(quinolin-3-yl)-1H-
1,2,3-triazol-4-yl)methoxy)benzaldehyde 5, in 94% yield
(Scheme 1B).
Fig. 3 TEM images (magnification: 50 000×; scale bars: 100 nm) and co

© 2026 The Author(s). Published by the Royal Society of Chemistry
The structure of 5 was conrmed by its IR spectrum, which
showed characteristic absorption bands for the triazole ring
(Csp2-H stretching at 3138 cm−1), the methylene group (asym-
metric CH2 stretch at 2923 cm−1 and symmetric CH2 stretch at
rresponding particle size distribution histograms of CNPs 5* and 6*.

RSC Adv., 2026, 16, 27884–27905 | 27887
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Fig. 4 Zeta potential distribution curves of unloaded chitosan nanoparticles, 5* and 6*. Measurements were performed in distilled water (ionic
strength ∼10−7 M, zeta values represented as mean ± SD, n = 3).

Table 1 EE% and DL% values of CNPs 5* and 6*

Nanoformulation EE% (mean � SD)a DL% (mean � SD)a,b

CNPs 5* 99.59 � 0.15 9.1 � 0.10
CNPs 6* 99.93 � 0.21 9.3 � 0.13

a Values are expressed as mean ± SD, n = 3, no signicant difference
between formulations (p > 0.05). b Theoretical maximum DL% =
9.09%, calculated based on the initial drug-to-chitosan mass ratio (1 :
10 w/w).
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2840 cm−1), and the aldehyde group (C]O stretch at
1686 cm−1). Moreover, 1HNMR spectrum displayed character-
istic peaks for the aldehyde proton at 9.89 ppm, a singlet at
d 9.21 ppm corresponding to H-5 proton of the 1,2,3-triazole
ring, and a singlet at d 5.45 ppm for the methylene group
protons (–CH2–). In the 13C NMR spectrum, a signal was
observed at d 191.5 ppm corresponding to the carbonyl carbon
and another signal at d 61.4 ppm corresponding to the methy-
lene carbon (–CH2–).
Fig. 5 (E)- and (Z)-isomers of compound6.

27888 | RSC Adv., 2026, 16, 27884–27905
To introduce the 1,2,4-triazole moiety and complete the
target molecular architecture, aldehyde 5 was subjected to an
acid catalyzed imination reaction with 4-amino-1,2,4-triazole.
This condensation afforded Schiff base (E)-N-(4-((1-(quinolin-
3-yl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)-4H-1,2,4-
triazol-4-amine 6 in 90% yield. The IR spectrum of 6 showed
characteristic absorption bands for the triazole ring (Csp2-H
stretching at 3105 cm−1), the methylene group (asymmetric CH2

stretch at 2935 cm−1 and symmetric CH2 stretch at 2851 cm−1),
and a (C]N stretch at 1613 cm−1). The structure was further
conrmed by 1HNMR, which showed the disappearance of the
aldehyde proton in compound 5 and the appearance of the
singlet imine proton (HC]N) at d 9.03 ppm in addition to the
two protons of the 1,2,4-triazole ring at d 9.18 ppm. Key signals
remaining from 5 included the H-5 proton of the 1,2,3-triazole
ring at d 9.21 ppm and the methylene group (-CH2-) protons as
a singlet at d 5.42 ppm. In the 13CNMR, disappearance of the
carbonyl signal and appearance of imine carbon at d 161.2 ppm
conrmed the formation of the target imine.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optimized geometrical structures of 5 and the two possible geometrical isomers of 6 (grey, carbon; white, hydrogen; red, oxygen; and
blue, nitrogen).

Table 2 Calculated thermodynamic parameters for isomers E-6 and
Z-6a

Thermodynamic
parameter E-6 Z-6

E −1323.022 −1323.011
ZPVE 0.349 0.349
Etot −1322.673 −1322.662
H −1322.648 −1322.638
S 179.022 174.753
G −1322.734 −1322.721

a E, total electronic energy; ZPVE, zero-point vibrational energy; Etot,
total energy (E + ZPVE); H, enthalpy; S, entropy; G, Gibbs free energy.
All energies are reported in [a.u.], entropy is reported in [cal (mol$k)−1].
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3.1.1. Nanoencapsulation (CNPs 5* and 6*). With
compounds 5 and 6 in hands, both were prepared at the
nanometer scale via the ionotropic gelation technique. Chito-
san nanoparticles (CNPs) loaded with compounds 5 or 6 were
synthesized via ionic gelation, a method driven by electrostatic
attraction (Scheme 2). Chitosan was dissolved in acetic acid,
protonating its amine groups to generate a positively charged
solution. A solution of the target compound was then incorpo-
rated into this cationic chitosan solution to ensure the initial
interaction required between the active compound and the
chitosan. The mixture was cross-linked by the controlled addi-
tion of sodium tripolyphosphate (TPP) under constant stirring.
The immediate formation of an opalescent suspension indi-
cated the successful precipitation of loaded nanoparticles 5*
and 6*, resulting from ionic interaction between the NH3

+

© 2026 The Author(s). Published by the Royal Society of Chemistry
groups at C-2 positions on the glucan ring of chitosan and the
anions of TPP.

The particle size and morphology of the compound-loaded
chitosan nanoparticles (CNPs 5* and 6*) were determined by
transmission electron microscopy (TEM) (Fig. 3). The analysis
conrmed the formation of homogeneous, spherical nano-
particles with a narrow size distribution in the range of 35–
43 nm.

The zeta potential (z) was measured to evaluate the surface
charge and colloidal stability of the nanoparticles. The unloa-
ded chitosan nanoparticles displayed a value of +33.7 mV,
which conrms the expected positive surface charge imparted
by the protonated amine groups of chitosan in acidic medium.33

A signicant and unexpected nding was the increase in zeta
potential following compound encapsulation, with values rising
to +35.6 mV and +39.2 mV for CNPs 5* and 6*, respectively
(Fig. 4). This increase suggests that the compounds 5 and 6
contribute additional positive charge to the nanoparticle
system, whether through surface association, partial surface
exposure, or encapsulation within the chitosan matrix. The
enhancement of surface potential is consistent with the
molecular electrostatic potential (MEP) maps of the compounds
(see later), which reveal regions of positive electrostatic poten-
tial. Consequently, both loaded formulations exhibit a stronger
positive charge than unloaded chitosan nanoparticles. Accord-
ing to DLVO theory,34 this elevated charge translates to powerful
electrostatic repulsion between particles. With all zeta potential
values substantially exceeding +30 mV stability threshold, it can
be concluded that CNPs 5* and 6* possess excellent colloidal
RSC Adv., 2026, 16, 27884–27905 | 27889
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Fig. 7 Frontier molecular orbitals (HOMO and LUMO) of 5 and E-6.

Table 3 Calculated FMOs energies and associated reactivity
descriptors for 5 and E-6a

Parameter 5 E-6

EHOMO −6.57 −6.34
ELUMO −1.98 −2.02
DELUMO–HOMO 4.58 4.32
I 6.57 6.34
A 1.98 2.02
m −4.72 −4.18
c 4.72 4.18
h 2.29 2.16
u 3.99 4.04
S 0.44 0.46
DN 1.86 1.93

a EHOMO, energy of the highest occupied molecular orbital; ELUMO,
energy of the lowest unoccupied molecular orbital; DELUMO–HOMO
energy gap (ELUMO − EHOMO); I, ionization potential (−EHOMO); A,
electron affinity (−ELUMO); m, electronic chemical potential ((EHOMO +
ELUMO)/2); c, electronegativity (−m); h, hardness ((ELUMO − EHOMO)/2);
S, soness (1/h); u, electrophilicity index (m2/2h); DN, fractional
number of electrons transferred (–m/h). Energies are reported in (eV).
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stability, a critical property for their further application and
storage.

Furthermore, the highly observed zeta potentials values are
advantageous, and we hypothesize that the strong positive
27890 | RSC Adv., 2026, 16, 27884–27905
surface charge may promote electrostatic attraction to the
negatively charged residues present in the active sites of the
targeted enzymes (a-glucosidase and a-amylase) and to the
negatively charged cell membranes, potentially improving both
inhibitory binding and cellular uptake,35 which could increase
the intracellular bioavailability to potentiate glucose uptake
enhancement and antioxidant effects.

3.1.1.1. Encapsulation efficiency (EE%) and drug loading
(DL%). The encapsulation efficiency (EE%) and drug loading
(DL%) of both nanoformulations are summarized in Table 1.
CNPs 5* and 6* exhibited remarkably high EE% values of
99.59% and 99.93%, respectively, indicating near-complete
drug entrapment with minimal free drug remaining in the
supernatant. The corresponding DL% values were 9.1% and
9.3%, which align closely with the theoretical maximum of
9.09% based on the initial drug-to-chitosan mass ratio (1 : 10 w/
w).

The high encapsulation efficiency is attributed to strong
electrostatic interactions between the positively charged amino
groups of chitosan and the drug molecules, facilitated by the
ionic gelation method, which promotes efficient polyelectrolyte
complex formation.36 This is further supported by the increased
zeta potential observed upon drug loading. The close agreement
between experimental and theoretical DL% values shows that
the ionic gelation process enabled near-quantitative
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 MEP surface map of 5 and E-6, color gradient: red (d−) < yellow (neutral) < blue (d+).

Table 4 In vitro biological evaluation for compounds 5, 6, 5*, and 6*
on a-amylase, a-glucosidase inhibition, and glucose uptakea

Compound

(IC50 mM � SD) (EC50 mM � SD)

a-Amylase a-Glucosidase Glucose uptake

5 2.79 � 0.21 308.76 � 0.34 711.36 � 0.14
6 0.53 � 0.03b 271.94 � 0.08b 77.64 � 0.23b

5* 2.47 � 0.57b,c 58.21 � 0.19b,c 148.39 � 0.02b,c

6* 0.17 � 0.06b,c,d 93.51 � 0.06b,c,d 69.77 � 0.07b,c,d

Acarbose 25.08 � 0.76b,c,d,e 68.91 � 0.43b,c,d,e —
Berberine — — 115.37 � 0.09b,c,d,e

a Values are expressed as mean ± SD (n = 3). Different letters in the
same column are signicantly different at p < 0.05. b: vs. 5; c: vs. 6; d:
vs. 5*; e: vs. 6*.

Table 5 In vitro antioxidant evaluation for compounds 5, 6, 5*, and 6*
on NO and DPPHa

Compound

(IC50 mM � SD)

NO DPPH

5 778.27 � 0.07 386.86 � 0.23
6 270.93 � 0.27b 138.75 � 0.19b

5* 573.03 � 0.10b,c 249.55 � 0.49b,c

6* 222.75 � 0.20b,c,d 53.00 � 0.07b,c,d

Ascorbic acid 396.66 � 0.05b,c,d,e 40.10 � 0.32b,c,d,e

a Values are expressed as mean ± SD (n = 3). Different letters in the
same column are signicantly different at p < 0.05. b: vs. 5; c: vs. 6; d:
vs. 5*; e: vs. 6*.
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incorporation of both drug and chitosan into the nanoparticle
matrix, with negligible loss during purication.37 Collectively,
these results demonstrate the robustness of the developed
nanocarrier system and its suitability for efficient entrapment of
both drug hybrids.

3.1.2. Density functional theory (DFT) studies
3.1.2.1. Energetics and stabilities. DFT calculations were

employed to investigate the molecular structure and the elec-
tronic properties of compound 5 and the two possible geomet-
rical isomers of compound 6 (E-6 and Z-6) as shown in Fig. 5.38

The initial structures were drawn using GaussView 6.016 and
subsequently optimized using the B3LYP/6-31G(d,p) method in
Gaussian 09 Revision A.02.39 This computational approach
enabled full geometrical optimization to converge, allowing the
© 2026 The Author(s). Published by the Royal Society of Chemistry
identication of the most stable and lowest-energy isomer. The
resulting optimized structures for compound 5 and the two
geometrical isomers of compound 6 are shown in Fig. 6.

The relative thermodynamic stability of the two geometric
isomers of compound 6 (E-6 and Z-6) was thoroughly evaluated
using DFT calculations, with the complete set of resulting
parameters detailed in Table 2.

The computational data provides a coherent and denitive
picture, demonstrating that the E-isomer (E-6) is thermody-
namically preferred over its Z-congured counterpart (Z-6). This
conclusion is supported by the lower total electronic energy for
isomer E-6, calculated to be 6.841 kcal mol−1 lower than that of
Z-6. The enhanced stability of the E-conguration is further
supported by its more negative values for two other key ther-
modynamic functions, enthalpy (H) and Gibbs free energy (G).
The more negative enthalpy suggests stronger and more favor-
able bonding interactions within the structure of E-6. Most
critically, the more negative Gibbs free energy indicates that E-6
is the more stable isomer at equilibrium, as this parameter
incorporates both the enthalpy and the entropy (S) of the
system. The slightly lower entropy value calculated for the Z-
isomer (Z-6) itself is indicative of a more rigid and conforma-
tionally constrained molecular structure. The synergy between
these results, lower energy, more negative enthalpy and Gibbs
free energy, presents compelling evidence that the E-isomer is
the predominant stable form. The notable energy difference is
explained by the signicant steric hindrance inherent to the Z-
conguration, where bulky molecular groups are forced into
closer proximity, resulting in destabilizing repulsive forces that
are absent in the more spatially accommodating E-isomer.

3.1.2.2. Frontier Molecular Orbitals (FMOs) analysis. FMOs
analysis was performed on both compound 5 and the optimized
structure E-6, to elucidate their reactivity. The FMOs are critical
for predicting electron transfer and excitation processes, gov-
erned by the energy gap (DE = ELUMO − EHOMO) between them.40

A large HOMO–LUMO gap is associated with high kinetic
stability and low chemical reactivity, as it requires more energy
for electron excitation. On the contrary, a small gap facilitates
the electron excitation and indicates higher chemical reactivity.
As shown in Fig. 7, the calculated HOMO and LUMO surfaces
for 5 and E-6 provide a visual representation of these electron
donor and acceptor sites.

Moreover, several key quantum chemical descriptors were
derived from the FMOs energies to quantitatively evaluate the
RSC Adv., 2026, 16, 27884–27905 | 27891
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Fig. 9 Drug release profiles for CNPs 5* (A) and 6* (B), at pH = 2 and pH = 7.4 over 48 hours. Results are represented as mean ± SD, n = 3.
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reactivity of 5 and E-6 (Table 3). The calculated HOMO–LUMO
energy gap is higher in 5 (4.58 eV) than in E-6 (4.32 eV).

This reduction in the energy gap indicates that E-6 possesses
a higher chemical reactivity and lower kinetic stability than its
precursor, 5, a direct consequence of the extended and more
efficient p-conjugation introduced by the imine and the 1,2,4-
triazole ring. This trend toward higher reactivity is further
quantied by the chemical hardness (h), which is predicted to
be higher for 5 (2.29 eV) than for E-6 (2.16 eV), and the global
electrophilicity index (u), which increases slightly from 3.99 eV
for 5 to 4.04 eV for E-6, together conrming that E-6 is a soer
and moderately stronger electrophile. This conrms that E-6 is
a soer electrophile, meaning it has a greater propensity to
form covalent bonds with so nucleophiles (e.g., thiol groups in
biological systems). Furthermore, both compounds exhibit
a strong tendency to act as electron acceptors, as evidenced by
their positive electron affinity values (A = 1.98 eV for 5 and
2.02 eV for E-6). This electrophilic character is underscored by
the high values for the fraction of electrons transferred (DN),
which is lower in 5 (1.86 eV) than in E-6 (1.93 eV). This conrms
that E-6 is the stronger electrophile of the two. Despite this high
reactivity, both molecules display signicant stability against
oxidation, as reected by their high ionization potentials (I =
6.57 eV for 5 and 6.34 eV for E-6), a property conferred by their
extensive conjugated p-systems.

The FMOs proles provide insight into the general reactivity
trends of the synthesized compounds. The smaller HOMO–
LUMO energy gap and lower hardness of E-6 suggest higher
polarizability and a greater propensity for non-covalent inter-
actions compared to 5, while the electrophilic character of both
compounds suggests potential capability to interact with
electron-rich biological environments. These electronic char-
acteristics serve as preliminary computational indicators to
help rationalize the biological activity trends discussed in the
subsequent sections.

3.1.2.3. Molecular electrostatic potential (MEP) surface
mapping. MEP surface maps of compound 5 and the most stable
isomer, E-6, were calculated to visualize their electron density
distribution and predict their reactivity behavior.41 As illustrated
27892 | RSC Adv., 2026, 16, 27884–27905
in Fig. 8, the MEP map uses a color gradient where red regions
correspond to the highest electron density (negative potential),
and blue regions indicate the lowest electron density (positive
potential).42 The analysis reveals a pronounced negative charge
(red) localized on the oxygen atom of the aldehyde group, the
nitrogen atoms of the 1,2,3-triazole ring, and the nitrogen atom
of the quinoline ring for compound 5. For E-6, a clearly observed
negatively charged region was localized on the nitrogen atoms of
the 1,2,4-triazole ring, which is consistent with the high electro-
negativity of nitrogen. In contrast, positive potential (blue) is
associated with the aromatic and aliphatic C–H protons. This
clear separation of strong positive and negative charges across
the molecular structure conrms the high polarity of 5 and E-6,
which is quantitatively supported by their large, calculated dipole
moments of 6.0236 and 8.3571 Debye for 5 and E-6, respectively,
with full polarizability data provided in Table S1.

This inherent molecular polarity has direct and signicant
implications for the observed properties of their nano-
formulations 5* and 6*. The strong, positively charged regions
(blue) on the molecule's surface are particularly attracted to the
negatively charged phosphate groups of the sodium tri-
polyphosphate (TPP) cross-linker during the ionic gelation
process. This facilitates a robust incorporation of 5 and E-6 into
the chitosan matrix. Furthermore, it is proposed that the
molecule's high polarity and signicant positive charge density
allow it to not only be encapsulated but also to orient itself on
the surface of the chitosan nanoparticles. As mentioned earlier,
the MEPmaps of compounds 5 and 6 display regions of positive
electrostatic potential, which may contribute to the higher zeta
potential values observed for CNPs 5* (+35.6 mV) and 6* (+39.2
mV) relative to unloaded chitosan nanoparticles (+33.7 mV).
While the exact localization of the compounds (surface-
associated vs. fully encapsulated) cannot be conrmed from
the present data alone, the MEP analysis provides a plausible
molecular level rationale for the enhanced surface charge and
colloidal stability of the loaded nanoformulations. Further
surface-sensitive studies would be required to denitively
establish the spatial distribution of the compounds within the
nanoformulations.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Docking scores of the co-crystallized ligand of each protein target with compounds 5 and 6 and amino acids contributing to
interactions

Protein target Ligand
Docking scores
S (kcal mol−1)

Ki

(mM)
Type of binding
interactions

Pancreatic a-amylase
(PDB ID: 4GQR)

Myricetin −5.60 77.53 2 CHB (Asp197)
1 CHB (Asp300)
1 CHB (Trp59)
1 CHB (Gln3)
1 UAA (Gln63)

Acarbose −5.70 66.3 1 CHB (Tyr62)
1 CHB (Asp197)
1 CHB (Glu233)
1 CHB (Asp300)
1 CHB (His305)
1 C–H bond (Tyr151)

5 −7.20 5.12 1 CHB (Arg296)
1 CHB (Gly121)
1 CHB (Ser203)
1 p–p stacking (Tyr341)
1 p–p stacking (Phe338)
1 p–alkyl (Trp286)
1UDD (Phe295)

6 −8.76 0.38 1 CHB (His201)
1 CHB (Arg195)
1 CHB (Asp197)
3 CHB (Glu233)
1 p–p stacking (Trp59)
1 p–alkyl (Ala198)
1 C–H bond (Tyr62)
1 UDD (Ile235)

a- Glucosidase
(PDB ID: 5NN5)

1-Deoxynojirimycin −8.20 0.96 2 CHB (Asp518)
1 CHB (His674)
1 UAA (Asp404)

Acarbose −7.40 3.77 1 CHB (Leu195)
1 CHB (Glu192)
1 CHB (Asp338)
1 CHB (Lys184)
1 CHB (Glu174)
1 CHB (Tyr340)
1 CHB (His180)

5 −7.20 5.28 1 CHB (Leu195)
1 CHB (Arg189)
1 CHB (Val193)
1 p–anion (Asp338)
1 p–p T-shaped (Tyr340)

6 −6.20 27.30 1 CHB (Arg190)
1 CHB (Glu192)
1 C–H bond (Val193)
1 C–H bond (Tyr340)
1 p–alkyl (His180)
1 p–alkyl (Leu195)
1 p – alkyl (Leu313)
1 p–donor HB (Tyr340)

GLUT-4
(PDB ID: 7WSM)

Cytochalasin B −10.71 0.01 1 CHB (Gly400)
1 CHB (Gln298)
1 CHB (Ser153)
1 CHB (Trp404)
1 p–s (Trp428)
1 p–alkyl (Ile180)

5 −6.67 12.97 1 CHB (Ser96)
1 CHB (Trp428)
1 p–s (Ala421)
1 p–alkyl (Ile199)

6 −6.90 8.90 1 CHB (Glu270)
1 CHB (Gly414)

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 27884–27905 | 27893
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Table 6 (Contd. )

Protein target Ligand
Docking scores
S (kcal mol−1)

Ki

(mM)
Type of binding
interactions

1 p–cation (Arg228)
1 p–s (Ile99)
1 amide–p stacked (Met420)

KEAP1-NRF2
(PDB ID: 6TYM)

CHEMBL4635041 −10.46 0.02 1 CHB (Ser508)
1 salt bridge (Arg415)
1 salt bridge (Arg 483)
1 salt bridge (Phe478)
1 p–p stacking (Tyr525)
1 p–alkyl (Ala556)
1 p DHB (Ser602)
1 UDD (Ser555)
1 UDD (Gln530)

5 −7.80 1.90 1 CHB (Ser555)
1 CHB (Gln530)
1 CHB (Ala510)
1 C–H bond (Gly509)
1 amide–p stacked (Ser508)
1 p–alkyl (Ala556)
1 p–alkyl (Ala366)
1 p–alkyl (Arg415)

6 −8.78 0.37 1 CHB (Gly367)
1 CHB (Val463)
1 CHB (Ile416)
1 CHB (Ser508)
1 C–H bond (Ala510)
1 amide–p stacked (Gly462)
1 p–alkyl (Ala336)
1 p–alkyl (Ala556)
1 p–alkyl (Arg415)
1 amide–p stacked (Gly462)
1 UDD (Val418)
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3.2. Biological evaluation

3.2.1. Antidiabetic activity. The in vitro inhibition of a-
glucosidase and a-amylase, key enzymes involved in dietary
carbohydrate hydrolysis, represents a therapeutic strategy for
modulating postprandial hyperglycemia in T2DM.43,44 The
synthesized compounds 5, 6, 5*, and 6* were evaluated for their
inhibitory potential against these enzymes, using acarbose as
a reference inhibitor. Additionally, their ability to stimulate
cellular glucose uptake was assessed relative to berberine,
a well-known enhancer of glucose uptake.

3.2.1.1. In vitro a-amylase inhibitory activity. The a-amylase
in vitro inhibitory activity of the tested compounds was evalu-
ated by determining their half maximum inhibitory concen-
tration (IC50) values relative to the standard inhibitor acarbose
(IC50 = 25.08 mM). The results indicated that compounds 5, 6,
5*, and 6* showed substantial inhibitory potential, with 6*
exhibiting the most potent inhibition (IC50= 0.17 mM), followed
by 6 (IC50 = 0.53 mM), 5* (IC50 = 2.47 mM), and 5 (IC50 = 2.79
mM). All four compounds outperformed acarbose. As shown in
Table 4, the inhibitory potency was enhanced through struc-
tural evolution from compound 5 to compound 6 and further
improved in the nanoformulations 5* and 6*. The notable
potency of 6* may be attributed to the integration of 1,2,4-
27894 | RSC Adv., 2026, 16, 27884–27905
triazole and 1,2,3-triazole moieties with a quinoline backbone
bearing nitrogen atoms that increase the electron density of the
aromatic ring, inuence the electrostatic interactions with the
substrate, and enable hydrogen bonding with various amino
acids, combined with its corresponding chitosan-encapsulated
formulation. These results are consistent with the molecular
docking study (see later).

3.2.1.2. In vitro a-glucosidase inhibitory activity. The a-
glucosidase inhibitory activity was evaluated by comparing IC50

values to acarbose (IC50 = 68.91 mM). Compound 5* (IC50 =

58.21 mM) exhibited potency comparable to acarbose (Table 4).
In contrast, its parent compound, 5, showed markedly weaker
activity (IC50 = 308.76 mM). The enhanced activity of 5* may be
attributed to its nanoformulation, which likely improves solu-
bility and target site interaction. The retained aldehyde func-
tional group could also act as a key pharmacophore serving as
a hydrogen bond acceptor and potentially participating in
reversible covalent interactions with different nucleophilic
residues in the target enzyme's active site, a hypothesis sup-
ported by subsequent molecular docking studies. Compound 6*
demonstrated moderate inhibition (IC50 = 93.51 mM), which
was still signicantly stronger than its parent compound 6 (IC50

= 271.94 mM). This result further highlights the benecial role
of nanoformulation in boosting activity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) 2D and (B) 3D representations of docking interactions of myricetin, acarbose, 5 and 6within the binding pocket of a-amylase (PDB ID:
4GQR).
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3.2.1.3. In vitro glucose uptake assay. The hypoglycemic
potential of the compounds was assessed via a yeast cell glucose
uptake assay using Saccharomyces cerevisiae, in which residual
© 2026 The Author(s). Published by the Royal Society of Chemistry
glucose in the medium was measured aer incubating yeast
cells with various compound concentrations. S. cerevisiae
represents a well-established in vitro model for preliminary
RSC Adv., 2026, 16, 27884–27905 | 27895
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Fig. 11 (A) 2D and (B) 3D representations of docking interactions of 1-deoxynojirimycin, acarbose, 5 and 6 within the binding pocket of a-
glucosidase (PDB ID: 5NN5).
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antidiabetic screening.45–48 In this model, glucose uptake occurs
primarily through facilitated diffusion via membrane carriers
that are conceptually similar to human GLUT transporters.46
27896 | RSC Adv., 2026, 16, 27884–27905
Additionally, intracellular glucose is rapidly metabolized,
maintaining a low internal glucose concentration that favors
continued uptake.49 A lower residual extracellular glucose
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (A) 2D and (B) 3D representations of docking interactions of cytochalasin B, 5 and 6within the binding pocket of GLUT-4 (PDB ID: 7WSM).
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concentration following incubation is therefore interpreted as
an indicator of antidiabetic potential and relative compound
potency compared to reference medications. It should be noted,
Fig. 13 (A) 2D and (B) 3D representations of docking interactions of CH
6TYM).

© 2026 The Author(s). Published by the Royal Society of Chemistry
however, that this model does not recapitulate the hormonal,
immune, or insulin-signaling context of mammalian physi-
ology,46,48,49 and these ndings should be considered
EMBL4635041, 5 and 6 within the binding pocket of KEAP1 (PDB ID:

RSC Adv., 2026, 16, 27884–27905 | 27897
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Fig. 14 Bioavailability radar (polar plot) for compounds 5 and 6.

Table 7 Calculated physicochemical properties of 5 and 6a

Property

Compounds

5 6

MWt (g mol−1) 330.35 396.41
Consensus log Po/w 2.63 2.43
Log S −3.81 −4.02
XLOGP3 2.58 2.35
WLOGP 3.06 2.72
TPSA (Å2) 69.9 95.9
nHBA 5 7
nHBD 0 0
nNRB 5 6
Heavy atoms 25 30
Aromatic heavy
atoms

21 26

FCsp3 0.05 0.05

a MWt, molecular weight; consensus log Po/w, logarithm of the octanol/
water partition coefficient, a measure of lipophilicity; log S, aqueous
solubility; XLOGP3, extended atom-type based (version 3), a measure
of lipophilicity; WLOGP, Wildman and Crippen LogP, a measure of
lipophilicity; TPSA, topological polar surface area; nHBA, number of
H-bond acceptors; nHBD, number of H-bond donors; nNRB, number
of rotatable bonds; FCsp3, fraction Csp3, carbon atoms with sp3

hybridization.

Fig. 15 The boiled-egg predictive model for compounds 5 and 6.

27898 | RSC Adv., 2026, 16, 27884–27905
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preliminary evidence warranting further validation in
mammalian cell-based and in vivo models.

Activity was expressed as the half-maximal effective
concentration (EC50) relative to the reference enhancer
berberine (EC50 = 115.37 mM), as summarized in Table 4.
Compounds 6 and 6* displayed signicant activity with EC50

values of 77.64 and 69.77 mM for 6 and 6*, respectively. These
values correspond to potencies that were ∼1.48- and ∼1.65-fold
higher, respectively, than that of berberine. Compound 5* (EC50

= 148.39 mM) exhibited lower but notable glucose uptake
enhancement, whereas compound 5 demonstrated weak
activity (EC50 = 711.36 mM). The improved performance of the
nanoformulated compounds implies that nanoscale delivery
may facilitate cellular interaction and glucose transport
modulation, supporting the contribution of formulation and
molecular architecture to antihyperglycemic activity.

3.2.2. Antioxidant activity. Reactive oxygen species (ROS),
generated through endogenous metabolic processes or exoge-
nous stress, contribute to oxidative damage when their
production exceeds the cellular antioxidant capacity. The
pathological accumulation of ROS is implicated in the patho-
genesis of several chronic diseases, including diabetes mellitus
and cardiovascular disorders.50–52 Therefore, the antioxidant
potential of the synthesized compounds was evaluated in vitro
© 2026 The Author(s). Published by the Royal Society of Chemistry
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using nitric oxide (NO) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assays, with ascorbic acid
employed as a reference standard antioxidant.

3.2.2.1. NO scavenging activity. NO scavenging capacity was
evaluated by determining the half-maximal inhibitory concen-
tration (IC50) relative to ascorbic acid (IC50 = 396.66 mM).
Compared to 5 and 5*, compound 6 and its nanoformulated
counterpart 6* demonstrated signicant NO scavenging
activity, exhibiting ∼1.46- and ∼1.78-fold higher potency than
ascorbic acid, respectively (Table 5).

This signicant activity is attributed to the electron-rich,
polyheterocyclic system, where multiple nitrogen atoms facili-
tate direct radical sequestration via electron transfer, and the
formation of stabilized radical adducts. This aligns with the
pronounced electron-rich (negative, red) regions localized on
nitrogen atoms, as visualized in the MEP maps of the parent
compounds (Fig. 8). The extended p-conjugation within the
framework promotes delocalization and stabilization of the
unpaired electron following interaction with the NO radical.
Additionally, the nitrogen-dense structure may act as a poly-
dentate ligand, enabling secondary antioxidant mechanisms
through metal chelation and modulation of redox pathways.

The marked efficacy of the chitosan-encapsulated derivative
6* suggests that nanoformulation enhances bioavailability or
interfacial access to radical species, thereby potentiating the
intrinsic pharmacodynamic activity. In contrast, compounds 5
and 5* exhibited weaker scavenging activity compared to the
ascorbic acid standard.

3.2.2.2. DPPH radical scavenging activity. The free radical
scavenging potential was further assessed using the stable
DPPH radical relative to ascorbic acid (IC50 = 40.10 mM). While
both parent compounds 5 and 6 showed weaker DPPH scav-
enging than the standard, compound 6 was ∼2.8-fold more
potent than 5, a trend consistent with the NO scavenging results
(Table 5). Consistent with the other assays, nanoencapsulation
signicantly enhanced activity. Compound 6* displayed
considerable scavenging (IC50 = 53.00 mM), representing the
best activity among all tested compounds and a notable
improvement over its parent, 6 (IC50 = 138.75 mM). The
observed trend aligns with the structure–activity relationship
(SAR) proposed for NO scavenging, wherein the introduction of
an extra triazole moiety in 6 provides a more effective electron-
dense pharmacophore for neutralizing free radicals via
hydrogen atom transfer or single-electron transfer mechanisms.

3.2.3. In vitro drug release proles of CNPs 5* and 6*. The
in vitro drug release proles of CNPs 5* and 6* were evaluated at
pH 2.0 (simulated gastric uid) and pH 7.4 (simulated intestinal
uid) over 48 hours, as shown in Fig. 9. Both nanoformulations
displayed a clear pH-dependent release behavior, withmarkedly
faster and more extensive drug release under acidic conditions.
At pH 2.0, CNPs 5* exhibited a rapid initial release, reaching
55.9% within 7 hours and 87.9% by 24 hours, with near-
complete release (97.8%) achieved at 48 hours (Fig. 9A). CNPs
6* followed a similar trend at pH 2.0, reaching 48.7% at 7 hours
and 94.3% at 48 hours (Fig. 9B). Under physiological pH (pH =

7.4), drug release was considerably more sustained, CNPs 5*
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 6* released 24.5% and 40.5% of their payload by 7 hours,
respectively, rising gradually to 82.4% and 89.9% by 48 hours.

The observed pH-dependent release is consistent with the
known swelling behavior of chitosan under acidic conditions,
where protonation of the amino groups leads to polymer chain
relaxation and enhanced drug diffusion.53 Notably, CNPs 6*
exhibited a slightly more gradual release prole at pH 2.0 and
a higher cumulative release at pH 7.4 compared to CNPs 5*,
which may reect differences in drug–polymer interactions or
the marginally higher drug loading of this formulation. The
biphasic release pattern, an initial burst phase followed by
sustained release, observed for both formulations is character-
istic of chitosan-based nanoparticulate systems and is advan-
tageous for oral delivery, where an initial therapeutic dose may
be followed by prolonged drug availability. These results indi-
cate that both nanoformulations exhibit pH-responsive release
behavior, which may be advantageous for oral drug delivery
applications.

4. In silico studies
4.1. Molecular docking studies

4.1.1. Antidiabetic and antioxidant potential. To predict
the binding affinity and inhibitory potential of the synthesized
compounds, molecular docking simulations were performed
against four key molecular targets implicated in diabetes and
oxidative stress. Prior to docking, the protocol was validated by
re-docking of the co-crystallized ligands into their respective
binding sites; the resulting root-mean-square deviation (RMSD)
values ranged from 0.31 Å to 1.73 Å, all well below the accepted
threshold of 2.0 Å, conrming the reliability of the protocol in
reproducing the bioactive ligand conformations (Table S2 and
Fig. S9). The binding energies and predicted inhibition
constants (Ki) for both compounds 5 and 6 were compared with
their respective co-crystallized reference ligands (Table 6).

4.1.1.1. a-Amylase docking interactions. For pancreatic a-
amylase (PDB ID: 4GQR), both compounds demonstrated
superior binding affinity compared to the reference ligand
Myricetin (S = −5.60 kcal mol; Ki = 77.53 mM), which forms
hydrogen bonds with Asp197 and Asp300; however, its affinity is
compromised by a destabilizing repulsion (unfavorable
acceptor–acceptor interaction) between its carbonyl oxygen and
Gln63. For a direct comparison with the standard reference
inhibitor, acarbose was also docked into the same binding site,
yielding a docking score of −5.70 kcal mol−1, with conventional
hydrogen bond interactions with key residues Tyr62, Asp197,
Glu233, Asp300, and His305, alongside a C–H bond with
Tyr151. Both synthesized compounds outperformed acarbose,
consistent with the in vitro inhibition data. Notably, compound
6 showed the most potent interaction, with a binding energy of
−8.76 kcal mol−1 and predicted inhibition constant of 0.38 mM.
This strong inhibition may be attributed to conventional
hydrogen bonds with key catalytic residues Glu233, Asp197,
His201 and Arg195, suggesting strong inhibitory potential
against starch hydrolysis. As shown in Fig. 10, compound 5 also
outperformed both acarbose and the reference ligand, exhibit-
ing a binding energy of −7.20 kcal mol−1 (Ki = 5.12 mM). This
RSC Adv., 2026, 16, 27884–27905 | 27899
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favorable binding is likely due to maintaining 3 conventional
hydrogen bonds with Gly121, Ser203, Arg296, alongside an
unfavorable interaction with Phe295.

4.1.1.2. a-Glucosidase docking interactions. In the case of a-
glucosidase, the reference inhibitor 1-deoxynojirimycin (1-DNJ)
retained the highest binding affinity (S = −8.20 kcal mol−1). As
a carbohydrate mimic, its high potency is attributed to the
formation of a dense, multipoint hydrogen-bonding network
that specically anchors the ligand to the catalytic residues
Asp518 and His674. For additional clinical context, acarbose
was docked into this target, producing a score of
−7.40 kcal mol−1 with conventional hydrogen bond interac-
tions with Leu195, Glu192, Asp338, Lys184, Glu174, Tyr340, and
His180. In contrast, the synthesized derivatives exhibited
distinct binding modes driven by their non-sugar scaffolds.
Compound 5 showed a docking score comparable to that of
acarbose (S = −7.20 kcal mol−1), stabilizing its conformation
through a triad of conventional hydrogen bonds with Arg189,
Val193, and Leu195. Conversely, compound 6 demonstrated
reduced binding affinity (S = −6.20 kcal mol−1), which may be
attributed to a less extensive polar interaction network. Its
stabilization relied primarily on two hydrogen-bond interac-
tions with Arg190 and Glu192. These ndings suggest that,
although compound 5 achieves a favorable and viable t within
the a-glucosidase active site, the scaffold of compound 6 is less
complementary to the enzyme pocket when compared to the
native substrate mimic as illustrated in Fig. 11. It is worth
mentioning that the docking results contradicting the in vitro
inhibition data of a-glucosidase where 6 is more potent than 5.
This discrepancy likely arises from a key limitation of rigid-
receptor docking. The extended, exible scaffold of 6, may
require signicant conformational adaptation of the enzyme's
active site (induced-t) to achieve its optimal bioactive pose.
The static model fails to capture this, penalizing 6 larger size
while favoring the more compact 5. As a result, the computa-
tional model successfully identies 5 as a competent binder but
underestimates the true inhibitory potential of the more exible
and biophysically adaptive hybrid 6.

4.1.1.3. GLUT-4 docking interactions. In the case of GLUT-4
transport inhibition (PDB ID: 7WSM), a distinct hierarchy in
binding efficacy was observed. The reference standard, cyto-
chalasin B, exhibited superior binding affinity (S =

−10.71 kcal mol−1). This high affinity is attributed to its ability
to deeply occlude the central glucose transport channel through
critical hydrogen-bond interactions with Gln298 and Trp404. In
contrast, the synthesized derivatives adopted vestibular binding
poses with moderate affinities and lacked the deep channel-
locking mechanism observed for the cytochalasin B.
Compound 6 (S = −6.90 kcal mol−1) established a unique
electrostatic interaction prole, primarily anchored by a high-
energy p-cation interaction with Arg228, in addition to
conventional hydrogen bonds with Glu270 and Gly414. This
electrostatic network provided a slight energetic advantage over
compound 5 (S = −6.67 kcal mol−1), which relied mainly on
peripheral hydrogen-bond interactions with Trp428 and Ser96.
Overall, the observed structural divergence suggests that while 6
may function as a specic GLUT-4 modulator through
27900 | RSC Adv., 2026, 16, 27884–27905
anchoring at Arg228, it does not achieve the complete steric
blockade of the glucose transport channel that characterizes the
high-affinity reference inhibitor, as shown in Fig. 12.

4.1.1.4. KEAP1 docking interactions. For the antioxidant
regulator KEAP1–NRF2 complex (PDB ID: 6TYM), molecular
docking assessment revealed a clear structure–activity rela-
tionship (SAR) governing the predicted Nrf2 displacement
potential. The co-crystallized reference ligand exhibited the
highest binding affinity (S = −10.46 kcal mol−1), which is
attributed to a strong electrostatic “clamping” mechanism. In
this interaction, carboxylate groups form critical salt bridges
with a deep arginine cluster composed of Arg415 and Arg483.
Compound 6 emerged as a promising lead compound (S =

−8.78 kcal mol−1). Its enhanced potency is driven by a robust
hydrogen-bonding network anchored to the key hotspot residue
Ser508, in combination with a strategically positioned p–alkyl
interaction that provides hydrophobic shielding of Arg415.
While compound 5 also demonstrated favorable binding (S =

−7.80 kcal mol−1), it showed a weaker interaction prole.
Although both compounds interacted with key surface residues
neither fully penetrated penetrate the central binding cavity or
engage the arginine triad required for high-affinity KEAP1
inhibition like the reference ligand. This observation highlights
the challenge of achieving deep pocket occupancy and suggest
that the triazole–quinoline scaffold in 6 provides a more effec-
tive partial distribution of the KEAP1–Nrf2 interaction as illus-
trated in Fig. 13.
4.2. Physicochemical, pharmacokinetics and ADME
properties

Analysis of the drug-likeness, physicochemical properties, and
pharmacokinetic proles of compounds 5 and 6 was conducted
using the Swiss ADME tool.54 A radar graph illustrates the
chemical structure and the drug-likeness of both compounds, 5
and 6, by mapping key molecular features, lipophilicity
(XLOGP3), size (expressed by molecular weight), polarity (TPSA),
solubility (log S), saturation (fraction Csp3), and exibility
(number of rotatable bonds), on six axes. The pink hexagonal
area represents the optimal range for each property to ensure
oral bioavailability, while the coloured polygon represents the
actual calculated prole of the compound (Fig. 14). As pre-
sented in Table 7, both compounds obey Lipinski's rule of ve,55

with favorable molecular weights of ∼330 and 396 g mol−1,
consensus log Po/w of ∼2.6 and 2.4, and TPSA of ∼70 and 96 Å2.
However, their low sp3 carbon fraction (0.05) and high aroma-
ticity indicate a planar structure (as shown in the DFT opti-
mized geometries, Fig. 6), which correlate with their predicted
poor aqueous solubility (log S ∼ −3.8 and −4). This represents
a notable developability liability, as such low solubility values
fall well below the typically acceptable range for orally admin-
istered drugs and may require advanced formulation strategies
to achieve adequate bioavailability.

A boiled-egg plot was designed to evaluate the relationship
between the calculated (WLOGP), also known as Wildman and
Crippen lipophilicity, and the topological polar surface area
(TPSA) of the studied compounds, providing predictions of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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gastrointestinal (GI) absorption and blood–brain barrier (BBB)
penetration. The WLOGP parameter estimates the compound's
distribution between aqueous and lipid phases, while TPSA
quanties the polar surface area, which is predominantly
determined by oxygen and nitrogen atoms and inversely corre-
lates with passive membrane permeability.56 The plot features
three different zones: white, yellow, and gray. The yellow zone
(yolk) shows compounds predicted to have high BBB perme-
ability, whereas the white zone indicates high probability of GI
absorption, and the grey zone corresponds to compounds with
low predicted absorption and negligible brain penetration.

As illustrated in Fig. 15 and Table S3 (see SI), both
compounds display a mixed pharmacokinetic prole with
distinct strengths and liabilities. Compound 5 is predicted to
have high gastrointestinal (GI) absorption, good oral bioavail-
ability, and the ability to cross the BBB, positioning it within the
yellow (BBB+) zone of the boiled-egg plot. Its status as a non-
substrate for the P-glycoprotein (P-gp) efflux transporter
further supports effective brain penetration, suggesting poten-
tial as a CNS-active agent. However, this promising prole is
signicantly offset by a critical metabolic liability as it is pre-
dicted to inhibit all ve major cytochrome P450 isoforms tested
(CYP1A2, 2C19, 2C9, 2D6, 3A4). This pan-CYP inhibition indi-
cates a high potential for clinically signicant drug–drug
interactions, which represents a priority for future structural
optimization. In contrast, compound 6 also exhibit high GI
absorption and good bioavailability but is predicted neither to
cross the BBB nor to serve as P-gp substrate, consistent with its
location in the white (absorption-only) zone of the boiled-egg
plot. This prole is more suitable for peripherally acting ther-
apeutics where CNS exclusion is desired. Its CYP inhibition
prole is more selective, affecting only the 2C9 and 3A4 iso-
forms, presenting comparatively a more manageable drug-
interaction risk. However, its P-gp substrate status introduces
a potential liability for reduced intracellular exposure in P-gp-
overexpressing tissues and possible efflux-mediated drug–drug
interactions, which should be investigated further. Overall,
while both compounds exhibit promising drug-like parameters,
their developability is constrained by a combination of poor
aqueous solubility (both compounds), pan-CYP inhibition
(compound 5), and P-gp substrate liability (compound 6). These
limitations should guide the design of subsequent analogues.

5. Conclusion

In summary, motivated by a molecular hybridization strategy,
new quinoline-triazole hybrids and their chitosan-encapsulated
derivatives were successfully synthesized and evaluated as
prospective multitarget antidiabetic agents. In vitro enzymatic
assays revealed that nano-encapsulation markedly improved
inhibitory potency: compound 6* was the most potent a-
amylase inhibitor (IC50 = 0.17 mM) and compound 5* the most
effective against a-glucosidase (IC50 = 58.21 mM), both
surpassing the reference drug acarbose. In glucose uptake
stimulation, compound 6* (EC50 = 69.77 mM) outperformed
berberine (EC50 = 115.37 mM), while also demonstrating the
strongest antioxidant activity in both NO and DPPH assays.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Both nanoformulations exhibited high encapsulation efficien-
cies (>99%) and drug loading values close to the theoretical
maximum, with pH-dependent drug release proles favoring
release under acidic conditions. Molecular docking revealed key
binding interactions within the enzyme active sites, high-
lighting the contributions of the quinoline-triazole scaffold to
the observed inhibitory activities. DFT calculations offered
preliminary insights into the electronic properties and stability
of the hybrids, and ADME proling indicated favorable drug-
likeness with no violations of Lipinski's rule of ve. Collec-
tively, these ndings highlight the promising preliminary
antidiabetic and antioxidant proles of the synthesized
quinoline-triazole hybrids. While the current study offers
promising in vitro evaluation and computational insights, in
vivo validation and systematic structure–activity relationship
studies are now required to fully assess the therapeutic viability
and safety of these hybrids as future drug candidates.

6. Experimental
6.1. Chemistry

6.1.1. Materials and methods. Unless otherwise stated, all
chemicals and solvents were of analytical grade and purchased
from Sigma-Aldrich. The progress of all chemical reactions was
monitored using Merck TLC precoated silica gel 60 F254
aluminum sheets (20 × 20 cm, Merck KGaA, Darmstadt, Ger-
many). The chromatograms were visualized under UV light at
254 nm. Melting points were determined using a Büchi model
B-545 apparatus (Büchi Corporation, Flawil, Switzerland) and
were uncorrected. FTIR spectra were recorded with a Perki-
nElmer 1600 series infrared spectrophotometer (Waltham, MA,
USA) using potassium bromide (KBr) pellets, and absorption
bands (n�max) were reported in wavenumbers (cm−1). 1H and 13C
NMR spectra were recorded at 500 and 125 MHz, respectively,
using a JNM-ECZ500R/S1 spectrometer (JEOL) in DMSO-d6, the
deuterated solvent served as an internal deuterium lock, with
tetramethylsilane (TMS) as an internal standard for protons and
solvent signals. Chemical shi (d) values are reported in ppm,
and coupling constants (J) are given in Hz. High-resolution
mass spectra (HRMS) were obtained using an LC/Q-TOF 6530
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA)
equipped with an electrospray ionization (ESI) source that
operated in positive ion mode. Accurate mass measurements
were provided as mass-to-charge ratios (m/z). TEM imaging of
Chitosan nano particles was performed on a JEOL JEM-1400
Plus. Zeta potential measurements were recorded with Zeta-
sizer Nano ZS90/ZEN3600 (Malvern Instruments, UK).

6.1.2. Synthesis of 4-((1-(quinolin-3-yl)-1H-1,2,3-triazol-4-
yl)methoxy)benzaldehyde (5).57,58 4-(Prop-2-yn-1-yloxy)
benzaldehyde (4) (0.62 mmol, 1.00 equiv.) and 3-azidoquin-
oline (2) (0.70mmol, 1.00 equiv.) were dissolved in THF (15mL).
Sodium ascorbate (0.62 mmol, 1.00 equiv.) and copper(II)
sulphate (0.04 mmol, 0.06 equiv.) dissolved in distilled water (2
mL) were then added, and the reaction mixture was stirred at
room temperature for 6 h and the reaction progress was
monitored by TLC. Upon completion, the mixture was poured
into cold water, and the precipitated solid was collected by
RSC Adv., 2026, 16, 27884–27905 | 27901
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ltration, washed with water, and recrystallized from ethanol to
afford product 5 as colorless crystals (0.59 mmol, 94% yield).

6.1.3. Synthesis of (E)-N-(4-((1-(quinolin-3-yl)-1H-1,2,3-tri-
azol-4-yl)methoxy)benzylidene)-4H-1,2,4-triazol-4-amine (6).29,59

A mixture of 4-((1-(quinolin-3-yl)-1H-1,2,3-triazol-4-yl)methoxy)
benzaldehyde (5) (0.30 mmol, 1.00 equiv.) and 4-amino-4H-
1,2,4-triazole (0.60 mmol, 2.00 equiv.) was dissolved in absolute
ethanol (20 mL), and a few drops of concentrated H2SO4 were
added. The reaction mixture was reuxed for 6 h, and the
progress was monitored by TLC. Upon completion, the mixture
was poured into cold water, and the resulting solid was
collected by ltration, washed with water, and recrystallized
from ethanol to afford product 6 as colorless crystals
(0.27 mmol, 90% yield).

6.1.4. Preparation of CNPs 5* and 6*.60 Chitosan (250 mg)
was dissolved in 50 mL of 1% v/v acetic acid solution (pH 4.8),
yielding a nal chitosan concentration of 0.5% w/v, and stirred
at 1000 rpm for 2 hours at room temperature. Compound 5 or 6
(0.08 mmol) was dissolved in DMSO (4 mL) and added to the
chitosan solution, and the mixture was stirred at 1000 rpm for
an additional 2 hours at room temperature. A sodium tri-
polyphosphate (TPP) solution (0.1% w/v in deionized water) was
then added dropwise to the chitosan mixture (chitosan : TPP
mass ratio of 3 : 1) under stirring at 1000 rpm for 12 hours or
until equilibrium was reached. The resulting opalescent
suspension was allowed to settle, and the chitosan nano-
particles (CNPs, 5* or 6*) were collected by centrifugation at
4000 rpm for 30 min. The precipitate was stored at 4 °C in sterile
Falcon tubes for further studies.

6.1.5. Determination of encapsulation efficiency (EE%).
Encapsulation efficiency (EE%) of CNPs 5* and 6* was deter-
mined indirectly by quantifying the unencapsulated drug in the
supernatant aer centrifugation, according to a previously re-
ported method.61,62 The drug concentration was measured by
UV-vis spectrophotometry (T80+ UV/vis, PG Instruments Ltd,
UK) (lmax = 283 nm and 305 nm for compounds 5 and 6,
respectively) against the corresponding calibration curves. EE%
was calculated as:

EE% ¼ Wt ðtotal added drugÞ �Ws ðfree drugÞ
Wt ðtotal added drugÞ � 100

where Wt is the total drug initially added, and Ws is the drug
concentration measured in the supernatant. Full experimental
details are provided in the SI. Measurements were performed in
triplicate (values are expressed as mean ± SD) and carried out
under identical experimental conditions to ensure reliability
and reproducibility.

6.1.6. Determination of drug loading percent (DL%). Drug
loading (DL%) of CNPs 5* and 6* was determined using a direct
quantication method.62 Aer separation of the unencapsulated
drug by centrifugation, the drug-loaded nanoparticles were lyoph-
ilized, dissolved in DMSO, and the drug content was quantied by
UV-vis spectrophotometry (T80+ UV/vis, PG Instruments Ltd, UK)
against a standard calibration curve. DL% was calculated as:

DL% ¼ weight of drug in nanoparticles

total weight of nanoparticles
� 100
27902 | RSC Adv., 2026, 16, 27884–27905
where weight of drug in nanoparticles is the actual weight of the
drug that was successfully encapsulated, and total weight of
nanoparticles includes the weight of encapsulated drug and
weight of carrier. The theoretical maximum DL% of 9.09% was
calculated from the initial drug-to-chitosan mass ratio of 1 : 10
(w/w), assuming complete incorporation of both components.
Measurements were performed in triplicate (values are
expressed as mean ± SD) under identical experimental condi-
tions to ensure accuracy and reproducibility. Full experimental
details are provided in the SI.

6.1.7. DFT calculations.63 Gaussian 09 was used to perform
DFT calculations for compounds 5 and 6.39 The 6-31G(d,p) basis
sets and the B3LYP method were used for all calculations. The
stability of the optimized compounds was conrmed by the
absence of imaginary frequencies.

6.2. Characterization data of products 5 and 6

6.2.1. 4-((1-(Quinolin-3-yl)-1H-1,2,3-triazol-4-yl)methoxy)
benzaldehyde (5). Rf = 0.3 (n-hexane: ethyl acetate, 2 : 1, V/V);
m.p: 180–181 °C; IR(KBr) nmax (cm−1): 3138 cm−1 (Csp2-H
stretching of triazole ring), 2923 cm−1 (CH2-asymmetric
stretching), 2840 cm−1 (CH2-symmetric stretching), 2747 cm−1

(Csp2-H stretching of CHO), 1686 cm−1 (C]O stretch), and
1256 cm−1 (–OCH2–).

1H NMR (500 MHz, DMSO-d6) dH: 9.89 (s,
1H, HC]O), 9.47 (s, 1H, Ar-H), 9.21 (s, 1H, triazole-H), 8.96 (s,
1H, Ar-H), 8.14 (m, 2H, Ar-H), 7.91 (d, J = 7.7 Hz, 2H, Ar-H), 7.87
(t, J = 8.4 Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H, Ar-H), 7.31 (d, J =
7.6 Hz, 2H), 5.45 (s, 2H, –OCH2–) ppm. 13C NMR (125 MHz,
DMSO-d6) dC: 191.5 (C]O), 162.9, 147.0, 143.6, 143.3, 131.9,
130.6, 130.1, 130.0, 129.0, 128.7, 128.2, 127.1, 126.3, 123.8, 115.3
(Ar-C), 61.4 (–OCH2–) ppm.

HRMS (ESI) m/z calc. for C19H14N4O2 [M + 1]+: 331.1195;
found 331.1198.

6.2.2 (E)-N-(4-((1-(quinolin-3-yl)-1H-1,2,3-triazol-4-yl)
methoxy)benzylidene)-4H-1,2,4-triazol-4-amine (6). Rf = 0.4 (n-
hexane: ethyl acetate,1 : 2, V/V); m.p: 220–221 °C; IR(KBr) nmax

(cm−1): 3105 cm−1 (Csp2-H stretching of triazole ring),
2935 cm−1 (CH2-asymmetric stretching), 2851 cm−1 (CH2-
symmetric stretching), 1613 cm−1 (C]N stretching of imine
bond). 1H NMR (500 MHz, DMSO-d6) dH: 9.49 (d, J = 2.8 Hz, 1H,
Ar-H), 9.21 (s, 1H, CH-1,2,3-triazole), 9.18 (s, 2H, CH-1,2,4-tri-
azole), 9.03 (s, 1H, HC]N), 8.98 (d, J = 2.8 Hz, 1H, Ar-H), 8.21–
8.09 (m, 2H, Ar-H), 7.89 (d, J = 6.8 Hz, 1H, Ar-H), 7.86 (d, J =
9.0 Hz, 2H, Ar-H), 7.76 (t, J = 7.6 Hz, 1H, Ar-H), 7.30 (d, J =
8.8 Hz, 2H, Ar-H), 5.42 (s, 2H, –OCH2-) ppm. 13C NMR (125MHz,
DMSO-d6) dC: 161.2 (C]N), 157.8, 147.0, 143.7, 143.3, 139,
130.6, 130.4, 130.1, 129.0, 128.7, 128.2, 127.1, 126.2, 125.1,
123.7, 115.5 (Ar-C), 61.3 (–OCH2–) ppm.

HRMS (ESI) m/z calc. for C21H17N8O [M + 1]+: 397.1525;
found 397.1540.

6.3. Biological evaluation

Inhibitory activity against a-amylase64 and a-glucosidase65 was
assessed according to established protocols, along with evalua-
tion of NO scavenging activity,66 DPPH radical scavenging
activity,67 and a glucose uptake assay,68 as detailed in the SI. All
© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds and reference inhibitors were tested at serial dilu-
tions (10–500 mg mL−1). Nanoparticle blank controls were
included in all assays to exclude potential interference from the
chitosan nanoparticles with absorbance-based readouts. Full
methodological details, including enzyme sources, substrate
concentrations, pH, incubation conditions, and statistical anal-
ysis, are provided in the SI. In vitro drug release fromCNPs 5* and
6* was evaluated according to a previously reported method
using a dialysis bag technique under simulated physiological
conditions (phosphate buffer, pH 2.0 and pH 7.4) at 37 ± 0.5 °C
over 48 h.69 The released drug was quantied spectrophotomet-
rically at lmax = 283 nm and 305 nm for compounds 5 and 6,
respectively. Measurements were performed in triplicate (values
are expressed as mean ± SD) and carried out under identical
experimental conditions to ensure reliability and reproducibility.
Full experimental details are provided in the SI.

6.4. In silico studies

6.4.1. Molecular docking studies. In addition to the data
mentioned in the manuscript, additional information of the
molecular docking simulation study is included in the SI.

6.4.2. ADME and drug-likeness analysis. The pharmacoki-
netic proles and physicochemical properties of the synthesized
compounds 5 and 6 were predicted using the Swiss ADME online
tool (https://www.swissadme.ch/).70 Key ADME descriptors,
bioavailability radar, and the boiled-egg Model were computed
to assess drug-likeness and medicinal chemistry suitability.
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