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of 1,2,3-triazole hybrids as EGFR
inhibitors for cancer therapy – a literature review
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Epidermal growth factor receptor (EGFR) is a validated oncogenic driver in numerous solid tumors, and

resistance to first- and second-generation tyrosine kinase inhibitors continues to limit clinical outcomes.

In recent years, 1,2,3-triazole scaffolds have been extensively hybridized with diverse heterocycles to

enhance potency, selectivity, and pharmacokinetic properties against wild-type and mutant EGFR. This

review systematically classifies over 130 triazole-based EGFR inhibitors according to their co-scaffold

architectures—including quinazoline, chromene/coumarin, pyridine/pyrimidine, quinoline, benzimidazole,

indole, oxindole/isatin, imidazole, oxadiazole, thiadiazine, and natural-product-inspired hybrids—and

analyzes structure–activity relationships (SAR), key hinge-binding interactions, docking and molecular

dynamics insights, and ADMET profiles. For each class, we highlight lead compounds that achieved sub-

nanomolar to low-micromolar EGFR inhibition, delineate substituent effects on kinase affinity and

cellular antiproliferative activity, and discuss strategies to overcome common resistance mutations (e.g.,

L858R, T790M, C797S). Computational studies are integrated to reveal binding modes within the ATP-

cleft and allosteric pockets, supporting the rational design of next-generation inhibitors. Finally, we

identify current challenges—such as off-target toxicity and limited aqueous solubility—and propose

future directions for optimizing triazole hybrids toward clinical translation. This scaffold-centric

perspective aims to guide medicinal chemists in designing innovative triazole-based EGFR inhibitors with

improved efficacy and safety profiles.
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1. Introduction

Cancer remains one of the leading causes of mortality world-
wide, with incidence rates projected to continue rising.1 Amajor
hallmark of many cancers is the dysregulation of growth
signaling pathways, among which the epidermal growth factor
receptor (EGFR) pathway is especially prominent.2 EGFR is
a transmembrane receptor tyrosine kinase of the ErbB/HER
family that, upon activation by ligand binding, triggers down-
stream signaling cascades (RAS–RAF–MEK–ERK, PI3K–AKT–
mTOR, etc.) that promote cell proliferation and survival.3

Overexpression or mutation of EGFR is observed in various
malignancies, notably non-small cell lung cancer (NSCLC),4

breast cancer,5 and head and neck cancers,6 and is correlated
with aggressive tumor behavior and poor prognosis.7 In
particular, activating mutations in the EGFR kinase domain
(such as L858R8 and exon 19 deletions9) drive a subset of
NSCLCs, making EGFR a well-validated therapeutic target in
oncology.

Therapeutic targeting of EGFR has led to the development of
several generations of EGFR tyrosine kinase inhibitors (TKIs)10

that have transformed the management of EGFR-mutant lung
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cancer. First-generation reversible EGFR TKIs (e.g., getinib and
erlotinib) and second-generation irreversible TKIs (e.g., afati-
nib) showed initial efficacy. Still, they were limited by the
emergence of resistance,11,12 most commonly the gatekeeper
T790M mutation in EGFR.13,14 Third-generation TKIs such as
osimertinib were designed to target the T790Mmutant receptor
covalently and have become standard of care.15 Yet, additional
resistance mechanisms (e.g., C797S mutation, MET amplica-
tion) still arise.16 Hence, there is ongoing demand for novel
EGFR inhibitors to overcome resistance and provide broader
anticancer efficacy. One approach has been the design of hybrid
molecules17–19 or new scaffolds that can concurrently modulate
multiple signaling pathways or bind mutant EGFR variants,
thereby improving therapeutic outcomes and possibly delaying
resistance. In this context, the 1,2,3-triazole heterocycle has
gained attention as a valuable building block in anticancer drug
design, including EGFR-targeted agents.

1,2,3-Triazoles are ve-membered aromatic rings containing
three nitrogen atoms.20 They typically exist as 1,4-disubstituted
triazoles when synthesized via the Huisgen azide–alkyne click
cycloaddition (oen catalyzed by Cu(I)).21 This facile “click
chemistry” route allows rapid assembly of diverse triazole-
containing compounds in high yield, making the triazole an
attractive linker or core structure in medicinal chemistry.22 The
triazole ring is remarkably stable under physiological and
chemical conditions, resistant to hydrolysis, oxidation, and
reduction, ensuring that it can survive in vivo metabolism and
Fig. 1 EGFR activation and downstream signaling pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
harsh chemical steps.23 Moreover, 1,2,3-triazoles are considered
bioisosteres of amide bonds and other functional groups,
meaning they can oen mimic the H-bonding and spatial
arrangement of such groups when bound to biological targets,
but with improved metabolic stability.24 The triazole ring is
polar and can engage in multiple non-covalent interactions: it
can serve as a hydrogen bond acceptor (through the nitrogen
atoms) and, when appropriately protonated or substituted, even
as a weak hydrogen bond donor.25 These features enable 1,2,3-
triazoles to form key interactions in enzyme binding sites,
contributing to high-affinity binding. Indeed, triazole-
containing compounds display a broad spectrum of bioactiv-
ities (antimicrobial,26 antiviral,27 antiparasitic,28 anticonvul-
sant,29 and anticancer30,31), and several triazole-derived drugs
are clinically used (e.g., antibacterial tazobactam32).
2. EGFR biology and therapeutic
targeting

EGFR (ErbB1/HER1) is a 170-kDa transmembrane glycoprotein
composed of an extracellular ligand-binding domain, a single-
pass helical transmembrane segment, and an intracellular
tyrosine kinase domain.33 EGFR is activated by ligand binding
and subsequent receptor homodimerization or hetero-
dimerization,34 leading to autophosphorylation of tyrosine
residues and recruitment of adaptor proteins such as Shc and
RSC Adv., 2025, 15, 40998–41047 | 40999
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Gab-1 to the intracellular domain (Fig. 1). This triggers multiple
downstream signaling cascades, including the RAS/Raf-1/
MAPK, PI3K/AKT, and PLC-g/PKC pathways, which rely on
adaptor proteins for transmission.3 In contrast, phosphorylated
receptors can directly activate the Src and STAT pathways.35

Additionally, ligand-bound EGFR may undergo endocytosis and
nuclear translocation, where it can directly regulate transcrip-
tion of genes such as Cox-2, iNOS, Aurora kinase A, and Cyclin D1
(ref. 36). These pathways converge to drive gene expression
programs that promote cell proliferation, survival, invasion,
and metastasis.

In tumors, EGFR is frequently dysregulated by overexpression
or activating mutations. For example, EGFR is overexpressed in
up to ∼50% of NSCLC cases and many head and neck squamous
cell carcinomas.37 Mutations in the kinase domain, such as exon
19 deletions or the L858R point mutation, result in constitutive
signaling that drives oncogenesis in lung adenocarcinomas.38

These tumors are highly dependent on EGFR (“oncogene addic-
tion”) and respond well to targeted tyrosine kinase inhibitors
(TKIs).39 First-generation reversible TKIs like getinib and erloti-
nib, which compete with ATP at the kinase site, initially produce
signicant clinical responses in EGFR-mutant NSCLC. However,
resistance commonly arises within 8–14 months, oen due to the
T790M gatekeeper mutation.40 The third-generation TKI osi-
mertinib, which irreversibly targets T790 M-mutant EGFR, has
since become rst-line therapy.41,42 Still, resistance mechanisms
such as the C797S mutation or activation of bypass pathways
limit long-term efficacy.43 As a result, newer EGFR inhibitors and
multi-targeted agents are developing to overcome resistance and
suppress parallel oncogenic pathways (e.g., VEGFR-2, MET).

An effective EGFR inhibitor must tightly bind the ATP-binding
cle of the kinase, oen making specic hydrogen bonds to the
hinge region (Met793 in EGFR) that anchors it in the site.44 Ideally,
it should exploit adjacent pockets for selectivity – for example, the
hydrophobic region that accommodates the C-4 aniline of quin-
azoline inhibitors (as in erlotinib) or the solvent-exposed area for
larger substituents.45 Importantly, targeting EGFR in cancer cells
inhibits proliferation and can trigger apoptosis by shutting down
survival signals (AKT, NF-kB) and upregulating pro-apoptotic
factors.46 Many EGFR inhibitors have been shown to induce cell-
cycle arrest (oen G1 phase)47 and promote apoptosis in tumor
cells, especially those “addicted” to EGFR signaling.

While several EGFR-targeting agents are in clinical use, none
of the current drugs incorporates a 1,2,3-triazole moiety.
However, the modular nature of triazole click chemistry has
allowed medicinal chemists to rapidly generate libraries of
triazole-based analogues of known inhibitors or entirely novel
hybrid scaffolds that can be tested for EGFR inhibition. The
following sections will illustrate how such triazole derivatives
have been designed to target EGFR alone or in combination
with other cancer-relevant targets. We will see that many
triazole-bearing compounds show inhibitory activity on the
order of magnitude of standard EGFR TKIs (micromolar to
nanomolar IC50 values), and in some cases, even greater potency
or dual-target functionality. The incorporation of the triazole
oen enhances drug-like properties or enables attachment of
additional pharmacophoric groups (e.g., a solubilizing sugar or
41000 | RSC Adv., 2025, 15, 40998–41047
a second warhead for another enzyme). Thus, 1,2,3-triazoles
have become a valuable motif in the contemporary toolkit for
EGFR inhibitor development.

3. Importance of 1,2,3-triazoles in
drug design

The 1,2,3-triazole ring offers multiple advantages in the design
of bioactive molecules (Fig. 2), and its importance in drug
discovery cannot be overstated.

3.1. Synthetic accessibility

The Cu(I)-catalyzed azide–alkyne cycloaddition (“click” reac-
tion) provides an easy and robust route to 1,4-disubstituted
1,2,3-triazoles under mild conditions.48 This reaction tolerates
various functional groups, allowing medicinal chemists to
rapidly assemble complex molecules by linking azide-bearing
and alkyne-bearing fragments. This reaction's reliability and
high yield accelerate the generation of analogues for SAR
studies.

3.2. Stability

Once formed, the triazole ring is chemically inert to hydrolysis,
enzymatic degradation, and extreme pH conditions. This
means a triazole linkage in a drug candidate will not be easily
cleaved in vivo, conferring metabolic stability. It can thus serve
as a durable bioisosteric replacement for amide bonds, which
are susceptible to amidases and peptidases. The triazole is oen
called a “non-classical bioisostere” of amides, esters, and
peptide bonds. Replacing a labile amide with a triazole can
maintain the geometry needed for binding while preventing
rapid metabolism.24,49

3.3. Polarity and hydrogen bonding

The triazole ring contains multiple heteroatoms and has
a dipole moment, enabling it to engage in polar interactions
with proteins. It can function as a hydrogen bond acceptor via
the N2 or N3 nitrogen lone pairs. In some cases (depending on
substitution), the triazole's C5-bound hydrogen can act as a very
weak H-bond donor, although generally the acceptor capability
is exploited. In EGFR inhibitors, for example, a triazole N atom
can form a hydrogen bond with the backbone NH or carbonyl of
hinge residues (analogous to the N–H of an aniline in quin-
azolines forming a hinge bond). The triazole ring's planarity
and aromaticity also allow for p–p stacking or hydrophobic
interactions with aromatic amino acids in protein binding sites.

3.4. Tunable substituents

Being ve-membered, the triazole ring has two positions (N1
and C4 in a 1,4-disubstituted triazole) that can be indepen-
dently functionalized through the azide and alkyne compo-
nents. This modularity means one can attach a wide range of R
groups to the triazole – for instance, a pharmacophore known to
interact with a target and a solubilizing or directing moiety –

and join them via the triazole linker. In many EGFR inhibitor
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Key features of 1,2,3-triazoles supporting their role in drug design.
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studies, the triazole links a known EGFR-binding fragment
(such as a quinazoline core mimicking ATP) with another
functional fragment (such as an additional aryl group to occupy
a secondary pocket or a fragment targeting a second enzyme).
The ease of varying these substituents aids SAR exploration.

3.5. Multi-target potential

Because the triazole is relatively small and chemically inert, it
can be incorporated into multi-target inhibitors without intro-
ducing reactive liabilities. Researchers have used triazoles to
create bifunctional molecules that can engage two distinct
targets – an EGFR kinase domain and another signaling protein
– by tethering two ligands with a triazole linker. The triazole
itself may also contribute to binding on both sides. This is
exemplied by certain triazole hybrids simultaneously inhibit-
ing EGFR and other kinases like VEGFR-2 or BRAF.

3.6. Proven bioactivity

Triazole-containing scaffolds have already yielded many
compounds with potent anticancer effects across varied mech-
anisms.50 They have been reported to interfere with tubulin
polymerization, topoisomerase function, bromodomains, and
others, in addition to kinases. In the context of EGFR, triazole-
based analogues of quinazolines, pyrimidines, and indoles have
shown that the triazole ring can adequately replace more
common linkers without activity loss.

From a pharmacodynamic perspective, 1,2,3-triazoles can
enhance binding specicity. Studies have noted that triazole-
containing EGFR inhibitors oen exploit a “selectivity pocket”
adjacent to the ATP site, where the triazole ring forms favorable
© 2025 The Author(s). Published by the Royal Society of Chemistry
interactions that improve selectivity for EGFR over other
kinases.51 For instance, a triazole may orient an aryl group into
a pocket unique to EGFR's conformation. In one report, a phenyl-
triazole moiety in a hybrid inhibitor was “deeply embedded” in
a hydrophobic pocket of EGFR, analogous to the way the
phenylacetylene of erlotinib binds,52 while the triazole N formed
a hydrogen bond with a lysine residue (Lys721) in the active site.
Such interactions underscore how the triazole can actively
contribute to target affinity beyond just serving as a spacer.

In summary, the 1,2,3-triazole motif is a privileged structure
in drug design due to its synthetic versatility, stability, and
ability to engage biological targets through multiple interaction
modes. These attributes have been capitalized on to create
a new generation of EGFR inhibitors, as we will discuss in the
following sections. Medicinal chemists oen hybridize triazoles
with known active scaffolds (e.g. quinazolines, benzimidazoles)
to produce novel compounds, or use triazoles to rigidify mole-
cules into bioactive conformations. The result, as evidenced by
numerous recent studies, is a plethora of triazole-containing
compounds with potent anticancer activity and, in many
cases, impressive EGFR inhibition proles. Below, we delve into
the specic examples of such compounds, reviewing their bio-
logical activities and SAR in detail.
4. 1,2,3-Triazole-containing drugs

Several clinically approved drugs incorporate the 1,2,3-triazole
ring, highlighting its pharmaceutical signicance. For instance,
Tazobactam is a b-lactamase inhibitor co-administered with b-
lactam antibiotics such as piperacillin for the treatment of
RSC Adv., 2025, 15, 40998–41047 | 41001
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Table 1 Approved and investigational drugs containing the 1,2,3-triazole scaffold, along with their primary therapeutic applications and current
development status

Drug name Chemical structure Development status Indication Mechanism of action

Tazobactam Approved

b-lactamase inhibitor
(used with b-lactam
antibiotics) for broad
bacterial infections

Irreversibly binds and
inhibits b-lactamases,
protecting co-
administered b-lactams

Cefatrizine Approved

Broad-spectrum
antibiotic
(cephalosporin) for
infections (e.g. RTIs,
UTIs)

Inhibits bacterial cell
wall synthesis by
binding penicillin-
binding proteins (b-
lactam mechanism)

Runamide Approved
Adjunctive therapy for
Lennox–Gastaut
seizures

Modulates neuronal
sodium channels
(prolongs inactivated
state), reducing
excitability

Suvorexant Approved Insomnia

Dual orexin receptor
(OX1/OX2) antagonist;
blocks wake-promoting
orexin neuropeptides

Ticagrelor Approved
Acute coronary
syndrome
(antithrombotic)

Reversible antagonist of
platelet P2Y12 ADP
receptor; inhibits ADP-
induced platelet
aggregation

Alizapride Approved
Nausea/vomiting
(antiemetic, prokinetic)

Dopamine D2 receptor
antagonist in the
chemoreceptor trigger
zone

Daridorexant Approved Insomnia

Dual orexin receptor
antagonist (DORA),
inhibits wake-
promoting orexin
signaling

Carboxyamidotriazole Investigational
Solid tumors (e.g. lung
cancer)

Inhibits non-voltage-
dependent Ca2+

channels; blocks NF-kB
pathways to suppress
tumor proliferation and
angiogenesis

Zaprinast Investigational
Studied for
cardiovascular/malaria

Phosphodiesterase
inhibitor (PDE5/6/9/11);
precursor of sildenal
(Viagra)

41002 | RSC Adv., 2025, 15, 40998–41047 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Drug name Chemical structure Development status Indication Mechanism of action

Vipadenant Investigational
Parkinson's disease
(adjunctive)

Selective adenosine A2A
receptor antagonist
(improves motor
function)

Vorozole Investigational
Breast cancer imaging/
trials

Nonsteroidal aromatase
inhibitor (blocks
estrogen biosynthesis)

Mubritinib Investigational
Solid tumors (HER2-
positive)

Selective inhibitor of
HER2/ErbB2 tyrosine
kinase

Ciforadenant Investigational Cancer immunotherapy

Oral A2A adenosine
receptor antagonist;
restores T-cell
antitumor activity

PRT062607 Investigational
Autoimmune/
inammatory diseases

Potent, selective spleen
tyrosine kinase (Syk)
inhibitor

PF-04217903 Investigational
Cancers (c-Met-driven
models)

ATP-competitive MET
kinase inhibitor (c-Met/
HGF receptor)

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 40998–41047 | 41003
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Table 1 (Contd. )

Drug name Chemical structure Development status Indication Mechanism of action

Milvexian Investigational
Thromboembolic
disorders (stroke, AF)

Oral factor XIa inhibitor
(anticoagulant)

Radezolid Investigational
Bacterial acne
(investigational)

Oxazolidinone
antibiotic; inhibits 50S
ribosomal subunit
(protein synthesis)

Savolitinib Investigational NSCLC, gastric cancer
Oral c-Met (MET)
tyrosine kinase
inhibitor

Molidustat Investigational
CKD-associated
anemia

HIF prolyl-hydroxylase
(HIF-PH) inhibitor;
increases endogenous
erythropoietin

Bomedemstat Investigational
Myeloproliferative
neoplasms

Oral LSD1 (lysine-
specic demethylase 1)
inhibitor (epigenetic
modulator)

PF-06446846 Investigational Hypercholesterolemia

Small molecule that
stalls ribosome on
PCSK9 mRNA, reducing
PCSK9 synthesis

BMS-986158 Investigational
Advanced cancers
(solid tumors)

Potent BET
bromodomain inhibitor
(targets BRD2/3/4
epigenetic readers)

41004 | RSC Adv., 2025, 15, 40998–41047 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Drug name Chemical structure Development status Indication Mechanism of action

SB265610 Investigational
Inammation
(preclinical models)

Allosteric CXCR2
chemokine receptor
antagonist/inverse
agonist

VAS2870 Investigational Oxidative stress models

NADPH oxidase (NOX)
inhibitor; suppresses
reactive oxygen species
formation

Seltorexant Investigational Insomnia, depression
Dual orexin receptor
(OX1/OX2) antagonist
(improves sleep, mood)

Olitigaltin Investigational
Idiopathic pulmonary
brosis

Inhaled galectin-3
inhibitor (anti-brotic)

JNJ-54175446 Investigational Depression (MDD)

Selective P2X7

purinergic receptor
antagonist (anti-
inammatory/
neuroprotective)

ML-323 Investigational
Cancer (adjunct to
DNA-damaging
therapy)

Selective USP1/UAF1
deubiquitinase
inhibitor; increases
DNA damage in tumor
cells

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 40998–41047 | 41005
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Table 1 (Contd. )

Drug name Chemical structure Development status Indication Mechanism of action

AR-C124910XX Investigational
(Active metabolite of
ticagrelor)

Reversible P2Y12 ADP
receptor antagonist
(similar to parent
ticagrelor)

FTIDC Investigational (PET imaging tracer)

Radiotracer for 5-HT2A
serotonin receptors
(investigational
imaging agent)

Solithromycin Investigational
Community-acquired
pneumonia, gonorrhea

Fourth-generation
ketolide antibiotic;
binds 23S rRNA (50S
subunit) to block
protein synthesis

SM-164 Investigational Cancer (preclinical)

Bivalent SMAC
mimetic; antagonizes
IAP proteins (promotes
apoptosis)

SN003 Investigational
Anxiety/depression
(preclinical)

Corticotropin-releasing
factor (CRF1) receptor
antagonist

Enmetazobactam Investigational
Complicated UTI (with
cefepime)

b-lactamase inhibitor;
broadens cefepime
activity against resistant
Gram-negative bacteria
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serious bacterial infections.32 Cefatrizine is an orally active
cephalosporin antibiotic used for respiratory and urinary tract
infections; like other cephalosporins, it inhibits bacterial cell
wall synthesis by binding to penicillin-binding proteins.53 Ru-
namide is an antiepileptic agent approved for Lennox–Gastaut
41006 | RSC Adv., 2025, 15, 40998–41047
syndrome, believed to act by prolonging the inactivated state of
voltage-gated sodium channels.54 Suvorexant and Daridorexant
are dual orexin receptor antagonists (DORAs) approved for
insomnia, functioning by blocking the wake-promoting orexin
neuropeptides at OX1 and OX2 receptors.55 Ticagrelor is an oral
© 2025 The Author(s). Published by the Royal Society of Chemistry
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antiplatelet agent used in the management of acute coronary
syndromes, acting as a reversible antagonist of the P2Y12 ADP
receptor on platelets to inhibit aggregation.56 Alizapride is an
antiemetic and prokinetic agent that acts as a dopamine D2

receptor antagonist in the central vomiting center.57

In addition to these approved drugs, numerous experimental
and investigational compounds also contain the 1,2,3-triazole
scaffold. Carboxyamidotriazole (CAI) is an anticancer agent that
functions as a calcium channel blocker to inhibit tumor
proliferation, angiogenesis, and metastasis.58 Vipadenant
(BIIB014) is a potent and selective adenosine A2A receptor
antagonist that has been investigated for its potential in treat-
ing neurodegenerative diseases such as Parkinson's disease.59

Mubritinib (TAK-165) is a tyrosine kinase inhibitor originally
developed to target HER2/ErbB2 in cancer therapy.60 Cifor-
adenant is an adenosine A2A receptor antagonist under inves-
tigation for its ability to enhance antitumor immune
responses.61 These approved and experimental 1,2,3-triazole-
containing agents are presented in Table 1, which summa-
rizes their therapeutic classes and development status.

5. 1,2,3-Triazole hybrids as EGFR
inhibitors

To further elucidate the therapeutic relevance of 1,2,3-triazole-
containing molecules as EGFR inhibitors, this review
Fig. 3 Representative 1,2,3-triazole hybrids bearing diverse heterocyclic

© 2025 The Author(s). Published by the Royal Society of Chemistry
systematically classies and analyzes the recent literature based
on the nature of the core scaffold conjugated to the triazole ring.
These hybrid systems include, but are not limited to, quin-
azoline, chromene, pyrimidine, quinoline, benzimidazole,
indole, oxindole, and other privileged heterocycles. As illus-
trated in Fig. 3, diverse heterocyclic scaffolds can be tethered to
the 1,2,3-triazole ring, which modulates interaction with the
EGFR binding site to suppress downstream oncogenic signaling
and induce apoptosis. By examining their cytotoxic activities,
EGFR inhibitory proles, and molecular modeling results, we
aim to highlight the effect of the integration of 1,2,3-triazoles on
the binding affinity, selectivity, and resistance-overcoming
potential in these analogs. The following sections provide
a scaffold-wise account of such triazole-based hybrids, begin-
ning with quinazoline–triazole conjugates, long recognized as
a foundational framework in EGFR-targeted therapy.
5.1. Quinazoline-1,2,3-triazole hybrids

The quinazoline scaffold has been a cornerstone of EGFR
inhibitor design since the clinical success of getinib and
erlotinib, which leverage hinge-binding interactions (e.g., with
Met793) to block kinase activity.62 Recent efforts to enhance this
pharmacophore have focused on integrating 1,2,3-triazole
moieties—rigid, p-rich linkers capable of accessing adjacent
kinase subpockets, improving solubility, and resisting
scaffolds as EGFR inhibitors.

RSC Adv., 2025, 15, 40998–41047 | 41007
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Scheme 1 Synthesis of 1,2,3-triazole hybrid 1.
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metabolic degradation. Researchers aim to preserve critical
hydrogen bonds by hybridizing quinazolines with triazoles
while introducing polypharmacology, mutant selectivity, and
enhanced cellular uptake. This strategy has birthed a new
multifunctional inhibitor class that transcends traditional ATP-
competitive mechanisms.

The transformative potential of triazole–quinazoline hybrids
was demonstrated by Mohamed et al., who conjugated a phenyl-
substituted triazole to the quinazoline core (Scheme 1) in good
yields ranging from 66% to 80%, which are considered accept-
able for multistep heterocyclic syntheses without requiring
further optimization.63 Their lead compound, 1, outperformed
erlotinib in antiproliferative assays (average GI50 = 22 nM vs. 30
nM) across MCF-7, Panc-1, and HT-29 cell lines. Beyond
potency, 1 exhibited dual EGFR/BRAFV600E inhibition (IC50 =

49 nM and 66 nM, respectively), inducing G1 arrest and
apoptosis via Bax upregulation and caspase-3/-8 activation.
Importantly, 1 showed negligible cytotoxicity toward normal
human mammary epithelial MCF-10A cells, retaining 88%
viability at 10 mM, underscoring a favorable safety margin. This
work established the triazole linker as a versatile tool for
engaging multiple kinase targets while maintaining quin-
azoline's hinge-binding efficacy.

Building on this dual-target paradigm, Ding et al. extended
the triazole linker with hydroxamic acid chains, creating
hybrids simultaneously inhibiting EGFR, HER2, and HDAC
Scheme 2 Synthesis of 1,2,3-triazole hybrid 2.

41008 | RSC Adv., 2025, 15, 40998–41047
isoforms (obtained in moderate to excellent yields ranging from
47% to 94%) (Scheme 2).64 Although some reactions yielded
below 50%, the overall synthetic accessibility was acceptable
considering the structural complexity of the hybrids. Their
compound 2 achieved sub-nanomolar EGFR inhibition (IC50 =

0.12 nM) alongside potent HDAC1/6 activity (IC50 = 0.72 nM
and 3.2 nM). In A431 and NCI-H1975 cells, 2 reduced viability
(IC50 = 0.49 mM and 8.05 mM) while triggering EGFR dephos-
phorylation and histone H3 hyperacetylation—a testament to
triazole's ability to merge disparate pharmacophores into
unied polypharmacological agents.

To optimize hinge engagement and cell permeability, Le-
Nhat-Thuy et al. redesigned the quinazoline core by fusing
a dioxane ring and linking it via a 2-nitrophenyl triazole in
consistently good yields of 70–90%, which are considered
synthetically efficient and reproducible.65 The resulting
compound 3 (Scheme 3) exhibited remarkable potency gains,
with IC50 values of 0.04 mM in KB cells and 0.14 mM in HepG2,
100-fold lower than erlotinib. SAR studies revealed the nitro
group's role in enhancing p-stacking with Met769 and Thr766,
while the dioxane moiety improved membrane penetration.
Docking simulations across wild-type, inactive, and L858R
mutant EGFR conrmed conserved hydrogen bonding, high-
lighting structural rigidity as a driver of mutant selectivity.

However, solubility remained a hurdle. Abdel-Rahman et al.
addressed this by conjugating a xylopyranosyl glycoside to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 1,2,3-triazole hybrid 3.
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triazole–quinazoline scaffold in yields ranging from 58% to
87%, corresponding to moderate to very good efficiency.66 While
yields above 70% are considered satisfactory, reactions yielding
near 58% may benet from further optimization to enhance
scalability. Their glycoside 4 (Scheme 4) inhibited EGFR (IC50 =

0.31 mM) and VEGFR-2 (3.20 mM) while improving aqueous
solubility. In HCT-116 cells, 4 induced G1 arrest (68.1% vs.
53.9% control) and apoptosis via Bax and p53 upregulation. The
sugar moiety enhanced pharmacokinetics and positioned the
quinazoline deeper into the kinase pocket, reinforcing interac-
tions with Met769 and Cys919 in VEGFR-2. In silico ADMET
proling predicted that compound 4 complied with Lipinski's
rule of ve (no violations) but showed one Veber violation due to
high topological polar surface area (TPSA = 160.8 Å2). Its pre-
dicted lipophilicity (M log P = −0.33) indicated moderate
polarity and favorable solubility, supporting improved
bioavailability compared to aglycone analogues. Toxicological
predictions further revealed that 4 is a P-gp non-substrate,
reducing efflux-mediated resistance, and it showed no pre-
dicted hERG inhibition, suggesting a low risk of cardiotoxicity.
Moreover, it was categorized as non-carcinogenic, non-
biodegradable, and harmless in acute oral toxicity models,
although AMES mutagenicity was positive, highlighting the
need for further toxicological validation.

Meanwhile, Banerji et al. introduced halogenated aryl-
triazoles to reduce non-specic cytotoxicity in good to very
good yields of 73–88%, which reect reliable synthetic accessi-
bility.67 Their lead 5 (Scheme 5) selectively inhibited MCF-7 cells
(IC50 = 20.71 mM) while sparing normal kidney cells (IC50 =

40.32 mM) and erythrocytes (IC50 = 45.6 mM). Mechanistically, 5
disrupted EGFR phosphorylation via H-bonds to Met769 and
halogen-p interactions with Met742, while ROS-mediated
apoptosis (FITC MFI: 1683 vs. 765 control) and mitochondrial
depolarization underscored its cancer-selective mechanism.

To directly combat resistance, Song et al. engineered tri-
azoles tailored for EGFRL858R/T790M in yields ranging from poor
to good (6–68%).68 While the lower end of this range highlights
Scheme 4 Synthesis of 1,2,3-triazole hybrid 4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
synthetic inefficiency for some derivatives, optimization strat-
egies could help improve scalability. Compound 6 (Scheme 6)
inhibited the mutant kinase with 4 nM IC50—17-fold selective
over wild-type EGFR and 52-fold over HER2. In PC9 and H1975
cells, 6 achieved GI50 values of 0.9 nM and 505 nM, respectively,
with minimal HER2 engagement (95-fold weaker than afatinib
in SKBR3 cells). ADME proling revealed moderate CYP2C9/
2D6 inhibition and a favorable safety margin (HepG2 IC50 =

29 mM). Further proling showed that the synthesized deriva-
tives had negligible inhibition of CYP1A2, 2A6, 2B6, 2C19, 2E1,
and 3A4 (<50% at 10 mM), but moderate inhibition of CYP2C9
and CYP2D6, indicating possible drug–drug interaction risk.
Importantly, hERG patch-clamp assays revealed no signicant
cardiotoxicity. In hepatotoxicity assays, the compounds were far
less toxic than the positive control nifedipine, reinforcing their
acceptable safety prole.

Safavi et al. demonstrated that subtle triazole substitutions
could ne-tune EGFR affinity and apoptotic efficacy in good
yields of 65–75%, which are considered sufficient for medicinal
chemistry campaigns without requiring extensive synthetic
revision.69 Their 4-methylphenyl derivative 7 (Scheme 7)
inhibited aggressive lines like MDA-MB-231 and A549 with IC50

values of 12.05 mM and 8.06 mM, outperforming etoposide.
Docking into the EGFR active site revealed hydrophobic inter-
actions with Ala719/Val702 in the gatekeeper region, while AO/
EB staining conrmed 39–40% apoptosis in breast cancer cells.

El Hamaky et al. further expanded the scaffold's versatility by
targeting EGFR, VEGFR-2, and topoisomerase II in very good to
excellent yields of 71–92%, reecting robust and reliable
synthetic methodology.70 The lead compound, 8 (Scheme 8),
inhibited all three targets (IC50= 0.103 mM, 0.069 mM, and 19.74
mM) and induced G2/M arrest (17.5%) and apoptosis (44.1%) in
HeLa cells. Against cancer models, 8 displayed potent cytotox-
icity with IC50 values of 2.57 mM (HeLa), 5.96 mM (HepG2), 6.41
mM (MCF-7), and 10.63 mM (HCT-116), while showing much
weaker activity on normal WI-38 broblast cells (IC50 = 40.53
mM). Docking highlighted interactions with Met793 (EGFR),
RSC Adv., 2025, 15, 40998–41047 | 41009
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Scheme 5 Synthesis of 1,2,3-triazole hybrid 5.

Scheme 6 Synthesis of 1,2,3-triazole hybrid 6.

Scheme 7 Synthesis of 1,2,3-triazole hybrid 7.
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Cys919 (VEGFR-2), and Topo II's catalytic pocket, illustrating
the hybrid's capacity to impair multiple oncogenic pathways.

In parallel, Lee et al. explored 3-hydroxyanilino quinazoline–
triazoles against BRAF/EGFR kinases in yields spanning from
poor to excellent (27–95%).71 The wide variation indicates the
need for optimization for certain structural variants, particu-
larly those with lower synthetic efficiency. While 9 (Scheme 9)
potently inhibited B-RafV600E (51 nM) and VEGFR2 (7 nM), its
cellular efficacy in A375 melanoma was limited (GI50 >10 mM),
suggesting permeability challenges. However, moderate activity
in EGFR-mutant NSCLC lines (HCC827 GI50 = 1.3 mM) hinted at
41010 | RSC Adv., 2025, 15, 40998–41047
context-dependent utility. Structural analysis emphasized p–p-
stacking with Trp531 in B-Raf and hinge-binding to Cys532/
Cys919, reaffirming the scaffold's adaptability across kinase
families.
5.2. Chromene/coumarin 1,2,3-triazole hybrids

Chromene and coumarin cores, when conjugated to a 1,2,3-
triazole via Cu(I)-catalyzed click chemistry, combine two bioac-
tive heterocycles that favor both hinge-binding and access to
adjacent pockets in EGFR. Hajlaoui et al. applied microwave-
assisted click chemistry to assemble chromene–triazole
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Synthesis of 1,2,3-triazole hybrid 8.

Scheme 9 Synthesis of 1,2,3-triazole hybrid 9.
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hybrids (Scheme 10) in very good to excellent yields of 82–92%,
which reect a highly efficient and reproducible synthetic
process.72 Among their series, compound 10 (4-tri-
uoromethylphenyl) emerged as the lead, inhibiting B16F10
and IGR39 melanoma cells with IC50 values of 69.0 ± 8.4 mM
Scheme 10 Synthesis of 1,2,3-triazole hybrids 10 and 11.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and 92.0 ± 6.0 mM, respectively, while docking to EGFR with
−10.7 kcal mol−1 and forming a key H-bond to Lys721. A
chlorinated analogue, 11, excelled in a-amylase inhibition (IC50

= 9.13 ± 1.37 mM). Predicted ADMET data showed overall
compliance with drug-likeness rules, acceptable solubility, and
RSC Adv., 2025, 15, 40998–41047 | 41011
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Scheme 11 Synthesis of 1,2,3-triazole hybrids 12–15.
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low acute oral toxicity (class IV–V). The hybrids were predicted
non-carcinogenic and non-immunotoxic, with only nitro deriv-
atives giving a mutagenicity alert, supporting their generally
safe pharmacological prole.

Building on this foundation, Bojja and co-workers intro-
duced acetyl groups at the phenyltriazole ring in good to very
good yields of 76–85%, which are readily scalable and synthet-
ically practical (Scheme 11):73 the meta-acetyl derivative 12
achieved low-micromolar cytotoxicity (IC50 = 2.67 ± 0.03 mM in
MCF-7; 3.13 ± 0.03 mM in PC-3; 3.05 ± 0.05 mM in HeLa) and
docked to EGFR with−10.5 kcal mol−1, surpassing doxorubicin.
Scheme 12 Synthesis of 1,2,3-triazole hybrids 16–18.

41012 | RSC Adv., 2025, 15, 40998–41047
Its para-acetyl isomer 13mirrored this potency (IC50= 3.16–4.68
mM), while derivatives such as 14 (−10.6 kcal mol−1 vs. FGFR2)
and 15 (−10.9 kcal mol−1 vs. CDK2) highlighted the scaffold's
multi-kinase versatility.

Building on Bojja's work, Vidya and colleagues introduced
a 1,3,4-oxadiazole linker between chromene and the triazole,
affording products in good to very good yields (70–89%),
reecting a balance between synthetic accessibility and func-
tional diversity (Scheme 12). Among their series, 16 (3,5-di-
methoxyphenyl) and 17 (4-methoxyphenyl) showed the
strongest dual anticancer-EGFR proles, with IC50 values of 9.24
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 13 Synthesis of 1,2,3-triazole hybrid 19.
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± 1.21 mM (MCF-7)/9.38 ± 1.15 mM (A-549) for 16 and 10.68 ±

1.08 mM/9.89 ± 0.93 mM for 17, while EGFR inhibition reached
submicromolar levels (0.480 ± 0.032 mM for 16; 0.621 ± 0.082
mM for the 3,5-dichloro analogue 18)—nearly matching erloti-
nib's 0.421 ± 0.030 mM benchmark.74

Seeking to merge cytotoxic and anti-angiogenic effects,
Nguyen et al. graed a D-glucose moiety onto the chromene–tri-
azole core via a high-yielding and operationally simple approach
(80–91%), reecting excellent synthetic efficiency across the
series (Scheme 13).75 Their lead, 19 (2,4-dihydroxyaryl), potently
suppressed HepG2, MCF-7, HeLa, and SK-LU-1 proliferation
(IC50 = 3.83 ± 0.23 to 1.56 ± 0.22 mM) with minimal toxicity to
WI-38 normal cells (IC50 = 97.5 ± 2.0 mM) and achieved nano-
molar EGFR/VEGFR-2 inhibition (11.33 ± 0.41 nM and 19.23 ±

1.12 nM). Docking and 300 ns MD simulations conrmed stable
Cys773/Lys721 interactions, while Annexin V assays revealed
27.7% total apoptosis versus 2.2% in controls.

To enhance drug-likeness, Kumar N. and co-workers
pursued a different approach, applying a Ramachary–Bressy–
Wang organocatalytic route to incorporate sulfonyl–benzimid-
azole onto the coumarin–triazole core. Their reported moderate
Scheme 14 Synthesis of 1,2,3-triazole hybrids 20 and 21.

© 2025 The Author(s). Published by the Royal Society of Chemistry
to very good yields (55–89%) reect a methodology still under-
going renement, especially at the lower end where further
optimization could improve throughput (Scheme 14).76 Of their
library, 20 and 21 delivered low-micromolar cytotoxicity (IC50 z
2.6–3.7 mM in MCF-7/HeLa) and EGFR inhibition (0.204–0.210
mM)—nearly double the potency of erlotinib—while maintain-
ing reduced toxicity toward normal cells, with 20 showing IC50

= 16.61 ± 0.72 mM (MCF-10A) and 13.77 ± 0.45 mM (HEK-293),
and 21 showing IC50 = 22.26 ± 1.01 mM (MCF-10A) and 19.52 ±

0.87 mM (HEK-293). ADME proling conrmed no Lipinski or
Veber violations. Predicted pharmacokinetics further indicated
good aqueous solubility and high intestinal absorption. Toxi-
cological predictions categorized the compounds as non-
carcinogenic, non-hepatotoxic, and with no hERG inhibition
alerts, while AMES mutagenicity was agged only for nitro-
substituted analogues outside this series.

Moreover, Sanduja's systematic variation of linker length
and halogenation in uracil–coumarin hybrids77 revealed that 22
(n = 2, iodouracil) (Fig. 4) achieved a Glide gScore of
−8.891 kcal mol−1 and Emodel −100.744 versus erlotinib's
−8.538/−80.588, maintained complex stability over 50 ns MD
RSC Adv., 2025, 15, 40998–41047 | 41013
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Fig. 4 Structure of 1,2,3-triazole hybrid 22.
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(RMSD plateau ∼0.3 nm), and formed four key H-bonds with
Cys773, Met769, Lys721, and a water molecule—underscoring
the power of halogen tuning for EGFR affinity.

5.3. Pyridine/pyrimidine-1,2,3-triazole hybrids

Both pyridine and pyrimidine scaffolds have been reported to
exhibit EGFR inhibitory activity,78,79 and their hybridization with
1,2,3-triazole linkers has proven an effective strategy to enhance
kinase-binding affinity and antiproliferative potency against
EGFR-driven cancers. Utilizing this, Sreerama et al. synthesized
pyrido[4,3-d]pyrimidine–triazole derivatives in yields ranging
from good to very good (66–82%) (Scheme 15),80 representing
Scheme 15 Synthesis of 1,2,3-triazole hybrids 23–26.

41014 | RSC Adv., 2025, 15, 40998–41047
synthetically favorable conditions with minimal need for opti-
mization. Among the series, compound 23 (3-tri-
uoromethylphenyl) stood out for its cytotoxicity (MCF-7 IC50 =

2.27 ± 0.98 mM), surpassing doxorubicin (IC50 = 4.20 ± 0.73
mM). Additionally, compounds 24 (3,5-dichlorophenyl), 25, and
26 surpassed erlotinib in EGFR inhibition (IC50 values of 0.24 ±

0.06, 0.28 ± 0.02, and 0.25 ± 0.05 mM, respectively). Docking
against PDB 4HJO revealed that 25 formed a key H-bond with
Ala698 and p–p stacking with Phe699, while 26 engaged
Arg817—ndings that underscore the versatility of this hybrid
motif in achieving sub-micromolar kinase inhibition.

Expanding this scaffold, Bandi et al. craed a series of pyrido
[2,3-d]pyrimidine-thiazolidine-triazole hybrids in good yields
(Scheme 16),81 identifying 27 as the standout candidate: it
inhibited EGFR with an IC50 of 0.39 ± 0.03 mM (vs. 0.42 ± 0.01
mM for erlotinib) and exerted superior cytotoxicity in MCF-7
(IC50 = 3.52 ± 0.12 mM) and A-549 (IC50 = 8.28 ± 0.26 mM)
cells compared to the clinical inhibitor (MCF-7 IC50 = 4.32 ±

0.27 mM). Favorable docking interactions with Thr830, Cys773,
and Met742 in the EGFR active site underpinned its activity. In
silico pharmacokinetic predictions indicated moderate aqueous
solubility and low gastrointestinal absorption for 27, with no
blood–brain barrier penetration. The compound adhered to
Lipinski's criteria with only a marginal molecular weight devi-
ation, and it was not predicted to be a P-gp substrate. However,
CYP2C9 and CYP3A4 inhibition was predicted, which could
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Synthesis of 1,2,3-triazole hybrid 27.
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present potential metabolic liabilities. Its bioavailability score
was modest (0.17), reecting the need for further optimization.

Building on Bandi's work, Narasimhachar et al. explored
pyrimidine-thio-triazole hybrids in strongly reproducible yields
of 85–92% (Scheme 17),82 reecting excellent synthetic control
and functional group tolerance. They identied 28 and 29 as
leads in MCF-7 assays (IC50 = 29.62 mM and 41.8 mM, respec-
tively). Though less potent than the uorinated analogues,
these sulfur-containing variants offered valuable mechanistic
insights: docking into EGFR's ATP site (PDB 3W33) yielded
binding energies of −7.27 and −7.45 kcal mol−1 for 28 and 29,
with 28 anchoring via strong H-bonding to Asp855 and a pi-
cation interaction with Lys875. Molecular dynamics over 100
ns conrmed 28's superior complex stability (protein RMSD
∼2.5 Å, ligand RMSD ∼5.8 Å), establishing it as a promising
scaffold for further optimization despite its moderate anti-
proliferative prole.

Capitalizing on the potency of pyrido-pyrimidine triazoles,
researchers next turned to sugar-tethered hybrids to enhance
both selectivity and cellular uptake. Thanh et al. synthesized
a large panel of 4H-pyrano[2,3-d]pyrimidine-triazole glyco-
conjugates in uniformly high yields of 76–95% (Scheme 18).83

These yields demonstrate superb efficiency, even across
a chemically diverse 36-member library, facilitating systematic
SAR exploration. The study identied four standout leads—30,
31, 32, and 33. Compound 30 proved exceptional, combining
sub-micromolar antiproliferative activity (MCF-7 IC50 = 1.36 ±

0.12 mM) with potent dual EGFR/HER2 inhibition (IC50 = 0.16
and 0.17 mM, respectively). Induced-t docking into EGFR (PDB:
1M17) revealed that 30 formed hydrogen bonds with Met769,
Cys773, and Thr830, mirroring erlotinib's hinge interactions
while its glucose moiety improved water solubility. Flow
Scheme 17 Synthesis of 1,2,3-triazole hybrids 28 and 29.

© 2025 The Author(s). Published by the Royal Society of Chemistry
cytometry conrmed apoptotic induction (37.1% total apoptosis
vs. 1.7% in controls), underscoring its mechanistic promise.

In a parallel glycosylation strategy, Al-Sahaly and co-workers
installed a glucopyranosyl spacer between a biphenyl/thienyl
aryl system and the triazole ring in good yields of 75–79%
(Scheme 19),84 which are acceptable for glycosylated systems,
though further optimization might be needed to push consis-
tency toward the upper range. Their lead 34 achieved near-
complete growth inhibition at 100 mM in A549 (98.5%), PC-3
(98.3%), and MCF-7 (97.7%) cells, with IC50 values of 6.50 ±

0.75 mM (A549) and 9.65 ± 4.83 mM (PC-3), while demonstrating
negligible toxicity to BJ1 normal broblasts. Molecular docking
scored −10.35 kcal mol−1 against EGFR and −11.35 kcal mol−1

against VEGFR-2, highlighting key interactions with Lys721
(EGFR) and Arg1027/Ala881 (VEGFR-2) that rationalize its dual-
kinase prole.
5.4. Quinoline-1,2,3-triazole hybrids

Quinoline–triazole conjugates harness the well-established
hinge-binding affinity of the quinoline core while exploiting
the 1,2,3-triazole linker's rigidity and p-rich character to
enhance kinase inhibition. Lavunuri et al. synthesized
quinoline-fused 1,2,3-triazoles in good to very good yields of 68–
85% (Scheme 20),85 which are particularly commendable given
the rigidity of the scaffold. They pinpointed compound 35 (4-
methoxyphenyl) as a superior dual EGFR/HER2 inhibitor (IC50

= 0.12 mM and 0.34 mM vs. erlotinib's 0.42 mM/0.58 mM), with
antiproliferative IC50 values of 2.8–6.4 mM across MCF-7, MDA-
MB-468, and MDA-MB-231 cells; its 4-nitrophenyl analogue 36
mirrored this prole (EGFR/HER2 IC50 = 0.29/0.72 mM; cyto-
toxic IC50 = 3.5–7.5 mM), and docking conrmed key hinge
interactions with binding energies around −9.0 kcal mol−1.
RSC Adv., 2025, 15, 40998–41047 | 41015
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Scheme 18 Synthesis of 1,2,3-triazole hybrids 30–33.

Scheme 19 Synthesis of 1,2,3-triazole hybrid 34.
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Mamidala et al. advanced these hybrids by introducing
a morpholine moiety to the quinoline, obtained in good to very
good yields of 72–88%, suitable for scale-up and functional
group variation,86 yielding compound 37 (Scheme 21), which
achieved EGFR inhibition at 0.14 mM—over threefold more
potent than erlotinib (0.42 mM)—and demonstrated GI50 values
of 1.10 ± 0.08 mM (MCF-7), 4.55 ± 0.54 mM (A549), and 5.58 ±

0.68 mM (HepG2). The compound also exhibited poor activity
against normal MCF-10A cells (IC50 = 95.05 ± 1.49 mM),
reecting its selective cytotoxicity toward malignant cell lines.
Molecular docking placed 37 snugly within the Val702–Leu820
hydrophobic pocket (binding energy −9.96 kcal mol−1 vs.
−7.69 kcal mol−1 for erlotinib), while in silico ADME proling
Scheme 20 Synthesis of 1,2,3-triazole hybrids 35 and 36.

41016 | RSC Adv., 2025, 15, 40998–41047
predicted excellent intestinal uptake, negligible CNS penetra-
tion, and adherence to Lipinski, Veber, Egan, and Muegge
criteria. These features mark 37 as a promising, orally
bioavailable EGFR-targeted agent with a favorable safety and PK
prole.

In another study by the same group, they tethered a barbi-
turic acid moiety through the triazole linker to generate multi-
target hybrids in good to very good yields of 70–85%
(Scheme 22).87 These yields reect smooth reaction conditions
with minimal byproduct formation, suggesting that the
synthetic protocol is well-suited for generating analogues at
scale. Their lead, 38, combined submicromolar EGFR inhibi-
tion (IC50 = 0.18 mM) with potent VEGFR-2 blockade (IC50 =

16.27 nM), outperforming erlotinib (0.40 mM) and sorafenib
(35.64 nM). In MCF-7, MDA-MB-468, and MDA-MB-231 breast
cancer lines, 38 delivered IC50 values of 3.8–4.6 mM, eclipsing 5-
uorouracil. Docking placed 38 deep in both EGFR and VEGFR-
2 pockets (DG z −11.18 and −12.48 kcal mol−1), engaging
hinge cysteines CYS751 and CYS919. ADMET predictions
showed high intestinal absorption (>90%), moderate protein
binding, and absence of CNS penetration, though CYP450
(including CYP2C19) inhibition and potential hepatotoxicity
were noted, alongside compliance with major drug-likeness
lters.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 21 Synthesis of 1,2,3-triazole hybrid 37.

Scheme 22 Synthesis of 1,2,3-triazole hybrid 38.
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In a parallel design strategy, El-Sheref et al. craed 4-(1,2,3-
triazol-1-yl)quinolin-2(1H)-ones in good to excellent yields of
71–90% to exploit apoptosis pathways alongside kinase inhibi-
tion (Scheme 23).88 These results indicate a consistently
productive synthesis with good reproducibility across structural
variations, supporting further medicinal chemistry exploration.
Their standout compound, 39, exhibited GI50 = 22 nM across
Panc-1, MCF-7, HT-29, and A-549 cells—surpassing erlotinib (33
nM). Biochemical assays showed 39 inhibited EGFR (IC50 = 57
nM), BRAFV600E (68 nM), and the resistant EGFRT790M mutant
(8.40 nM, versus osimertinib's 8.00 nM). In normal MCF-10A
epithelial cells, 39 maintained 93% viability at 50 mM, under-
scoring its excellent selectivity for cancer cells. Mechanistically,
39 triggered robust apoptosis: caspase-3 rose to 715 pg mL−1,
© 2025 The Author(s). Published by the Royal Society of Chemistry
caspase-8 to 2.35 ng mL−1, and Bax to 336 pg mL−1, while Bcl-2
fell to 0.60 ng mL−1. Its antioxidant capacity (73.5% DPPH
scavenging at 10 mM) further highlights its multifunctional
anticancer prole.
5.5. Benzimidazole-1,2,3-triazole hybrids

Benzimidazole-1,2,3-triazole hybrids have emerged as sub-
micromolar EGFR inhibitors demonstrating potent cytotoxic
activity against different cancer cell lines. In one series, Pinnoju
et al. designed benzimidazole–piperazine–triazole conjugates
as EGFR-targeted breast cancer agents, synthesized in synthet-
ically manageable yields between 63% and 82%, suggesting
reliable conversion with no major scalability concerns
(Scheme 24).89 Their lead, 40, combined sub-micromolar EGFR
RSC Adv., 2025, 15, 40998–41047 | 41017
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Scheme 23 Synthesis of 1,2,3-triazole hybrid 39.
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inhibition (IC50 = 0.19 mM, >2× more potent than erlotinib's
0.40 mM) with superior cytotoxicity in MDA-MB-231 (IC50 = 2.02
mg mL−1) and MCF-7 (3.03 mg mL−1) cells versus erlotinib (7.48
and 4.57 mg mL−1). Docking into EGFR (PDB 4HJO) rationalized
these results: 40 formed two hydrogen bonds with Met769 (DG
= −10.33 kcal mol−1, Ki z 26.7 nM), underscoring how the
piperazine–triazole extension enhances both affinity and cell-
based potency while retaining drug-like properties.

Ahmed et al. expanded the series by exploring alternative
benzimidazole–triazole hybrids in yields ranging from poor to
excellent (20–94%).52 While several derivatives were obtained
efficiently, the lower-yielding reactions suggest scope for
procedural optimization, especially for sensitive or electroni-
cally deactivated aryl substituents. Despite this, they identied
41 (Scheme 25) (GI50 = 25 nM vs. erlotinib's 33 nM in A-549,
MCF-7, Panc-1, HT-29) and 42 (Scheme 26) (GI50 = 29 nM) as
nanomolar EGFR inhibitors (IC50 = 73 ± 4 and 78 ± 5 nM,
respectively). Both 41 and 42 exhibited minimal cytotoxicity in
normal MCF-10A mammary epithelial cells, maintaining nearly
90% viability at 50 mM and highlighting their selectivity toward
cancer cells. They also triggered marked apoptosis in MCF-7
cells—41 upregulated caspase-3 by 12-fold, caspase-8 by 19-
Scheme 24 Synthesis of 1,2,3-triazole hybrid 40.

41018 | RSC Adv., 2025, 15, 40998–41047
fold, and Bax by 36-fold while suppressing Bcl-2 by sevenfold; 42
showed similar trends. Docking highlighted key interactions
with Met769, Thr766, and Leu694, and in silico ADMET pro-
jected good oral bioavailability and safety, although 41 carried
AMES toxicity risk and 42 mild hepatotoxicity.

In a further expansion of the benzimidazole–triazole motif,
Barothu et al. synthesized a series of 2-[2,4-bis-(1-phenyl-1H-
[1,2,3]triazol-4-ylmethoxy)phenyl]-1H-benzimidazole derivatives
in good yields of 60–75%, which are adequate for SAR studies
but may benet from optimization for large-scale access these
compounds were evaluated for their broad-spectrum bioactivity
(Scheme 27).90 Their lead, 43, bearing a 3-uorophenyl substit-
uent on the triazole, displayed potent cytotoxicity inMCF-7 (IC50

= 2.62 mM), PC-3 (3.87 mM), and HeLa (3.23 mM) cell lines, on
par with doxorubicin. Docking into EGFR (PDB: 3W33) ratio-
nalized these results, with 43 and its analogue 44 achieving
binding energies of −12.2 and −12.1 kcal mol−1, respectively,
compared to doxorubicin's −10.2 kcal mol−1. Beyond oncology,
43 also inhibited key bacterial and fungal strains at levels
comparable to streptomycin and amphotericin B, underscoring
the versatility of benzimidazole–triazole hybrids as dual anti-
cancer and antimicrobial agents.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 25 Synthesis of 1,2,3-triazole hybrid 41.

Scheme 26 Synthesis of 1,2,3-triazole hybrid 42.
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5.6. Indole-1,2,3-triazole hybrids

In recent studies, several indole–triazole hybrids have shown
notable potential as EGFR inhibitors. Velidandla et al. pre-
sented indole-1,3,4-oxadiazole-sulfonyl triazoles bearing varied
aryl groups in highly reproducible yields of 72–88%, indicating
a well-optimized synthesis suitable for parallel library
Scheme 27 Synthesis of 1,2,3-triazole hybrid 43 and 44.

© 2025 The Author(s). Published by the Royal Society of Chemistry
generation (Scheme 28).91 Notably, 45 (3,5-dichlorophenyl)
combined sub-5 mM cytotoxicity in MCF-7 (IC50 = 3.87 ± 0.21
mM) and A-549 (6.41 ± 0.35 mM) with potent EGFR inhibition
(IC50 = 0.416 ± 0.036 mM), marginally surpassing erlotinib
(0.422 ± 0.03 mM). Close behind, 46 (4-chloro-3,5-
dimethoxyphenyl) showed similar efficacy (MCF-7/A-549 IC50s
RSC Adv., 2025, 15, 40998–41047 | 41019
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= 4.07 ± 0.28/7.39 ± 0.63 mM; EGFR IC50 = 0.453 ± 0.072 mM).
Other analogues (47, 48, 49) retained sub-10 mM cytotoxicity and
sub-micromolar EGFR activity, highlighting how subtle aryl
modications ne-tune enzymatic and cellular potency.

In a subsequent series, Perike et al. combined indole,
thiazolidinedione, and triazole motifs in twelve hybrids ob-
tained in good to very good yields of 75–82%, which reect
a highly practical synthetic route requiring no immediate
Scheme 28 Synthesis of 1,2,3-triazole hybrids 45–49.

Scheme 29 Synthesis of 1,2,3-triazole hybrid 50.

41020 | RSC Adv., 2025, 15, 40998–41047
optimization for compound accessibility (Scheme 29).92 In this
series, 50, bearing a meta-acetylphenyl group on the triazole,
outperformed doxorubicin across HePG2 (IC50 4.43 mM), HCT-
116 (4.46 mM), PC-3 (8.03 mM), and MCF-7 (3.18 mM). Docking
against EGFR (PDB: 1M17; −10.1 kcal mol−1) highlighted
interactions with Cys773, Asp776, and Phe771, while CDK2
(PDB: 6GUE; −11.2 kcal mol−1) and sorcin (PDB: 5MRA;
−10.1 kcal mol−1) scores underscored its multi-target prole.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Importantly, 50 showed negligible toxicity on normal cells,
indicating a favorable therapeutic window.

5.7. Oxindole/isatin-1,2,3-triazole hybrids

Oxindole- and isatin-based triazole hybrids have recently gained
attention as dual inhibitors targeting EGFR and complementary
oncogenic pathways. Building on this oxindole hybridization
strategy, Nae et al. introduced PARP-1 inhibition alongside
EGFR targeting for liver cancer, synthesizing the series in
consistently very good yields of 80–89%, indicating reliable and
scalable synthesis for further development (Scheme 30).93

Compound 51 exhibited the strongest HepG2 cytotoxicity (IC50

= 1.9 mM), while 52 combined PARP-1 IC50 = 2.01 nM with
EGFR IC50 = 74.6 nM and spared normal THLE-2 cells (IC50 > 40
mM). Mechanistic assays showed 52 induced a 6.6-fold increase
in apoptosis and upregulated p53, Bax, caspase-3, and caspase-9
(4.6–9.3-fold) while suppressing Bcl-2. Docking and dynamics
conrmed stable binding at Arg817 (EGFR) and Asp766
(PARP-1).

Furthermore, Das et al. explored 1,2,3-triazole-indolin-2-one
hybrids for broad-spectrum anticancer activity, obtained in
moderate to good yields of 46–73%, which, although sufficient
for early SAR exploration, may benet from further reaction
renement to enhance overall efficiency (Scheme 31).94

Compound 53 equaled melphalan in L1210 (IC50= 3.0± 0.9 mM
vs. 2.13 ± 0.02 mM) and CEM (1.5 ± 0.6 mM vs. 1.4 ± 0.4 mM)
assays, and showed similar potency in HeLa (3.4 ± 0.6 mM).
Against normal HEK293T embryonic kidney cells, 53 was less
cytotoxic (7.5 mM), conrming its relative selectivity for malig-
nant cells. Mechanistic studies conrmed that 53 activates
Scheme 30 Synthesis of 1,2,3-triazole hybrid 51 and 52.

© 2025 The Author(s). Published by the Royal Society of Chemistry
intrinsic and extrinsic apoptotic pathways, arrests the cell cycle,
and is non-genotoxic as demonstrated by assays excluding DNA
damage or mutagenic potential. Docking into EGFR (PDB:
6P8Q) positioned 53 in the ATP pocket via H-bonds with
Met793, p-sulfur interactions at Met790, and p-alkyl contacts
with Leu788/Ala743. Favorable SwissADME predictions further
validate 53 as a promising EGFR-targeted lead.

Shiing to an isatin core, Ghosh et al. employed MM/PBSA
calculations to design a series of isatin-1,2,3-triazole hybrids
bearing various alkyl and aryl substituents as dual EGFR/CDK2
inhibitors.95 Compound 54 (Fig. 5), bearing a 4-methoxyphenyl
group, achieved the best MM/PBSA EGFR binding energy
(−23.25 ± 0.33 kcal mol−1) versus −15.50 ± 0.28 kcal mol−1 for
CDK2, demonstrating kinase selectivity. A 100 ns MD run gave
an average RMSD of 1.8 Å with persistent H-bonds to Met769
and Asp831. DFT analysis revealed a HOMO–LUMO gap of
3.2 eV conducive to strong electronic interactions, and Swis-
sADME predicted log P= 2.8, TPSA= 85 Å2, full Lipinski/Ghose/
Veber/Egan compliance, and low CYP450 risk. By contrast, 55 (3-
chlorophenyl) (Fig. 5) bound CDK2 (−9.55 ± 0.34 kcal mol−1)
and EGFR (−18.09 ± 1.13 kcal mol−1) with slightly higher MD
RMSD (2.3 Å), suggesting a broader kinase prole.

5.8. Imidazole-1,2,3-triazole hybrids

Imidazole–triazole hybrids have recently emerged as potential
EGFR inhibitors with promising antiproliferative proles.
Alluru et al. synthesized a series of 1H-naphtho[2,3-d]
imidazole-4,9-dione-triazole hybrids and evaluated their cyto-
toxicity in MCF-7, HeLa, and A-549 cells (Scheme 32).96 Their
standout, 56 (4-nitrophenyl), delivered IC50 values of 1.53± 0.23
RSC Adv., 2025, 15, 40998–41047 | 41021
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Scheme 31 Synthesis of 1,2,3-triazole hybrid 53.

Fig. 5 Structures of 1,2,3-triazole hybrids 54 and 55.

Scheme 32 Synthesis of 1,2,3-triazole hybrids 56–59.
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mM (MCF-7), 4.52± 0.65 mM (HeLa), and 1.45± 0.25 mM (A-549),
outperforming doxorubicin (2.18, 5.51, and 2.02 mM). Docking
into EGFR (PDB: 4HJO) conrmed its potency (DG = −11.86
kcal mol; Ki z 2.02 nM), with key hydrogen bonds to Lys721,
Lys704, and Lys692. Substituents at C-4—such as the bromo in
57 and isopropyl in 58—also exceeded doxorubicin in two cell
lines. In contrast, 59 (4-cyano) demonstrated comparable
activity, illustrating how aryl variation nely tunes both kinase
engagement and antiproliferative efficacy.

Johnpasha et al. explored fused imidazole-imidazo[1,2-c]
[1,2,3]triazoles via a PEG-400-mediated ultrasonic one-pot
reaction, affording products in good yields of 65–79%, which
suggests good overall efficiency under green chemistry condi-
tions (Scheme 33).97 Compounds 60 and 61 emerged with IC50

values of 4.02 ± 0.74 mM and 4.23 ± 0.65 mM against MCF-7,
surpassing erlotinib (4.70 ± 0.11 mM), and matched or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 33 Synthesis of 1,2,3-triazole hybrids 60 and 61.
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exceeded its EGFR inhibition (IC50 = 0.38 ± 0.02 mM and 0.42 ±

0.05 mM vs. 0.42 ± 0.04 mM). On normal MCF-10A mammary
epithelial cells, 60 and 61 showed reduced cytotoxicity with IC50

values of 13.68 ± 0.83 mM and 10.88 ± 0.93 mM, respectively,
highlighting their selectivity toward malignant cells. Docking
revealed that both form hydrogen bonds with Met769 and
engage in p-alkyl and hydrophobic contacts mirroring erloti-
nib's EGFR ATP-site interactions, validating their capacity to
recapitulate key kinase-binding motifs.

Samala et al. broadened the scope by synthesizing a series of
fused coumarine-imidazo[1,2-c][1,2,3]triazoles in very good
yields (Scheme 34).98 The lead, 62, displayed an EGFR IC50 of
0.367 ± 0.02 mM—outpacing erlotinib (0.460 ± 0.06 mM)—and
cytotoxicity in A-549 cells (IC50 = 3.54 ± 0.33 mM). Meanwhile,
63 and 64 were most active in MCF-7 (3.36 ± 0.13 and 4.06 ±

0.18 mM vs. 4.25 ± 0.08 mM for erlotinib). Docking scores for top
analogues as EGFR inhibitors were below −9.0 kcal mol−1, with
65 leading at−9.75 kcal mol−1 via an H-bond to Lys721. In silico
ADMET predicted high intestinal absorption, compliance with
Lipinski, Veber, Egan, and Muegge rules, absence of BBB
penetration, and manageable hERG II and hepatotoxicity risks
alongside favorable solubility and pharmacokinetics.
5.9. Oxadiazole-1,2,3-triazole hybrids

Recent efforts have explored oxadiazole–triazole conjugates as
scaffolds capable of simultaneously modulating EGFR and
Scheme 34 Synthesis of 1,2,3-triazole hybrids 62–65.

© 2025 The Author(s). Published by the Royal Society of Chemistry
parallel oncogenic pathways. Mahmoud et al. designed a series
of 1,2,3-triazole/1,2,4-oxadiazole conjugates in moderate to very
good yields of 46–84%—reecting variable reaction efficiency
likely inuenced by electronic effects of the substituents—to
achieve dual inhibition of EGFR and VEGFR-2 (Scheme 35).99

Their standout compound, 66, bearing a 3,4,5-tri-
methoxyphenyl group, delivered a GI50 of 28 nM across A-549,
MCF-7, Panc-1, and HT-29 cells, surpassing erlotinib (33 nM).
It inhibited EGFR with an IC50 of 76± 6 nM and VEGFR-2 at 2.40
± 0.02 nM, and drove apoptosis by raising caspase-3 (587 pg
mL−1), caspase-8 (2.55 ng mL−1), and Bax (362 pg mL−1) while
lowering Bcl-2 to 0.60 ng mL−1. Analogues 67 and 68 showed
similarly potent dual activity (GI50= 32–35 nM; EGFR IC50= 82–
89 nM; VEGFR-2 IC50= 3.80–4.70 nM). Docking studies revealed
that 66 mimics a DFG-in conformation in EGFR and a DFG-out
conformation in VEGFR-2, suggesting a hybrid type I/II inhibi-
tion mechanism at both ATP sites.

In a related study, Ayoup et al. synthesized a series of 1,2,4-
oxadiazole-triazole hybrids in yields ranging from 61% to 87%,
which are generally acceptable for this scaffold, though some
reactions may benet from optimization to enhance overall
efficiency (Schemes 36 and 37).100 Designed to target the EGFR–
PI3K–AKT–mTOR signaling axis in lung (A549) and colon (Caco-
2) cancer models, the series yielded several biologically active
candidates. Compound 69 (Scheme 36) led in A549 with an IC50

of 3.56 mM, simultaneously reducing EGFR mRNA to 23% of
RSC Adv., 2025, 15, 40998–41047 | 41023
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control, while 70 (IC50 = 12.73 mM) induced p53 expression by
6.5-fold. In Caco-2 cells, 71 (Scheme 37) (16.38 mM) and 70
(14.09 mM) showed the greatest growth inhibition. Docking
against EGFR (PDB: 2ITY; −6.85 to −7.91 kcal mol−1) high-
lighted interactions with Met793 and key hydrophobic pockets.
All top hits demonstrated high gastrointestinal absorption, zero
Lipinski or Veber violations, and minimal blood–brain barrier
penetration, underscoring their potential as selective, low-CNS-
risk anticancer agents.

Shiing focus to 1,3,4-oxadiazoles, Mahmoud et al. explored
a series of 1,3,4-oxadiazole–1,2,3-triazole conjugates across
Panc-1, MCF-7, HT-29, and A-549 cells, synthesized in excellent
yields of 92–94% indicating a highly efficient and reproducible
synthetic route with minimal byproduct formation
(Scheme 38).101 Among these, 72, which incorporates a 4-
Scheme 35 Synthesis of 1,2,3-triazole hybrids 66–68.

Scheme 36 Synthesis of 1,2,3-triazole hybrids 69 and 70.

41024 | RSC Adv., 2025, 15, 40998–41047
chlorophenyl-thiazole moiety, matched erlotinib in growth
inhibition (GI50 = 0.23 mM vs. 0.06 mM) and blocked EGFR with
an IC50 of 0.11 mM. Compound 72 showed negligible impact on
normal MCF-10A cells, retaining 86% viability at 50 mM and
underscoring its cancer selectivity. Mechanistic assays linked
72's efficacy to intrinsic apoptosis—caspase cascades activation,
a 14-fold surge in cytochrome c release, and a dramatic shi in
the Bax/Bcl-2 ratio, while ow cytometry revealed that 41.5% of
Panc-1 cells accumulated in G1. Computational docking (DG =

−10.65 kcal mol−1) mirrored erlotinib's binding pose, and
ADME predictions conrmed a favorable oral prole.

5.10. Thiadiazine-1,2,3-triazole hybrids

Some triazolo–thiadiazine derivatives have demonstrated
selective EGFR inhibition alongside potent antiproliferative
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 37 Synthesis of 1,2,3-triazole hybrid 71.

Scheme 38 Synthesis of 1,2,3-triazole hybrid 72.
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effects in breast cancer models. Telukuntla et al. synthesized
a series of phenyl-linked triazolo[3,4-b][1,3,4]thiadiazines in
good yields of 68–75% (Scheme 39), which are acceptable for
initial lead discovery but may benet from further optimization
for scalability. These derivatives were evaluated their anti-
proliferative effects in MCF-7 and MDA-MB-231 breast cancer
models as well as their EGFR inhibition.102 Compounds 73 (3,5-
dichlorophenyl) and 74 (4-uorophenyl) emerged as the most
efficacious, achieving IC50 values of 3.86 ± 0.51 mM and 4.10 ±

0.71 mM in MCF-7 cells, and 6.98 ± 0.61 mM and 8.01 ± 0.69 mM
inMDA-MB-231 cells, each surpassing erlotinib. Against normal
Scheme 39 Synthesis of 1,2,3-triazole hybrids 73 and 74.

© 2025 The Author(s). Published by the Royal Society of Chemistry
MCF-10A epithelial cells, 73 and 74 showed markedly reduced
toxicity with IC50 values of 41.26 ± 1.82 mM and 39.84 ± 1.65
mM, respectively, underscoring their favorable selectivity
indices. In enzymatic assays, 73 inhibited EGFR with an IC50 of
0.312 ± 0.02 mM, marginally more potent than erlotinib (0.421
± 0.03 mM), while 74 followed closely at 0.419 ± 0.05 mM.
Molecular docking into the EGFR kinase domain (PDB: 4HJO)
revealed conserved hydrogen bonds to Asn818 and Cys773,
complemented by hydrophobic interactions of the halogenated
phenyl rings.
RSC Adv., 2025, 15, 40998–41047 | 41025
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Building on this work, Chirra et al. employed a PEG-400-
mediated ultrasonic one-pot protocol to access an expanded
library of fused triazolo–thiadiazine–triazole hybrids, afforded
in good yields of 66–79% (Scheme 40).103 These yields represent
efficient transformations using green chemistry principles,
though the lower end may be improved through tuning of
ultrasonic parameters or substrate scope. Among them,
compound 75 exhibited superior cytotoxicity (IC50 = 3.52± 0.12
mM in MCF-7; 5.52 ± 0.23 mM in MDA-MB-231), and 76 (bearing
an alternative aryl substitution) showed comparable potency
(4.09 ± 0.25 mM and 6.09 ± 0.58 mM, respectively). EGFR inhi-
bition assays conrmed 77 as the most potent enzyme inhibitor
(IC50 = 0.38 ± 0.02 mM) with 76 at 0.41 ± 0.05 mM (erlotinib =

0.42 ± 0.02 mM). Docking studies highlighted interactions with
Met769 and surrounding hinge residues that closely mimic
those of clinical EGFR inhibitors—in silico ADMET analysis
projected acceptable solubility, minimal hERG liability, and
favorable pharmacokinetic parameters for these thiadiazine-
containing hybrids.
5.11. Natural-product-inspired hybrids

Drawing on the inherent bioactivity of monoterpenoid phenols,
researchers have fused 1,2,3-triazole linkers to natural-product
cores, such as carvacrol and thymol, to create multi-target
anticancer agents that engage kinase, apoptosis, and cytoskel-
etal pathways. Enneiymy et al. harnessed the carvacrol scaffold
to assemble a series of triazole hybrids, obtained in good to very
good yields of 66–88%,104 which are synthetically efficient and
generally consistent across the series. This culminated in
compound 78 (Scheme 41) as the lead multitarget inhibitor. 78
exhibited sub-nanomolar affinity for EGFR (Ki = 1.87 nM) and
BRAFV600E (Ki = 1.03 nM), and nanomolar activity against
tubulin polymerization (Ki = 39.67 nM)—dramatically out-
performing encorafenib (EGFR Ki = 580.74 nM), sorafenib
(BRAFV600E Ki = 6920 nM), and colchicine (tubulin Ki = 708.73
nM). Molecular docking into EGFR's ATP site revealed key
Scheme 40 Synthesis of 1,2,3-triazole hybrids 75–77.

41026 | RSC Adv., 2025, 15, 40998–41047
interactions with Lys745 andMet766, while parallel simulations
in BRAFV600E and tubulin conrmed stable contacts with
Asp593/Trp530 and Tyr224/Gly143, respectively. A 100-ns
molecular dynamics trajectory showed low RMSD uctuations.
It maintained compact ligand–protein complexes, and in silico
ADME proling forecasted high oral bioavailability, non-
mutagenicity, and favorable bioactivity scores, positioning 78
as a compelling candidate for further preclinical evaluation.

Riadi et al.105 extended this strategy to a paramethoxythymol
core, generating triazole derivatives that simultaneously target
EGFR and the anti-apoptotic protein Bcl-2, synthesized in good
yields of 70–75% (Scheme 42).106 Among these, compound 79
demonstrated the strongest in silico affinities (−28.8 kJ mol−1

for EGFR; −29.2 kJ mol−1 for Bcl-2), driven by multiple
hydrogen bonds and hydrophobic contacts with Met769,
Lys721, Leu820, and Asn11. Density functional theory calcula-
tions revealed a high dipole moment (260.4 D) and elevated
polarizability, indicative of favorable reactivity. In 100-ns
dynamics, the 79 – Bcl-2 complex maintained an RMSD around
1.7 Å with persistent hydrogen bonding. ADMET predictions
further underscored 79's drug-likeness (TPSA = 86.47 Å2; log P
= 4.03), excellent intestinal absorption, blood–brain barrier
permeability, and compliance with Lipinski's rule, alongside
minimal toxicity ags. Importantly, solubility analysis predicted
a log S of −4.76, indicating low aqueous solubility, a common
feature of lipophilic drug-like molecules, which may necessitate
formulation strategies to enhance bioavailability. These in silico
data advocate for 79's progression into biological validation as
a stable, multitarget anticancer agent.
5.12. Schiff-base & thiosemicarbazone hybrids

Integrating imine (Schiff-base) and thiosemicarbazone linkers
into 1,2,3-triazole frameworks has yielded hybrids that
combine potent EGFR inhibition with pronounced effects on
cell cycle, apoptosis, and migration—key hallmarks for breast
cancer therapeutics. Nawareg et al. prepared a series of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 41 Synthesis of 1,2,3-triazole hybrid 78.

Scheme 42 Synthesis of 1,2,3-triazole hybrid 79.
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triazole-Schiff's base conjugates in moderate to very good
yields of 57–85% (Scheme 43),106 a range acceptable for lead
development. Though some reactions may benet from
improved conversion. They identied 80 as leading EGFR
inhibitor. Compound 80 blocked EGFR with an IC50 of 0.15 mM
(getinib = 0.081 mM) and exhibited selective cytotoxicity in
MCF-7 (IC50 = 15.63 mM) and MDA-MB-231 (18.01 mM) cells
while showing markedly weaker activity against normal WI-38
broblasts (IC50 = 78.58 ± 3.5 mM) and MCF-10A epithelial
cells (IC50 = 37.43 ± 1.26 mM), thereby conrming its cancer-
selective prole. Mechanistically, 80 induced G2/M arrest and
elevated apoptotic populations by 48-fold, accompanied by Bax
upregulation, Bcl-2 suppression, and activation of caspases-8
and -9. Molecular docking into EGFR's ATP pocket revealed
hydrogen bonds to Lys745 and Gly719 and a binding energy of
−7.23 kcal mol−1. In silico ADMET proling predicted favor-
able absorption, distribution, metabolism, and excretion
parameters, underscoring 80's promise for further EGFR-
targeted breast cancer studies.

Aljuhani et al. explored benzothiazole–triazole hybrids
equipped with hydrazone or thiosemicarbazone linkers, synthe-
sized in very good to excellent yields of 88–91% (Scheme 44),107

indicating high synthetic efficiency. Compounds 81 and 82 di-
splayed cytotoxicity against T47-D breast cancer cells (IC50= 17±
1 and 13 ± 1 mM, respectively) and inhibited EGFR with IC50
© 2025 The Author(s). Published by the Royal Society of Chemistry
values of 0.69 ± 0.01 mM (98.5% inhibition) and 1.16 ± 0.02 mM
(96.8%), rivaling erlotinib (1.3 mM). Both hybrids were non-toxic
to normal broblasts (IC50 > 500 mM). Docking studies high-
lighted key interactions with Met769 via the triazole ring and
hydrophobic stabilization by the benzothiazole core, yielding
binding energies of −29.48 kcal mol−1 (8a) and
−27.27 kcal mol−1 (8b). Additionally, 81 impeded A549 cell
migration, reducing wound closure by 92.4% at its IC50—

demonstrating dual EGFR inhibition and anti-migratory activity.

5.13. Drug-1,2,3-triazole hybrids

Building on approved EGFR tyrosine kinase inhibitors,
researchers have hybridized 1,2,3-triazole moieties with existing
drugs to enhance potency against wild-type and resistant EGFR,
promote apoptosis, and overcome drug resistance. Gao et al.
modied getinib by click-coupling a triazole linker to generate
a novel hybrid series synthesized in moderate to very good
yields of 47–85% (Scheme 45). While some reactions afforded
moderate yields, the upper range reects good synthetic effi-
ciency for these triazole-based derivatives. This series was
proled in wild-type non-small cell lung cancer (NSCLC) lines108

which resulted in compounds 83 and 84 emerging as the most
active, with 83 inhibiting proliferation in NCI-H1299, A549, and
NCI-H1437 cells at IC50 values of 3.94 ± 0.17, 3.16 ± 0.11, and
1.83 ± 0.13 mM, respectively; 84 showed comparable potency
RSC Adv., 2025, 15, 40998–41047 | 41027
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Scheme 43 Synthesis of 1,2,3-triazole hybrid 80.

Scheme 44 Synthesis of 1,2,3-triazole hybrids 81 and 82.
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(3.84–1.69 mM) and both outperformed getinib (14.62–20.56
mM). Functional assays demonstrated that 83 and 84 sup-
pressed colony formation, impaired wound-healing and trans-
well assays migration, and induced mitochondrial-pathway
apoptosis in H1299 cells (up to 65.8% total apoptosis at 8 mM).
Scheme 45 Synthesis of 1,2,3-triazole hybrids 83 and 84.

41028 | RSC Adv., 2025, 15, 40998–41047
Western blotting conrmed downregulation of Bcl-2, caspase-9,
and MMP9 alongside cleaved caspase-3 and PARP activation.
Toxicity studies revealed that both 83 and 84 exhibited much
weaker cytotoxicity toward normal hepatocytes (L02) with IC50

values of 18.87 ± 1.03 and 17.68 ± 0.52 mM, respectively, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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survival rates of 70–90% at 4 mM, underscoring their selectivity
for cancer cells. Moreover, acute oral toxicity assessment in
mice conrmed excellent safety: no deaths, no body weight loss,
no pathological changes in organs, and normal serum ALT, AST,
BUN, and creatinine levels were observed, indicating no hepatic
or renal impairment. In vivo, 83 further demonstrated an
excellent safety prole, with no adverse effects on organ
histology or serum biochemistry.

Deng et al. applied a similar triazole-click strategy to erloti-
nib, synthesizing 14 analogues and evaluating them in HeLa
cervical cancer cells (Scheme 46).109 Compound 85 demon-
strated the highest cytotoxicity (IC50 = 3.79 mM vs. erlotinib's
39.50 mM), while 86, 87, 88, 89, and 90 ranged from 4.16 to 8.21
mM. Notably, 89 and 88 induced up to 87.3% apoptosis and
caused G2/M cell-cycle arrest, with 88 also showing the strongest
EGFR inhibition (IC50 = 1.76 mM; 89 = 13.01 mM; 86 = 49.39
mM). These multifunctional proles highlight how triazole
derivatization can drastically improve erlotinib's efficacy in
non-lung cancer contexts.

Biegański et al. took a divergent approach by conjugating
a ferrocenyl moiety to erlotinib via a methylene spacer, yielding
ve ferrocenyl-erlotinib hybrids in moderate to very good yields
of 46–82% (Scheme 47) given the steric and redox-active nature
of the ferrocenyl group.110 Their lead, compound 91, reduced
viability in erlotinib-resistant NSCLC lines H1650 and H1975 to
14% and 19% at 20 mM, respectively—far exceeding erlotinib's
effect. Mechanistic studies revealed that 91 generated two to
three times more reactive oxygen species (ROS) than erlotinib;
this ROS-mediated cytotoxicity was reversed by N-acetylcysteine,
conrming its dependence on oxidative stress. Compound 91
also disrupted mitochondrial membrane potential, activated
caspase-9 and caspase-3 (∼2- to 3-fold increases), induced G2/M
arrest, and upregulated gH2AX, indicating DNA damage.
Docking into the EGFR kinase domain (higher score than
erlotinib) suggested that 91 retains canonical ATP-site interac-
tions while adding a ROS-generating mechanism.
Scheme 46 Synthesis of 1,2,3-triazole hybrids 85–90.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Meanwhile, Alsayad et al. explored metronidazole-derived
triazoles by linking the antibiotic core to a 1,2,3-triazole,
obtaining products in good yields of 61–68% (Scheme 48).111

While these yields are acceptable for small-molecule synthesis,
they may benet from further optimization to enhance overall
efficiency and scalability. Five analogues were tested in A549
lung cancer cells, among which compounds 92 and 93 showed
the greatest antiproliferative effects (IC50 = 3.21 ± 1.21 mM and
4.10 ± 1.43 mM), whereas 94–96 were less active (9.06–12.67
mM). Docking against the EGFR kinase (PDB: 1M17) revealed
that 93 achieved the strongest binding (−8.45 kcal mol−1)
through interactions with Met769, Lys721, and dual Cys773
residues; 92 followed (−8.16 kcal mol−1) by engaging Met769,
Lys721, Asp831, and Thr766. The para-biphenyl and benzene–
sulfonamide substituents at the triazole's 4-position appear to
be key for cytotoxicity and kinase affinity, supporting 92 and 93
as promising EGFR-targeted leads.

5.14. Miscellaneous hybrids

Şenol et al. synthesized sixteen triazole hybrids—arylidenhy-
drazides and thiazolidin-4-ones—in good to excellent yields
(75–96%), reecting excellent synthetic accessibility for both
series, and evaluated their activity against HER2, EGFR, and
VEGFR1 in MCF-7 cells (Scheme 49).112 Among these, 97
(hydrazide series) and 98 (thiazolidin-4-one series) stood out,
with IC50 values of 8.48 mM and 4.38 mM, respectively, while
exhibiting minimal toxicity toward MCF-10A cells (IC50 = 114.8
mM and 170.6 mM). The selective index for 98 reached 38.9—
nearly tenfold higher than doxorubicin, correlating with dock-
ing scores around −9.01 kcal mol−1 for HER2, EGFR, and
VEGFR1. Key hydrogen bonds with Lys-805 and Pro-802 in
HER2, and Asp-831 in EGFR, were mediated by 98's electron-
donating substituents, rationalizing its dual-target prole.

In another study, Rezki et al. tethered sulfa drug moieties to
benzothiazole–triazoles, synthesized in very good to excellent
yields of 84–90% (Scheme 50), which are synthetically robust
RSC Adv., 2025, 15, 40998–41047 | 41029
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Scheme 47 Synthesis of 1,2,3-triazole hybrid 91.

Scheme 48 Synthesis of 1,2,3-triazole hybrids 92–96.
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and reproducible, supporting further optimization.113

Compounds 99 (3-methylbenzothiazole) and 100 (4-uoro-
benzothiazole) delivered EGFR IC50 values of 104.3 ± 0.2 nM
and 103.8 ± 1.2 nM—on par with erlotinib (76.6 ± 1.2 nM).
Against HepG2, they achieved IC50 values of 1.49 ± 0.01 mM and
1.78 ± 0.01 mM versus staurosporine's 16.98 ± 0.25 mM, and 99
inhibited MCF-7 at 2.45± 0.04 mMwithout WI-38 toxicity (IC50 >
500 mM). Flow cytometry showed up to 30% apoptosis and G2/M
arrest. Docking highlighted persistent H-bonds to Met769 and
Leu694, plus hydrophobic contacts with Val702 and Phe723; 50
ns MD gave RMSD < 2.0 Å. ADMET proling indicated high
intestinal absorption (98.6% for 99, 97.7% for 100), good
aqueous solubility (log S −3.28 and −3.09, better than erloti-
nib's −4.73), and compliance with drug-likeness rules. Both
compounds were predicted non-AMES mutagenic, non-hERG I
inhibitors, but agged as potential hERG II inhibitors and
hepatotoxic, suggesting manageable but noteworthy safety
concerns. These features, combined with their strong
Scheme 49 Synthesis of 1,2,3-triazole hybrids 97 and 98.

41030 | RSC Adv., 2025, 15, 40998–41047
cytotoxicity and selectivity, reinforce their candidacy as orally
active EGFR-targeted agents.

Meanwhile, Chaidam et al. assembled a library of 1,6-bis-
triazole-linked a-galactoside derivatives, synthesized in good
yields (Scheme 51), and screened them across nine cancer cell
lines.114 The omega-undecylenyl analogue 101 displayed potent
activity against P-388 murine leukemia (IC50 = 4.45 mM) and
broad-spectrum efficacy (13.2–32.7 mM) in HT-29, MCF-7, and
A549 cells, whereas the coumarinyl derivative 102 selectively
inhibited K-100 cholangiocarcinoma (IC50 = 4.87 mM) andMCF-
7. Docking analyses linked cytotoxicity to dual engagement of
EGFR (Cys-773 interactions) and CDK-2 (H-bonds with Thr-14,
Lys-129, Gln-131), with both compounds forming stabilizing
p-anion and hydrophobic contacts via their triazole and sugar
moieties.

Furthermore, Fadaly et al. designed bis-triazole hybrids
bearing nitric oxide-donating oxime groups to achieve multi-
target inhibition, synthesized in moderate to very good yields
of 54–89% (Scheme 52).115 These yields indicate generally
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 50 Synthesis of 1,2,3-triazole hybrids 99 and 100.

Scheme 51 Synthesis of 1,2,3-triazole hybrids 101 and 102.
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acceptable synthetic accessibility for structurally diverse
hybrids, though some reactions could potentially benet from
further optimization. Compounds 103, 104, 105, and 106
exhibited potent antiproliferative activity across several cancer
cell lines, with IC50 values of 9–16 mM in MCF-7 cells, out-
performing tamoxifen; 4.5–14 mM in Hep3B, 5.3–13.7 mM in
HCT-116, and 3–4.5 mM in A549 cells (versus 6 mM for 5-FU).
These hybrids also demonstrated strong EGFR inhibition (IC50

= 0.066–0.205 mM) and BRAFV600E inhibition (IC50 = 0.05–0.09
mM), with 106 emerging as the most potent against both
kinases. Additionally, they inhibited aromatase (IC50 = 22.4–
30.3 mM) and showed favorable COX-2 selectivity, with selec-
tivity indices ranging from 18 to 49 compared to celecoxib's
21.1—suggesting synergistic nitric oxide release alongside
kinase and enzyme blockade.

Subsequently, Mahmoud et al. explored 1,2,3-triazole-
carboximidamide hybrids for dual EGFR/VEGFR-2 inhibition,
obtained in yields of 67–88%, spanning good to very good effi-
ciency (Scheme 53),116 reecting robust and efficient synthetic
performance. Their lead, 107 (3,4-dimethoxy), delivered a GI50
© 2025 The Author(s). Published by the Royal Society of Chemistry
of 31 nM across Panc-1, MCF-7, HT-29, and A-549 cells—slightly
surpassing erlotinib's 33 nM. Enzymatically, 107 inhibited
VEGFR-2 at 1.8 ± 0.05 nM and EGFR at 83 ± 5 nM (erlotinib =

80 ± 5 nM), and triggered apoptosis (caspase-3 up 531.5 pg
mL−1, Bax 298.6 pg mL; Bcl-2 down to 0.85 ng mL−1). Docking
revealed 107 occupies both kinase ATP sites with hinge-binding
patterns analogous to sorafenib and erlotinib. In silico ADME
predicted good oral bioavailability, negligible blood–brain
barrier penetration, and compliance with drug-likeness lters.

Maghraby employed a chalcone–triazole hybridization
strategy in another series to target EGFR and BRAF
(Scheme 54).117 Several derivatives—including 108, 109, 110,
111, 112, and 113—achieved IC50 values of 0.95–1.80 mM across
four cancer lines (doxorubicin = 1.14 mM). Notably, 109
emerged as the most potent, inhibiting cell growth at 0.95 mM
and EGFR kinase at 0.09± 0.05 mM (erlotinib= 0.05± 0.03 mM),
while moderately blocking BRAF (0.90 ± 0.10 mM). Docking
conrmed that 109 ts snugly in the EGFR-TK ATP pocket viaH-
bonds and p–p stacking. Flow cytometry showed G1 arrest,
linking its kinase blockade to cell-cycle disruption.
RSC Adv., 2025, 15, 40998–41047 | 41031
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Scheme 52 Synthesis of 1,2,3-triazole hybrids 103–106.

Scheme 53 Synthesis of 1,2,3-triazole hybrid 107.
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Exploring dimerization as a strategy to enhance EGFR inhi-
bition, Deshmukh et al. synthesized aryloxy-bridged, amide-
linked dimeric triazoles and evaluated their antiproliferative
and EGFR-TK phosphorylation inhibitory activities, obtained in
very good to excellent yields of 85–94% (Scheme 55), supporting
the efficiency and scalability of their method.118 Compounds
114 and 115 stood out: 114 inhibited MCF-7 cells at 4.18 mM
Scheme 54 Synthesis of 1,2,3-triazole hybrids 108–113.

41032 | RSC Adv., 2025, 15, 40998–41047
with 88.3% EGFR-TK inhibition—approaching getinib—while
115 achieved 2.80 mM (MCF-7) and 5.61 mM (A549) with 72.7%
kinase blockade. Both exhibited favorable selectivity (MCF-10A
IC50 = 33.4 mM and 14 mM, respectively). Docking into EGFR
(PDB: 4HJO) revealed H-bonds with Met793 and p-cation
interactions with Lys745, mirroring getinib's binding mode
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 55 Synthesis of 1,2,3-triazole hybrids 114 and 115.
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and supporting their dual antiproliferative and kinase inhibi-
tory proles.

Acheampong et al. targeted EGFR-dependent triple-negative
breast cancer by hybridizing estradiol with a 1,2,3-triazole
linker.119 Their lead, 116 (Fig. 6), exhibited potent cytotoxicity in
MDA-MB-231 (IC50 = 8.12 ± 0.85 mM) and MDA-MB-468 (IC50 =

25.43 ± 3.68 mM) cells, surpassing sorafenib in MDA-MB-231.
Mechanistically, 116 induced G0/G1 arrest, downregulated
cyclin D1 and Dyrk1B, and inhibited both total and phosphor-
ylated EGFR and downstream PI3K/AKT/mTOR and RAS/ERK
pathways. Apoptosis was mediated via mitochondrial release
of cytochrome c, APAF1 activation, PARP1 cleavage, and
Annexin V positivity. Molecular dynamics conrmed stable
cation-p interactions between the triazole and Lys721 (EGFR)
and Lys52/Lys149 (ERK). In silico ADMET predictions further
highlighted its suitability as a drug-like candidate, with high
gastrointestinal absorption, favorable Caco-2 and MDCK
permeability, acceptable bioavailability and half-life, and no P-
gp liability. Importantly, 116 showed non-carcinogenicity, low
risk of hepatotoxicity, drug-induced liver injury, AMES muta-
genicity, and eye irritation, and only moderate probability of
hERG channel inhibition—indicating a favorable safety margin
compared to most analogs. These features position 116 as
a promising multi-target EGFR-pathway inhibitor for TNBC.
Fig. 6 Structure of 1,2,3-triazole hybrid 116.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Vanga et al. explored Meldrum's acid-7-azaindole-triazole
hybrids across ve human cancer cell lines (MCF-7, HeLa, DU-
145, HepG2, K562).120 The 4-methyl derivative 117 (Fig. 7)
emerged with broad-spectrum potency—IC50 = 4.44 ± 0.32 mM
in HeLa and 6.67–12.38 mM in MCF-7, DU-145, and HepG2—
while inducing G2/M arrest and apoptosis (Hoechst staining,
Annexin V-FITC). Docking revealed 117 engages EGFR and anti-
apoptotic Mcl-1 through hydrogen bonds, p-cation interactions,
and hydrophobic contacts. Methoxy-substituted analogues 118
and 119 (Fig. 7) showed selective HeLa activity (IC50 z 9.6 mM),
underscoring the role of aryl substitution in tuning anticancer
efficacy.

Boruah and co-workers demonstrated that a catalyst-free [3 +
2] cycloaddition of phenacyl azides with maleimides or 1,4-
naphthoquinone can yield high-purity triazoles in yields
ranging from 72% to 92% (good to excellent efficiency)
(Scheme 56).121 These yields reect high synthetic efficiency
without the need for metal catalysis. Screening of 21 derivatives
Fig. 7 Structure of 1,2,3-triazole hybrids 117–119.

RSC Adv., 2025, 15, 40998–41047 | 41033
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Scheme 56 Synthesis of 1,2,3-triazole hybrid 120.
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by molecular docking against EGFR (PDB: 6TFU) identied 120
(a naphthoquinone conjugate) as the top candidate
(−8.8 kcal mol−1 vs. getinib's −5.81 kcal mol−1). This
compound forms een signicant interactions—including p–

p-sulfur and p–p-alkyl contacts with Met790, Leu788, and
Lys745—highlighting the synthetic route's potential to deliver
potent EGFR inhibitors via green chemistry.

Boda et al. leveraged the planar phthalazine-1,4-dione scaf-
fold to design 1,2,3-triazole hybrids, synthesized in good to very
good yields of 76–87% (Scheme 57).122 These yields are synthet-
ically reliable, requiring no extensive optimization and suitable
for library generation. The 4-nitrophenyl analogue 121 exhibited
Scheme 57 Synthesis of 1,2,3-triazole hybrids 121–123.

41034 | RSC Adv., 2025, 15, 40998–41047
IC50 values of 2.33 ± 0.43 mM, 7.21 ± 0.61 mM, and 3.96 ± 0.41
mM, respectively, surpassing doxorubicin in lung and breast
assays. Docking into EGFR (PDB: 4HJO) conrmed a binding
energy of −11.16 kcal mol−1 (Ki = 6.55 nM) via a hydrogen bond
to Lys721 and extensive hydrophobic contacts. Analogues 122
and 123 also achieved scores beyond −11 kcal mol−1 and low-
micromolar cytotoxicity, underscoring the phthalazine–triazole
framework as a versatile EGFR-targeted scaffold.

Focusing on pyrazole cores, Swapna et al. synthesized 1,2,3-
triazole-linked pyrazole hybrids, obtained in good to very good
yields of 78–86%—reecting consistent and reproducible
conditions—and screened them across MCF-7, IMR-32, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 58 Synthesis of 1,2,3-triazole hybrids 124–126.
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HeLa lines (Scheme 58).123 The 124 analogue exhibited IC50

values of 8.21 ± 0.18 mM (MCF-7), 10.18 ± 0.53 mM (IMR-32),
and 11.06 ± 1.22 mM (HeLa), with minimal toxicity toward
HEK293 cells (IC50 > 89 mM). Binding energy calculations placed
124 at −11.54 kcal mol−1 in EGFR's active site, where it formed
four hydrogen bonds (including Lys721 and Phe699) and
multiple p-interactions (Leu834, Val702). Compounds 125 and
126 also demonstrated sub-20 mM cytotoxicity and engaged
Lys721 and Thr766, underscoring the pyrazole–triazole scaf-
fold's versatility.

Another series of triazoles was prepared by Guttikonda,
afforded in good to very good yields of 65–85% (Scheme 59),
which are generally acceptable for small-molecule synthesis,
though some steps may benet from optimization. Following
evaluation in MCF-7, MDA-MB-231, and HeLa cells,124

compounds 127 and 128 achieved IC50 values of 1.82 mM and
1.90 mM in MCF-7—comparable to doxorubicin (1.07 mM)—
while 129, 130, and 131 showed #2.85 mM potency in MDA-MB-
231 and HeLa. Docking against EGFR (−9.97 to
−10.62 kcal mol−1) revealed hydrogen bonds with Met769 for
127, 129 and 130, with 129 displaying the lowest inhibition
constant (16.4 nM). All three exhibited IC50 values >100 mM in
HEK-293, indicating high selectivity.
Scheme 59 Synthesis of 1,2,3-triazole hybrids 127–131.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Guided by DFT and docking studies, El Azab et al. designed
novel 1,2,3-triazole-containing hybrids, synthesized in good to
very good yields of 75–85%, a reproducible range that supports
further development. They tested them in HepG-2, HCT-116,
and MCF-7 cells.125 Their top compound, 132 (4-aminophenyl)
(Scheme 60), yielded IC50 values of 12.22, 14.16, and 14.64 mM,
respectively—on par with doxorubicin. Docking against EGFR
(PDB: 1XKK) produced a binding energy of −17.01 kcal mol−1,
forming hydrogen bonds to Thr854 (via water), Met793, and
Cys797, mirroring lapatinib's interactions. SAR analysis
conrmed electron-donating para-substituents enhanced
cytotoxicity.

Another validated target in cancer therapy is tubulin poly-
merization, essential for mitotic spindle formation and cell
division.126 Coupling EGFR inhibition with tubulin disruption
offers a synergistic strategy to enhance antiproliferative effects.
Shaheen et al. synthesized triazole hybrids that co-inhibit EGFR,
mTOR, and tubulin polymerization, afforded in good to very
good yields of 69–89% (Scheme 61)127 indicating reliable
methodology with minor variation across analogues. Lead
compounds 133 and 134 exhibited GI50 values of 0.00169–
0.0459 nM and 0.00192–0.0464 nM across colorectal, mela-
noma, and breast cancer panels, while sparing FHC cells (IC50=
RSC Adv., 2025, 15, 40998–41047 | 41035
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Scheme 60 Synthesis of 1,2,3-triazole hybrid 132.
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36.9–43.4 mg mL−1). Both induced G1/S arrest and apoptosis in
HCT-116, upregulated Bax and caspase-9, and reduced Bcl-2.
EGFR inhibition (IC50 = 0.155 mg mL−1 for 134; 0.639 mg
mL−1 for 133) and tubulin blockade (IC50 = 2.705–7.339 mg
mL−1) were conrmed by docking (−7.70 to −8.03 kcal mol−1)
at respective ATP and colchicine sites. In silico toxicity predic-
tions further reinforced their safety, with both compounds
being non-mutagenic, non-carcinogenic, and non-irritant,
showing no tumorigenic alerts, while maintaining high
human intestinal absorption (>90%) and strong plasma protein
binding. Their favorable drug scores, exceeding reference erlo-
tinib, highlight their promise as selective, low-toxicity anti-
cancer leads.

6. EGFR targeting profiles of key
triazole hybrids based on molecular
docking

To better understand the molecular targeting proles of repre-
sentative 1,2,3-triazole EGFR inhibitors, we analyzed docking
data for representative 1,2,3-triazole EGFR inhibitors. Across all
compounds the classic EGFR pharmacophore was maintained:
namely, hinge-region hydrogen bonds (typically to Met769 in
EGFR), plus contacts with nearby residues such as Lys721,
Scheme 61 Synthesis of 1,2,3-triazole hybrids 133–134.

41036 | RSC Adv., 2025, 15, 40998–41047
Thr766 and Asp831, and extensive hydrophobic pocket occu-
pation. For instance, a quinazolinone–triazole hybrid
(compound 4) accepts a hydrogen bond from Met769 (2.34 Å)
and uses its sugar hydroxyls to H-bond Asp831. In general, the
triazole ring oen contributes polar anchors: previous reports
note that “the triazole N formed a hydrogen bond with a lysine
residue (Lys721) in the active site”. Here we highlight specic
compounds to illustrate these conserved motifs and the addi-
tional stabilizing interactions enabled by the triazole linker.

For example, compound 5 (a triazole-linked quinazoline)
exemplies canonical hinge binding. Its quinazoline N1 forms
a strong H-bond to Met769 (3.13 Å) and the triazole N2
hydrogen-bonds to Lys721 (3.04 Å), anchoring the ligand at the
ATP site. Compound 5's halogen substituent also engages
Gln767 and its aromatic rings make p-alkyl contacts with
Leu694, Leu820 and Cys751, while a p-sulfur interaction with
Met742 further stabilizes binding. Compound 7, a methoxy-
phenoxy-triazole quinazolinone, similarly H-bonds its quin-
azolinone N3 to Met769 (2.51 Å). Its triazole then forms a p-
anion electrostatic contact with Asp831 (3.44 Å) and an addi-
tional H-bond to Lys721 (1.96 Å). These polar interactions are
complemented by p-alkyl hydrophobics to Leu694, Ala719 and
Leu768. Together these examples show how triazole hybrids
recapitulate approved EGFR inhibitors' pharmacophore
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Met769 hinge bond, Lys721 contact) while appending substit-
uents (e.g. a methoxyphenoxy group in compound 7) that
occupy adjacent hydrophobic pockets.

Other scaffolds in the series reinforce this pattern.
Compound 4, a quinazolinone–triazole glycoside, tted excep-
tionally in the EGFR cle. Its 4-carbonyl accepts a hydrogen
bond fromMet769, and the glycoside OH's donate two H-bonds
to Asp831. This dual anchoring is rare among non-covalent
EGFR ligands. Compound 10, an indole–triazole hybrid,
showed four H-bonds with Lys721, Glu738 and Met769,
anchoring both the hinge and nearby pocket. It also makes two
ionic contacts with Asp831, and – importantly – its uorine
atoms form a halogen bond to Gln767, adding a directional
stabilizing interaction. Altogether, these interactions (Lys721/
Met769 H-bonds plus Asp831 anchoring and halogen
bonding) explain compound 10's superior docking score. Such
multifunctional binding – hinge bonds plus polar and halogen
contacts – aligns with known EGFR ligand pharmacophores.

Some triazole hybrids exploit the non-covalent Cys773 “back-
pocket” residue. Compound 12 (a 3-acetyl analog) forms key H-
bonds with Met769 and with Cys773 (dual N/O contacts at
2.40, 2.95 Å), while also engaging Lys721 and Thr766 via
hydrophobic contacts. This network overlaps with doxorubi-
cin's anchoring at Met769/Ala719 (EGFR reference), under-
scoring the grip on the hinge area. Likewise, compounds 60 and
61 each form a strong Met769 hinge bond; compound 61's
uoro-phenyl also creates a halogen bond that further stabilizes
the complex. Both compounds engage Cys773 (compound 60
through p-donor bonding, compound 61 indirectly via water),
plus extensive hydrophobic contacts to Leu694, Val702, Ala719
and Leu820. In contrast, compound 65 relies on Lys721 as the
hinge anchor: it forms a single but strong H-bond to Lys721
(1.97 Å), giving it the best docking score in its series. Thus,
triazole inhibitors can anchor either at the classic Met769 hinge
or alternatively at Lys721/Cys773, with both modes yielding
high-affinity binding.

Several compounds highlight advantages like solvent-
mediated binding and dual-target potential. Compound 3 (a
dioxy-quinazoline triazole) formed two hydrogen bonds in
EGFR: directly to Met769 and to Thr766 via structural water.
This water-bridged H-bond to Thr766 (analogous to the EGFR
“gatekeeper” pocket) illustrates how the triazole can mediate
interactions beyond the hinge. Compound 19 showed an espe-
cially rich prole: its quinazoline core H-bonds to Met769 and
to Cys773, and crucially, water molecules mediate H-bonds to
Lys721, Thr766 and Asp831. MD simulations conrmed that
Met769, Cys773 and Lys721 remain stably engaged throughout
a 300 ns trajectory, underscoring these residues as the binding
hotspots. By comparison, compound 1 (a quinazoline–triazole)
not only mimics erlotinib with two Met769 H-bonds, but also
docks strongly to BRAF^V600E. In BRAF it establishes p-H
interactions with Lys483 and Val471 (and a triazole-Ser535
contact), rationalizing its cross-kinase activity. This dual-target
example highlights how the 1,2,3-triazole linker can enable
multi-kinase engagement without losing EGFR potency.

Finally, some hybrids adopt alternative binding modes.
Compound 50 uniquely eschews the hinge: it binds EGFR viaH-
© 2025 The Author(s). Published by the Royal Society of Chemistry
bonds to Cys773 and Asp776, an amide-p stack with Phe771,
and a sulfur-p contact to Met742. In this pose Met769 is
untouched, yet the ligand is secured deep in the pocket by these
interactions (supported by extensive hydrophobics to Val702,
Ala719, etc.). Such an alternate binding prole – distinct from
erlotinib's hinge-centered mode – suggests that triazole hybrids
can occupy non-classical pockets, which may help overcome
resistance mutations at the hinge.

In summary, the docking proles of diverse triazole hybrids
consistently feature the expected EGFR pharmacophore: hinge-
region hydrogen bonds (Met769 or Lys721), interactions with
the gatekeeper/activation loop residues (Thr766, Asp831,
Cys773), and complementary hydrophobic contacts. Water-
bridged hydrogen bonding (as in compounds 3 and 19) and
halogen bonding (as in compounds 10 and 61) further enhance
affinity.
7. ADME-pharmacokinetic evaluation
of triazole-based EGFR inhibitors

Across diverse scaffold classes, the in silico ADME and phar-
macokinetic proles of representative 1,2,3-triazole-based
EGFR inhibitors demonstrate broad alignment with the physi-
cochemical and safety characteristics expected of orally devel-
opable anticancer agents. These computational assessments
provide a rational basis for interpreting the potent enzymatic
and cellular activities reported throughout the review. Within
the quinazoline class, the xylopyranosylated analogue 4 is
particularly illustrative. It retained submicromolar EGFR
inhibitory activity while satisfying Lipinski's criteria and
exhibiting favorable solubility and polarity. Crucially, it was
predicted to lack hERG channel inhibition and to exhibit
negligible blood–brain barrier (BBB) penetration, supporting its
suitability for peripheral, kinase-targeted therapeutic
applications.

In the chromene/coumarin series, sugar- and benzimidazole-
conjugated derivatives such as 19–21 demonstrated robust
EGFR inhibition while maintaining compliance with Lipinski
and Veber lters. These compounds were associated with high
predicted intestinal absorption and an absence of hepatotox-
icity and cardiotoxicity alerts. In particular, compounds 20 and
21 showed a low probability of BBB penetration, supporting
their potential as systemically acting anticancer agents with
minimal central nervous system (CNS) exposure. Among pyri-
dine- and pyrimidine-based hybrids, several low-micromolar to
submicromolar inhibitors (e.g., 23–26) exhibited physicochem-
ical features consistent with oral bioavailability. The
thiazolidinone-linked analogue 27 stood out for combining
potent EGFR inhibition with predicted P-glycoprotein non-
substrate behavior and restricted BBB penetration, indicating
potential for favorable systemic exposure without CNS-related
adverse effects.

Quinoline–triazole hybrids, exemplied by 37 and 39,
exhibited potent kinase inhibition within a lipophilicity and
polarity range compatible with oral drug candidates.
Compound 37 achieved an EGFR IC50 of 0.14 mM while fully
RSC Adv., 2025, 15, 40998–41047 | 41037
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satisfying drug-likeness criteria. Compound 39 similarly
demonstrated no violations of Lipinski's rules and was pre-
dicted to have low BBB permeability, supporting its pharma-
cokinetic suitability for selective antiproliferative activity. The
benzimidazole–triazole derivatives 41 and 42 combined nano-
molar EGFR inhibition with predicted oral bioavailability and
absence of major toxicity risks. Their favorable proles,
including projected selectivity toward cancer cells, reinforce
their candidacy for further development. Indole-based triazoles,
including 45 and 46, offered a comparable balance between
efficacy and drug-likeness. These compounds remained within
acceptable physicochemical bounds (e.g., moderate log P,
TPSA), exhibited low-to-moderate hERG liability, and demon-
strated permeability characteristics consistent with oral
absorption.

Oxindole and isatin hybrids provided further examples of
dual-target inhibitors exhibiting favorable developability.
Compound 52, in particular, combined nanomolar inhibition
of both EGFR and PARP-1 with compliance to Lipinski's rule
and low predicted BBB permeability. Compound 53, also
favorably positioned in physicochemical space, was character-
ized by selective cytotoxicity and low off-target liability. The
imidazole-linked series, especially compounds 62–65, demon-
strated broad compliance with drug-likeness rules, favorable
intestinal absorption, and limited BBB access. Their balanced
lipophilicity (log P z 1–3) and mid-range TPSA values further
support their oral viability.

Oxadiazole–triazole conjugates such as 66–68 combined dual
inhibition of EGFR and VEGFR-2 in the low-nanomolar range
with classical medicinal chemistry attributes, including
moderate lipophilicity (log P z 2–3), TPSA z 100 Å2, and full
compliance with Lipinski's criteria. Related analogues 69–71
mirrored these proles, suggesting scaffold-level consistency.
Thiadiazine-based hybrids (75–77) achieved submicromolar
EGFR inhibition while exhibiting acceptable aqueous solubility
and minimal hERG risk, supporting their inclusion among
orally tractable leads.

Natural product-inspired scaffolds provided additional
pharmacokinetically promising designs. The carvacrol-derived
compound 78 combined strong EGFR affinity with predicted
high oral bioavailability and a non-mutagenic prole. Similarly,
the thymol-based analogue 79 satised standard drug-likeness
parameters and showed excellent predicted intestinal absorp-
tion. Schiff base and thiosemicarbazone hybrids (80–82) also
aligned well with drug-like physicochemical space. Compound
80, in particular, paired potent EGFR inhibition with favorable
ADME attributes and negligible predicted BBB penetration,
supporting peripheral restriction.

Finally, drug-derived triazole hybrids extended this devel-
opability into translational territory. Getinib–triazole conju-
gates (83 & 84) and erlotinib derivative 88 combined improved
kinase potency with excellent predicted absorption and low CNS
exposure. Additionally, metronidazole-based analogues 92 and
93 maintained acceptable physicochemical proles and low-
micromolar antiproliferative activity, further validating the
utility of triazole-based modications for enhancing pharma-
cokinetic properties.
41038 | RSC Adv., 2025, 15, 40998–41047
Collectively, these data—spanning quinazoline, chromene,
pyridine/pyrimidine, quinoline, benzimidazole, indole,
oxindole/isatin, imidazole, oxadiazole, and thiadiazine hybrids,
as well as natural-product, Schiff base, and clinically derived
scaffolds—underscore the pharmacokinetic versatility of the
1,2,3-triazole motif. This moiety can be rationally incorporated
to maintain or enhance EGFR-targeted efficacy while conferring
key developability features such as high intestinal absorption,
rule-of-ve compliance, low hERG and mutagenicity risk, and,
when desirable, peripherally restricted distribution. This inte-
grated pharmacokinetic perspective reinforces the clinical
potential of triazole-bearing EGFR inhibitors and directly
addresses the reviewer's request by linking structural class to
drug-likeness and in silico PK properties.
8. Structure–activity relationship
8.1. Triazole as hinge-binding enhancer

The 1,2,3-triazole moiety facilitates EGFR affinity via hydrogen
bonding (oen with Met793 or Lys721) and p-stacking with
aromatic residues. Its incorporation at C-6 or C-7 positions of
kinase-recognized scaffolds (e.g., quinazoline, quinoline,
pyrimidine) enhances orientation within the ATP pocket and
frequently improves cellular activity.
8.2. Substitution on triazole-linked phenyl rings tunes
cytotoxicity

Electron-withdrawing groups (e.g., 4-chloro, 4-nitro, CF3) on
triazole-linked aryl rings signicantly increase antiproliferative
potency and enzymatic inhibition. For instance, di-
chlorophenyl- or triuoromethyl-substituted hybrids oen
reached IC50 values <0.5 mM in EGFR enzyme assays and <5 mM
in MCF-7 or A549 cells.
8.3. Flexible vs. rigid linkers between core and triazole

Methylene and ethylene linkers afford exibility, improving
kinase pocket accommodation and cellular uptake. However,
rigid linkers (e.g., barbituric acid or oxadiazole) can improve
selectivity and binding affinity if sterically well-oriented, espe-
cially in dual EGFR/VEGFR-2 inhibitors.
8.4. Sugar conjugation boosts solubility and selectivity

Glycosylation (e.g., D-glucose or glucopyranosyl moieties) on
triazole-bearing hybrids signicantly enhanced water solubility,
membrane permeability, and cancer selectivity. Glucosylated
triazole-pyrimidines and quinazolines showed IC50 values of
0.16–0.31 mM for EGFR and reduced toxicity against normal WI-
38 broblasts.
8.5. Halogen tuning enhances selectivity and binding
stability

Halogenated phenyl groups (e.g., Cl, F, I) improved binding
energy and docking stability via halogen-p and hydrophobic
interactions. Uracil-coumarin hybrids with iodine (compound
© 2025 The Author(s). Published by the Royal Society of Chemistry
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22) showed lower RMSD and better EGFR docking proles than
erlotinib.
9. Nitrosamine risk considerations in
the synthesis of 1,2,3-triazole-based
EGFR inhibitors

Given the increasing regulatory emphasis on nitrosamine
control, and considering the prevalence of 1,2,3-triazole hybrids
and associated heterocycles (e.g., quinazoline, coumarin,
pyrimidine, quinoline, benzimidazole, indole, oxindole, imid-
azole, oxadiazole, thiadiazine) in the EGFR inhibitor literature,
a brief risk assessment of potential N-nitrosamine formation
during synthetic steps is warranted.

Nitrosamines (R2N–NO) are classied as probable human
carcinogens,128 and their formation typically arises from the
reaction of secondary or tertiary amines with nitrosating species
such as nitrous acid (HNO2), particularly under mildly acidic
conditions (optimal pH ∼3–4). Regulatory agencies including
the EMA, FDA, and ICH now mandate proactive evaluation of
nitrosamine drug substance-related impurities (NDSRIs) during
development and commercial manufacturing, even in the
absence of observed contamination. Acceptable daily intake (AI)
thresholds for many nitrosamines are extremely low—26.5 ng
per day (FDA) and 18 ng per day (EMA)129,130 for cohort-of-
concern compounds—placing a premium on early route
design and risk mitigation.

While the Cu(I)-catalyzed azide–alkyne cycloaddition (“click
chemistry”) used to generate 1,4-disubstituted 1,2,3-triazoles
does not itself employ nitrosating reagents, the precursor steps
oen do. Notably, diazotization of anilines (NaNO2/HCl) to form
aryl azides is a commonly used strategy in triazole-based EGFR
inhibitor synthesis. These reactions introduce nitrosating
conditions and can leave residual nitrite,131 which, if not prop-
erly purged, may interact with amines present in the substrate,
intermediates, solvents (e.g., dimethylamine-containing DMF),
or excipients to generate nitrosamines such as NDMA or
NDEA.132

In the case of 1,2,3-triazole-EGFR inhibitor hybrids, the risk
of nitrosamine formation is route-dependent, not scaffold-
intrinsic. The triazole ring itself contains no N–H group and
is chemically stable. However, the azide installation step—oen
required for the “click” reaction—poses a recurring concern.
Several synthetic pathways reported in the literature utilize
diazotization/azidation protocols that could introduce nitrite. If
the triazole-bearing molecule also contains morpholine, piper-
azine, or dialkylamino side chains, as seen in many quin-
azoline– or benzimidazole–triazole hybrids, the structural
conditions for NDSRI formation become plausible.

Scaffold-specic insights are also relevant:
� Quinazoline, quinoline, pyridine, and pyrimidine scaf-

folds, which lack secondary amine N–H groups, are inherently
low-risk. However, appended side chains or synthetic interme-
diates bearing nitrosatable nitrogen atoms should be carefully
evaluated.
© 2025 The Author(s). Published by the Royal Society of Chemistry
� Benzimidazole, indole, imidazole, oxindole, and isatin
scaffolds do contain N–H groups, but classical N-nitrosamine
formation is uncommon due to aromatic stabilization and low
nucleophilicity. Nevertheless, these systems may undergo rear-
rangements under nitrosative conditions, especially in the
presence of NOx, necessitating caution.

� Coumarins, oxadiazoles, and thiadiazines, which lack
nitrogen-based functionalities capable of nitrosation, are
intrinsically safe with respect to classical R2N–NO formation,
provided their synthetic routes avoid exogenous amines and
nitrosating agents.

Regulatory guidance (e.g., ICH M7, FDA RAIL, EMA Q&A)
recommends the following best practices during development
of triazole-EGFR inhibitors:

� Prefer nitrite-free azide synthesis routes (e.g., halide /

azide) when possible.
� If diazotization is used, strictly control pH, temperature,

and avoid the co-presence of secondary amines.
� Rigorously purge nitrite residues prior to exposure to

amine-containing steps.
� Employ validated LC-HRMS methods to detect potential

nitrosamines at low ng per day levels, guided by structural alerts
and CPCA-based potency categorization.

Despite the fact that none of the reviewed EGFR-targeted
triazole hybrids report detected nitrosamine impurities,
adherence to these control strategies ensures synthetic robust-
ness and regulatory compliance. Future reports should trans-
parently document whether diazotization was used, what
amine-bearing functionalities were present, and how nitro-
sation risks were mitigated or excluded.
10. Impurity profiling and analytical
validation for 1,2,3-triazole hybrids

When designing new 1,2,3-triazole hybrids, the impurity
proles of the synthetic routes are only inconsistently
addressed in the medicinal chemistry literature. Most reports
conrm compound integrity by NMR, HRMS, or HPLC purity
(>95%), but systematic impurity proling—particularly of
residual copper or minor byproducts—is seldom performed.
Dedicated process-oriented studies demonstrate that such
proling is feasible: ICP-MS has quantied copper in CuAAC
products at levels as low as #1 ppm with heterogeneous cata-
lysts, 14–20 ppm in continuous-ow reactions, and 15 ppm aer
targeted sulde washes, all comfortably below ICH Q3D Class 3
thresholds. Yet, these careful analyses remain the exception
rather than the rule, and medicinal chemistry reports on
triazole-EGFR hybrids generally stop short of quantifying or
validating impurity controls.

Organic impurities and side reactions provide a further layer
of concern. Excess or unreacted alkyne and azide starting
materials are not always reported, and under more forcing
conditions, oxidative alkyne homocoupling can generate
signicant byproducts, as shown by Ali et al.133 with 43%
dimerization of propargyl ethers. In typical SAR studies, such
impurities are not actively investigated, and NMR alone may
RSC Adv., 2025, 15, 40998–41047 | 41039
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overlook species present at <5%. More advanced tools such as
LC-MS, GC-MS, or ion chromatography—capable of identifying
low-level organic impurities, nitrite residues, or unreacted
azides—are rarely applied. This suggests that, while “purity” is
oen declared, a complete impurity prole is usually not
established when new triazole hybrids are reported.

The quality of the experimental methods available for
impurity proling, however, is high when they are employed.
ICP-MS and ICP-OES provide ppb–ppm sensitivity for elemental
copper, ion chromatography can detect residual nitrite and
azide at ppm levels, and validated LC-MS/MS or GC-MS/MS
methods (USP h1469i) reliably quantify nitrosamines and
mutagenic species down to the low-ppb range. Regulatory
frameworks such as ICH Q2(R2), Q3D(R2), and Q14 outline how
these methods should be validated and applied. The limitation
lies not in the adequacy of the analytical platforms—which are
robust, sensitive, and regulatory-accepted—but rather in their
inconsistent adoption in medicinal chemistry practice. Future
development of 1,2,3-triazole hybrids would benet from
systematically incorporating such validated impurity assess-
ments into routine characterization, ensuring both scientic
rigor and compliance with evolving regulatory expectations.
11. Future directions

Future research on 1,2,3-triazole EGFR inhibitors must evolve
from proof-of-concept cytotoxicity studies toward clinically
actionable drug candidates. Several concrete opportunities
stand out.
11.1. Advancing promising scaffolds to in vivo validation

Quinazoline–triazole hybrids and oxadiazole–triazole conju-
gates have repeatedly demonstrated sub-nanomolar EGFR
inhibition and strong apoptosis induction in vitro. Yet, most
reports stop at docking and 2D cell assays. Moving these leads
into xenogra or patient-derived models is an urgent next step
to conrm therapeutic relevance.
11.2. Resistance-directed design

Only a handful of triazole derivatives have been tested against
clinically important resistant mutants (e.g., EGFR^L858R/
T790M, EGFR^C797S). Expanding structure-based optimiza-
tion against these variants, possibly using irreversible or cova-
lent triazole linkers, will directly address one of the greatest
clinical challenges.
11.3. Rational polypharmacology with translational focus

While dual EGFR/VEGFR-2 or EGFR/BRAF hybrids have shown
promise, careful balance between efficacy and off-target toxicity
is still lacking. Future efforts should systematically explore tri-
azole hybrids that couple EGFR inhibition with epigenetic
modulators (e.g., HDAC, BET inhibitors) or immuno-oncology
targets, supported by mechanistic pathway assays.
41040 | RSC Adv., 2025, 15, 40998–41047
11.4. Emerging modalities

Incorporating triazoles into PROTAC-based EGFR degraders is
an attractive paradigm, but the eld is still nascent. Early
triazole-containing degraders should be optimized for linker
length, ternary complex stability, and selective degradation of
mutant EGFR isoforms. Similarly, covalent triazole conjugates
targeting non-classical cysteine residues could open new allo-
steric opportunities.
11.5. Drug-likeness and delivery

Solubility and pharmacokinetics remain bottlenecks. Beyond
standard medicinal chemistry, formulation approaches—
nanoparticle encapsulation, triazole-based prodrugs, or anti-
body–drug conjugates—should be explored to improve tumor
selectivity and systemic stability.
11.6. AI-driven design

The increasing availability of EGFR mutant crystal structures
and machine-learning models enables prediction of triazole
substitutions with higher precision. Coupling AI-guided SAR
exploration with rapid click-chemistry synthesis could accel-
erate discovery pipelines dramatically.
Conclusion

1,2,3-Triazole-based hybrids have proven to be highly versatile
scaffolds in the development of EGFR inhibitors, combining
ease of synthesis, chemical stability, and the capacity to form
productive interactions within the kinase active site. When
integrated into privileged scaffolds such as quinazolines,
coumarins, pyrimidines, quinolines, benzimidazoles, indoles,
oxindoles, and oxadiazoles, these hybrids have delivered potent
EGFR inhibition, strong antiproliferative effects, and, in many
cases, the ability to selectively target cancer cells over normal
ones. Importantly, several triazole derivatives have demon-
strated activity against resistant EGFR mutants, and some have
shown encouraging dual-target effects on kinases like VEGFR-2
or BRAF, opening avenues for multi-pathway modulation.
Looking ahead, future progress will depend on advancing the
most promising scaffolds beyond in vitro assays into in vivo
models to conrm their therapeutic relevance, and on priori-
tizing resistance-directed design to address clinically chal-
lenging mutations such as T790M and C797S. Expanding the
scope of triazole hybrids into allosteric inhibitors and degraders
offers a particularly promising route, as these strategies may
bypass classical resistance mechanisms. At the same time,
continued efforts to improve solubility, metabolic stability, and
pharmacokinetics—through structural optimization, prodrug
design, or modern delivery systems—will be essential for
translation into clinical settings. In this way, the integration of
medicinal chemistry, structural biology, and pharmacology can
ensure that triazole hybrids advance from potent experimental
agents to viable candidates for next-generation EGFR-targeted
therapies.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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