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Design and Mechanistic Investigation of Novel
Metallodrugs: From Structure-Activity
Relationships to Selective Cancer Cell Targeting

Samad Khaksar a,*, Nosrat Behzadi b, Hasan Zakeri c, Peyman Salahshour a,
Sara Abdolmaleki a

a Department of Chemistry, School of Science and Technology, The University of Georgia, Tbilisi, Georgia
b Amol Farhikhtegan Non-Govermental High School, Amol, Iran
c Office of Education, Chamestan, Iran

ABSTRACT

The relentless pursuit of alternatives to conventional platinum-based chemotherapeutics, hampered by severe side
effects and drug resistance, defines a critical frontier in oncology drug discovery. This review consolidates and highlights
the significance of our recent advances in designing novel metallodrugs based on pyridine-2,6-dicarboxylate derivatives
coordinated with various metal ions (Ga(III), Ce(IV), Zn(II), Cu(II), Ni(II), Sr(II)). Through systematic synthesis and
evaluation, we establish how strategic structural modifications dictate cytotoxicity, cellular uptake, and mechanistic
pathways. Our comprehensive in vitro profiling across a panel of human cancer cell lines (including A431, SW480,
BEL-7404) revealed potent anticancer activity, with IC50 values as low as 0.56 µM, coupled with remarkable selectivity
over normal cell lines (IC50 > 500 µM). Mechanistic investigations, employing flow cytometry, western blotting,
and fluorescence microscopy, demonstrated that these complexes induce cell death via metal-dependent pathways,
including apoptosis (intrinsic and extrinsic), autophagy, and cell cycle arrest, often accompanied by significant reactive
oxygen species (ROS) generation. The distorted octahedral geometry prevalent in the most active complexes correlates
with enhanced cellular uptake and target interaction. This work underscores the profound impact of rational design
in metallodrug development, offering a robust platform for creating next-generation anticancer agents with superior
efficacy, selectivity, and multi-mechanistic profiles to overcome the limitations of current therapies.

Keywords: Metallodrugs, Anticancer agents, Pyridine-2,6-dicarboxylate, Structure-activity relationship, Apoptosis, Au-
tophagy, Selective cytotoxicity

1. Introduction

Cancer continues to be a major global health
challenge, driving researchers worldwide to develop
new treatment approaches. Although platinum-based
medications like cisplatin, carboplatin, and oxali-
platin have proven effective in clinical settings, they
come with significant drawbacks including serious
side effects, the development of drug resistance, and
poor discrimination between healthy and cancer-

ous cells [1]. This has driven researchers to explore
alternative metal-based anticancer agents that can
overcome these limitations while maintaining or im-
proving therapeutic efficacy.

What makes metal complexes particularly interest-
ing as anticancer drugs is their versatility. They can
adopt different shapes and structures, have various
oxidation states, and can interact with multiple tar-
gets inside cancer cells at the same time. When we
add bioactive organic ligands to these metal centers,
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we can make them even more effective by help-
ing them get into cells better, target specific areas,
and cause fewer side effects throughout the body
[2–4]. Among various ligand systems, pyridine-2,6-
dicarboxylate derivatives have emerged as particu-
larly promising scaffolds due to their ability to form
stable complexes with multiple metal centers while
maintaining favorable pharmacological properties.

To position our work within the current scien-
tific landscape, a comprehensive literature search
was conducted using major databases (including
Scopus, PubMed, and Web of Science) for the pe-
riod of 2015-2024. The search utilized keywords
such as "non-platinum metallodrugs," "pyridine-
dicarboxylate complexes," "anticancer metal com-
plexes," "structure-activity relationship," and "tar-
geted cancer therapy." This review focuses on syn-
thesizing findings from this period, with particular
emphasis on our recent contributions to this field, to
provide a coherent analysis of SAR in metallodrug
design. This approach is aligned with the grow-
ing interest in sustainable and biogenic synthesis of
nanomaterials for biomedical applications, as exem-
plified by recent studies on silver nanoparticles [10]
and plant-derived selenium nanoparticles [11], which
also highlight the importance of novel material design
in therapy.

Understanding structure-activity relationships
(SAR) has become increasingly important in
metallodrug research. We’ve found that even
small changes in molecular structure can lead
to dramatic differences in how these compounds
behave biologically - affecting everything from their
potency to their selectivity and the way they kill
cancer cells. The metal center itself, how the atoms
are arranged around it, the ligand structure, and
even the extra-nuclear cations all play crucial roles
in determining how well these complexes work as
anticancer agents.

Furthermore, the exploration of green-synthesized
nanomaterials, such as chitosan-based formula-
tions for bioactive delivery [12] and characterized
nanocomposites with antioxidant and antibacterial
properties [13], underscores a parallel research thrust
towards biocompatible and ecologically friendly ther-
apeutic agents. Our work on well-defined molecular
metallodrugs complements these approaches by pro-
viding precise structural control for mechanistic
investigation.

This review presents a comprehensive analysis of
our recent research efforts in developing novel met-
allodrugs based on pyridine-2,6-dicarboxylate ligand
systems. We demonstrate how systematic structural
modifications influence cytotoxicity, cellular uptake,
and mechanism of action across a diverse panel of

cancer cell lines, providing valuable insights for the
rational design of improved anticancer metallodrugs.

2. Structural design and synthesis strategy

2.1. Ligand selection and metal center variation

Our research focused on pyridine-2,6-dicarboxylate
and its derivatives as primary ligands due to their
excellent chelating properties and proven biological
activity. The tridentate coordination mode through
two carboxylate oxygen atoms and the pyridine nitro-
gen provides stable complex formation with various
metal centers. We systematically investigated com-
plexes with different metal ions including Ga(III),
Ce(IV), Zn(II), Cu(II), Ni(II), and Sr(II) to understand
how the electronic and steric properties of the metal
center influence biological activity [5–9].

The choice of these metals was based on several
considerations: (1) their known biological roles and
biocompatibility, (2) distinct electronic configura-
tions leading to different redox behaviors, (3) varying
ionic radii affecting coordination geometry, and (4)
different Lewis acidities influencing ligand binding
and cellular interactions.

2.2. Extra-nuclear cation effects

A particularly novel aspect of our research in-
volves the systematic investigation of extra-nuclear
cation effects on cytotoxicity. We demonstrated that
seemingly minor structural changes in the extra-
nuclear cations can lead to significant differences in
biological activity. For example, in our Ga(III) com-
plexes, changing the position of the NH2 substitution
in aminopyridine extra-nuclear cations from the 2-
position to the 4-position resulted in approximately



AL-MUSTAQBAL JOURNAL OF PHARM. & MED. SCIENCES 2025;3:135–139 137

five-fold difference in IC50 values against A431 cells
(0.69 µM vs 3.78 µM).

2.3. Coordination geometry and crystal structure
analysis

Single-crystal X-ray diffraction studies revealed
that most biologically active complexes adopt dis-
torted octahedral geometries. This distortion appears
to be crucial for biological activity, as it may
facilitate interactions with biological targets and
influence cellular uptake mechanisms. The crystal-
lographic data also revealed extensive hydrogen
bonding networks and π -π stacking interactions that
contribute to the overall stability and solubility of the
complexes.

2.4. Summary of key experimental methods

To provide context for the results discussed herein,
the primary experimental conditions are summa-
rized. Cytotoxicity (IC50) was determined using the
MTT assay on various cancer and normal cell lines
after a 72-hour incubation period. Cellular uptake
was quantified by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Apoptosis was assessed via
Annexin V/PI staining and flow cytometry, while
autophagy and cell cycle analysis were conducted
using western blotting for key protein markers (LC3-
II, Beclin-1, p62) and PI staining followed by flow
cytometry, respectively. Reactive Oxygen Species
(ROS) generation was measured using the DCFH-DA
probe. All complexes were characterized by elemental
analysis, FT-IR, and NMR spectroscopy, with struc-
tures unequivocally confirmed by single-crystal X-ray
diffraction.

3. Cytotoxicity profiles and structure-activity
relationships

3.1. Cancer cell line selectivity

Comprehensive cytotoxicity screening across mul-
tiple cancer cell lines revealed distinct selectivity
patterns for different metal complexes. The most po-
tent compounds demonstrated IC50 values as low as
0.56 µM for Cu(II) complexes against BEL-7404 cells
and 0.69 µM for Ga(III) complexes against A431 cells.
Importantly, these active compounds showed signifi-
cantly reduced cytotoxicity against normal cell lines
(HFF, LO2, CCD841CoN), with IC50 values typically
exceeding 500 µM, indicating favorable selectivity
indices.

3.2. Metal center-dependent activity

Our studies revealed clear metal center-dependent
activity patterns:

• Ga(III) complexes: Showed excellent activity
against A431 cells with strong ROS production
capabilities

• Ce(IV) complexes: Demonstrated the highest elec-
trochemical activity and superior cytotoxicity
against SW480 cells (IC50 = 1.89 µM)

• Cu(II) complexes: Exhibited potent activity
against BEL-7404 cells with strong apoptotic
induction

• Ni(II) complexes: Showed moderate activity with
predominant autophagy induction

• Zn(II) and Sr(II) complexes: Displayed selective
activity against specific cell lines

3.3. Ligand structure influence

The choice of pyridine-2,6-dicarboxylate deriva-
tives significantly impacted biological activity. Hy-
droxylated derivatives generally showed enhanced
activity, possibly due to improved hydrogen bonding
interactions with biological targets. The incorpora-
tion of aminopyridine extra-nuclear cations provided
additional opportunities for structural modification
and activity tuning.

4. Mechanistic insights

4.1. Cellular uptake and distribution

ICP-MS studies revealed that the metallodrug com-
plexes achieved significantly higher cellular accumu-
lation compared to simple metal salts. For instance,
Ga(III) complexes showed 2-3 fold higher cellular
uptake in A431 cells compared to Ga(NO3)3. This
enhanced uptake correlates strongly with cytotoxic
potency, suggesting that improved bioavailability
contributes to therapeutic efficacy.

4.2. Reactive oxygen species generation

Most active metallodrugs demonstrated signif-
icant ROS production capabilities. Ce(IV) com-
plexes showed the most pronounced ROS generation
(448.6% increase over control), while Cu(II) com-
plexes produced moderate but sustained ROS levels
(404.8% increase). This ROS production appears to be
metal-dependent, with electrochemically active met-
als showing greater oxidative stress induction.
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4.3. Cell death mechanisms

When we looked at how these different metal com-
plexes kill cancer cells, we discovered that the type of
metal really matters for determining which cell death
pathway gets activated:

4.3.1. Apoptosis pathways
• Intrinsic (mitochondrial) pathway: Confirmed

through cytochrome c release, procaspase-9 and
-3 activation, and mitochondrial membrane po-
tential collapse

• Extrinsic pathway: Observed in select com-
plexes through Fas receptor upregulation and
procaspase-8 activation

• Bimodal apoptosis: Some complexes (particularly
Ce(IV)) induced both intrinsic and extrinsic path-
ways simultaneously

4.3.2. Autophagy induction
Ni(II) complexes showed predominant autophagy

induction through the RAGE/PI3KC3/Beclin 1 path-
way. Western blotting confirmed upregulation of
LC3-II, Beclin 1, and RAGE proteins, along with p62
downregulation.

4.3.3. Cell cycle arrest
Different complexes induced cell cycle arrest at dif-

ferent phases:

• G2/M arrest: Common with Cu(II) and Ga(III)
complexes

• S phase arrest: Observed with Ni(II) and Sr(II)
complexes

• Multiple checkpoint activation in some cases

5. Therapeutic implications and future
perspectives

5.1. Advantages over platinum drugs and biomedical
potential

The metallodrugs presented herein represent a solid
and innovative alternative to existing platinum-based
therapeutics. Their advantages are multifold. First
and foremost, they exhibit exceptional selectivity,
targeting cancer cells while sparing normal cells,
which directly addresses the dose-limiting toxicity
of cisplatin and its analogs. Second, their ability to
engage multiple cell death pathways (e.g., apoptosis,
autophagy) simultaneously or in a metal-dependent
manner creates a higher barrier for the development
of cancer cell resistance, a major clinical draw-
back of single-mechanism drugs. Third, the enhanced
cellular uptake of these complexes, as opposed to

simple metal salts, translates to higher intracellular
bioavailability at the target site, potentially allowing
for lower administered doses. This profile suggests
a significantly wider therapeutic window and re-
duced side-effect profile compared to conventional
chemotherapeutics.

5.2. Clinical translation potential

The favorable in vitro profiles of these metallo-
drugs, particularly their high selectivity indices and
multiple mechanism capabilities, suggest strong po-
tential for clinical translation. The most promising
candidates (Ga(III) and Ce(IV) complexes) warrant
further investigation in animal models to assess in
vivo efficacy and safety profiles.

5.3. Future research directions

Based on these results, we see several promising
directions for future work. One area we’re excited
about is testing combinations of these metallodrugs
together or with existing chemotherapy drugs. We’re
also interested in developing better delivery systems
that could make these compounds even more targeted
to cancer cells.

Furthermore, exploring green chemistry principles
for the synthesis of these complexes, inspired by the
advances in biogenic nanoparticle synthesis [10, 11],
could enhance their sustainability and biocompatibil-
ity profile. The integration of these metallodrugs into
nano-formulations, similar to chitosan-based systems
used for natural extract delivery [12], could further
improve their stability, targeting, and controlled re-
lease.

6. Conclusions

Our detailed study of these new pyridine-2,6-
dicarboxylate-based metallodrugs shows how valu-
able systematic structure-activity relationship ap-
proaches can be when developing better cancer
treatments.

Key findings include:

1. Central metal choice critically determines bio-
logical activity and mechanism of action, with
Ga(III), Ce(IV), and Cu(II) showing the most
promising profiles.

2. Extra-nuclear cations significantly influence cy-
totoxicity, even with minor structural modifica-
tions leading to dramatic activity changes.

3. Multiple cell death mechanisms can be in-
duced, including intrinsic/extrinsic apoptosis,



AL-MUSTAQBAL JOURNAL OF PHARM. & MED. SCIENCES 2025;3:135–139 139

autophagy, and cell cycle arrest, depending on
the metal center and structural features.

4. Excellent selectivity for cancer cells over normal
cells provides a favorable therapeutic window
for clinical development.

5. Enhanced cellular uptake compared to simple
metal salts contributes to improved therapeutic
efficacy.

These findings contribute significantly to the
field of metallodrug development and provide a
solid foundation for advancing the most promising
candidates toward clinical evaluation. The demon-
strated ability to tune biological activity through
rational structural design offers exciting possibili-
ties for developing personalized anticancer thera-
pies tailored to specific cancer types and patient
populations.
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13. A Baran, E Ertaş, MF Baran, A Eftekhari, Z Gunes, C Keskin, SA
Usanov, and R Khalilov, “Green-synthesized characterization,
antioxidant and antibacterial applications of CtAC/MNPs-Ag
nanocomposites,” Pharmaceuticals, vol. 17, no. 6, p. 772,
2024.


	Design and Mechanistic Investigation of Novel Metallodrugs: From Structure-Activity Relationships to Selective Cancer Cell Targeting
	Recommended Citation

	Design and Mechanistic Investigation of Novel Metallodrugs: From Structure-Activity Relationships to Selective Cancer Cell Targeting
	1 Introduction
	2 Structural design and synthesis strategy
	2.1 Ligand selection and metal center variation
	2.2 Extra-nuclear cation effects
	2.3 Coordination geometry and crystal structure analysis
	2.4 Summary of key experimental methods

	3 Cytotoxicity profiles and structure-activity relationships
	3.1 Cancer cell line selectivity
	3.2 Metal center-dependent activity
	3.3 Ligand structure influence

	4 Mechanistic insights
	4.1 Cellular uptake and distribution
	4.2 Reactive oxygen species generation
	4.3 Cell death mechanisms
	4.3.1 Apoptosis pathways
	4.3.2 Autophagy induction
	4.3.3 Cell cycle arrest


	5 Therapeutic implications and future perspectives
	5.1 Advantages over platinum drugs and biomedical potential
	5.2 Clinical translation potential
	5.3 Future research directions

	6 Conclusions

	Acknowledgments
	Funding statement
	Conflict of interest
	References

