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KEYWORDS Abstract
Noble-metal [Neglected tropical diseases and malaria continue to impose a substantial health burden on
metallodrugs marginalized populations, while conventional antiparasitic therapies are increasingly limited by
> drug resistance, toxicity, poor pharmacokinetic profiles, and inadequate accessibility. This review
Neglected tropical highlights recent advances in the application of d-block noble-metal scaffolds, including
diseases, Antiparasitic [ruthenium, iridium, gold, platinum, silver, and palladium complexes, as promising alternatives for
chemotherapy, the development of next-generation antiparasitic agents. Their variable oxidation states, tunable

ligand-exchange kinetics, diverse three-dimensional geometries, redox activity, and ability to
interact with parasite-specific biomolecular targets provide important advantages over
conventional organic chemotypes. Noble-metal complexes can disrupt essential parasitic processes
Nanotechnology and by inhibiting trypanothione reductase and thioredoxin reductase, inducing reactive oxygen species-

Reactive oxygen
species,

drug delivery mediated oxidative stress, impairing mitochondrial function, interfering with heme detoxification,
and damaging DNA and other macromolecules. Hybrid metallodrugs incorporating nitroimidazole,

Article Info quinoline, Schiff-base, phosphine, or N-heterocyclic carbene ligands may further achieve
synergistic, multi-target activity and potentially reduce the development of resistance. The review

Received:28-07-2026 also discusses structural architectures such as piano-stool, polypyridyl, cyclometalated, square-

planar, and heterobimetallic complexes. Despite their considerable promise, clinical translation
Accepted:15-08-2026 remains constrained by off-target toxicity, serum-protein binding, limited tissue penetration, rapid

ligand exchange, and insufficient in vivo validation. Rational structure—activity relationship
Published:25-08-2026 optimization, nano-delivery systems, density functional theory, and artificial intelligence-assisted
screening may overcome these barriers.
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Introduction
The unmet need in parasitic chemotherapy is
epitomized by the staggering global burden of
WHO-prioritized Neglected Tropical Diseases
(NTDs) and malaria, which collectively afflict
over 1.7  Dbillion individuals annually,
predominantly within marginalized populations
residing in sub-Saharan Africa, South Asia, and
Latin America,

where poverty, inadequate

sanitation, and limited healthcare access
exacerbate transmission dynamics and sustain a
cycle of morbidity and mortality that incurs
approximately 14.1 million disability-adjusted
life years (DALYs) and 119,000 deaths annually,
with children under five and pregnant women
bearing the disproportionate brunt of this
epidemiological crisis (Yajima et al., 2023). This
dire landscape is further compounded by the
molecular failure mechanisms of legacy organic
antiparasitic =~ agents, including trivalent
antimonials for leishmaniasis, benznidazole and
nifurtimox for Chagas disease, and artemisinin
derivatives for malaria, all of which are
increasingly undermined by rapid resistance
emergence driven by multifactorial genetic and
biochemical adaptations such as the modulation
of key enzymes required for pro-drug activation
(e.g., nitroreductases like TcNTR  in
Trypanosoma cruzi), overexpression of ATP-
binding cassette (ABC) transporters facilitating
efflux-mediated drug clearance, upregulation of
antioxidant defense systems including superoxide
and reductase to

dismutase trypanothione
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neutralize reactive oxygen species generated by
nitro-heterocyclic compounds, and mutations in
DNA repair pathways that confer survival
advantages under chemotherapeutic pressure,
thereby rendering these frontline regimens
progressively obsolete in endemic regions with
high transmission intensity (Fitzpatrick et al.,
2018). Compounding these efficacy challenges is
the high host cytotoxicity and severe side-effect
profiles intrinsic to current antiparasitic
pharmacotherapies, wherein trivalent antimonials
induce cardiotoxicity, hepatotoxicity, and
pancreatitis through mitochondrial dysfunction

and oxidative stress; benznidazole and nifurtimox

provoke dermatological hypersensitivity
reactions, peripheral neuropathy, and
gastrointestinal ~ distress via  nitro-radical-

mediated cellular damage; and artemisinin

combinations, while generally safer, still elicit

delayed hemolysis and rare but serious
anaphylactoid responses, collectively
contributing to poor patient compliance,
treatment  discontinuation, and suboptimal

therapeutic outcomes that perpetuate reservoir
populations and facilitate recrudescence (Hotez
et al., 2016). These limitations underscore an
urgent demand for novel structural modalities
capable of accessing unexploited biological
targets within parasitic pathogens, such as
invariant surface glycoproteins, kinetoplastid-

specific metabolic enzymes (e.g., trypanothione

synthetase, N-myristoyltransferase), apicoplast
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biogenesis machinery in Plasmodium spp., and

epigenetic regulators like histone deacetylases,
which offer the potential for selective toxicity,
reduced resistance liability, and improved
pharmacokinetic-pharmacodynamic profiles that
align with the therapeutic imperatives of safety,
efficacy, and accessibility in resource-
constrained settings (Martins-Melo et al., 2018).
The convergence of these factors epidemiological
urgency, mechanistic obsolescence of legacy

drugs, intolerable toxicity burdens, and the
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paucity of innovative chemotypes necessitates a
paradigm shift toward rational drug design
leveraging fragment-based screening, structure-
activity relationship (SAR) optimization, and
target-based phenotypic assays to identify next-
generation antiparasitics that transcend the
limitations of current chemotherapy and fulfill
the critical unmet medical need inherent in the
global fight against parasitic diseases(Ochola et
al., 2021).

Liquid biopsy

Properties

# SERS sensing j involved sensing - .
; {
&‘ pr Preparation T™Box &
8 H,0,TMB S
. L9528
AL 2 7 Nanoenzyme-

“_'? . ‘»{g: based sensing %
E s Glucose —
(o] Dealloying Y ,g‘\‘, %

Nanoporous technique = & o, O
noblol ... RZE=S0 N
I specific
k surface area Nanoenzyme-
* based therapy

Laser desorption ionization

.Imaging
<A

Figure 1: Overview of properties, synthesis strategies, and biomedical applications of porous noble

metal-based nanomaterials.

The Metallodrug Paradigm Shift in
Parasitology

The metallodrug paradigm shift in parasitology
represents a strategic transition from purely
organic scaffolds to d-block noble metal-based

coordination complexes, leveraging the unique
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physicochemical attributes of ruthenium (Ru),
iridium (Ir), gold (Au), platinum (Pt), silver (Ag),
and palladium (Pd) to overcome limitations of
conventional antiparasitic agents (Bangert et al.,
2017). These transition metals confer variable
(e.g., Ru(II)/Ru(II),

oxidation states
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Ir(IILYIx(IV),

Au(IyAu(ll),  Py(ID)/Py(IV)),
enabling redox-responsive activation within the
reductive microenvironments characteristic of
parasitic infections, akin to bio-reductive prodrug
strategies in oncology (Ackley et al., 2021). Their
ligand exchange kinetics slower for square-planar
Pt (I) and Au(l) complexes yet tunable via
ancillary ligands in octahedral Ru (II) or Ir(III)
species facilitate selective interactions with
parasitic biomolecules such as thiol-rich enzymes
(e.g., trypanothione reductase, thioredoxin
reductase) while minimizing off-target host
toxicity (Casulli et al., 2021). Distinct three-
dimensional geometries, including octahedral,
square-planar, and half-sandwich architectures,
impart steric and electronic complementarity to
parasitic protein pockets unattainable by planar
organic pharmacophores, thereby enhancing
target specificity and circumventing efflux-
mediated resistance mechanisms (Rees et al.,
2019; Bhati et al., 2025). Repurposing concepts
from platinum-based oncology, such as
cisplatin’s DNA cross-linking and carboplatin’s
prodrug design, has inspired targeted antiparasitic
coordination chemistry wherein Pt(IV) prodrugs
conjugated to siderophores (e.g., deferoxamine)
exploit microbial iron-uptake pathways for
selective internalization, as demonstrated in
Pt(IV)-DFO conjugates against Aspergillus and
potentially adaptable to protozoan parasites

(Montaner-Angoiti et al., 2023). Synergistic drug
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design strategies further integrate active organic
antiparasitic pharmacophores such as
nitroimidazoles, quinolines, or Schiff bases
directly into noble metal coordination spheres,
yielding hybrid metallodrugs that combine metal-
centered redox catalysis with ligand-based
enzyme inhibition (Maia et al., 2023). For
instance, cyclometallated Pt(II) complexes
bearing  2-phenylpyridine ligands  exhibit
selective antileishmanial activity via
mitochondrial membrane disruption and reactive
oxygen species (ROS) generation, while Au(I)
auranofin  derivatives  irreversibly  inhibit
protozoan  thioredoxin reductase through
selenocysteine coordination, disrupting redox
homeostasis essential for parasite survival
(Wilson et al., 2020). Ruthenium polypyridyl
demonstrate

complexes, meanwhile,

photoactivatable cytotoxicity against
Trypanosoma cruzi, leveraging ligand-to-metal
charge transfer (LMCT) for spatiotemporal
control of drug action (Ventura-Garcia et al.,
2013). Such rational design paradigms merging
the metabolic stability, multi-target potential, and
stimuli-responsiveness of noble metals with the
proven efficacy of organic antiparasitics herald a
new era of precision metallodrug therapeutics
capable of addressing the urgent need for novel

treatments against neglected tropical diseases

(Okwor & Uzonna et al., 2016).

Table 1: Overview of Conventional Antiparasitic Drugs, Their Mechanisms, Resistance, and Major

Limitations
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Drug

First | Target/Disease | Simplified Resistance References
Use Mechanism
Pentamidine 1937 | T. brucei (early- | Interacts with | Reduced uptake | (Grifferty et al.,
stage HAT); | parasite DNA | due to | 2021)
cutaneous and affects | TbAT1/TbAQP2
leishmaniasis topoisomerase | alterations
and
mitochondrial
function
Suramin 1920 | Early-stage 7. b. | Disrupts ATP | Changes in | (de Koning et al.,
rhodesiense metabolism uptake-related 2020)
HAT and  inhibits | proteins and
glycolytic RuvBL1
enzymes mutations
Melarsoprol 1949 | Late-stage 7. b. | Disturbs redox | AQP2 and | (Alcantara et al.,
rhodesiense balance by | TbATI 2018)
HAT targeting transporter
trypanothione | mutations
metabolism
Eflornithine 1990 | Second-stage 7. | Blocks TbAAT6  gene | (Tauheed et al.,
b.  gambiense | omithine mutation or | 2025)
HAT decarboxylase | deletion
and polyamine
synthesis
NECT 2009 | Stage 2 T. b. | Combines Reduced (Reesetal.,2019)
gambiense HAT | DNA damage | nitroreductase
with inhibition | activity or
of polyamine | impaired  drug
synthesis uptake
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Fexinidazole

Early and non- | Activated Loss or reduced | (Hotez et al.,
severe late-stage | metabolites expression of | 2016)
HAT cause damage | nitroreductase
to parasite
DNA and
proteins
Benznidazole | 1972 | T cruzi Generates TcNTR-1 (Ackley et al,
reactive mutations and | 2021)
metabolites genomic
causing alterations
oxidative and
DNA damage
Nifurtimox 1960 | T cruzi Nitroreductive | Mainly (Maia et al,
activation associated with | 2023)
produces toxic | altered
oxidative stress | nitroreductase
activity
Miltefosine 2002 | Leishmania spp. | Alters Reduced uptake, | (Grifferty et al.,
membrane increased efflux, | 2021)
lipid and transporter
metabolism mutations
and
mitochondrial
function
Amphotericin | 1963 | Leishmania spp. | Binds parasite | Changes in | (Sunyoto et al,
B ergosterol and | membrane sterol | 2018)
deoxycholate forms composition
membrane
pores
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Liposomal 1997 | Leishmania spp. | Targets

Amphotericin ergosterol,

B causing
membrane
disruption

Altered sterol | (Das et al., 2021)

composition

Structural Taxonomy of d-Block Noble Metal Scaffolds

The structural taxonomy of d-block noble metal

scaffolds  classifies  organometallic  and
coordination architectures by metal oxidation
state, and  electronic

ligand  topology,

configuration, enabling rational design of
bioactive metallodrugs with predictable reactivity
and pharmacokinetics (Miaka et al., 2025).
Ru(1I/TIT) and Ir(IIT) Organometallics
Half-Sandwich “Piano-Stool” Complexes
Ru(II/1IT) and Ir(IlT) organometallics prominently
feature half-sandwich “piano-stool” geometries,
wherein a polyhapto aromatic ligand typically 7°-
arene (e.g., benzene, p-cymene) for Ru or n°-
(Cp") Ir

occupies the facial coordination site as the “seat,”

pentamethylcyclopentadienyl for
while three monodentate or one bidentate plus
one monodentate ligands form the “legs.” This
pseudooctahedral ~ d®low-spin  configuration
confers kinetic inertness yet allows ligand
substitution at the apical site, crucial for
bioconjugation and activation (Miaka et al.,
20251Bhatt, Kumar, Kumar, et al., 2025). The
hydrophobic face of the n®-arene or Cp* moiety
enhances membrane permeability and promotes
noncovalent interactions with
biomacromolecules via m-stacking and van der
Waals as increased

forces, evidenced by

cytotoxicity with higher arene hydrophobicity

1320

(Hodo & Hamer, 2017).

Polypyridyl and Photoredox-Active
Architectures

Beyond piano-stool motifs, Ru(I) polypyridyl
complexes (e.g., [Ru(bpy);]?*derivatives) and
Ir(IIl)  cyclometalated species serve as
photoredox-active scaffolds engineered for light-
activated photodynamic antiparasitic therapy
(PACT) (Segura et al., 2023). These architectures
exhibit long-lived triplet excited states that
facilitate energy or electron transfer to molecular
oxygen, generating cytotoxic reactive oxygen
species (ROS) such as singlet oxygen (Bhatt,
Kumar, Singh, et al., 2025). Strategic ligand
functionalization with extended m-systems or
electron-donating/withdrawing  groups tunes
absorption maxima into the therapeutic window
(600-800 nm), optimizing tissue penetration and
selectivity  for parasitic pathogens like
Leishmania and Trypanosoma (Oranjin et al.,
2025).

Au(I/IIl) and PtdD)/Pd(dI) Coordination
Complexes Gold(I/III) Phosphine and NHC
Complexes

Au(]) linear (d*°) and Au(III) square-planar (d®)
complexes bearing phosphine (e.g., PPh3, dppm)
or N-heterocyclic carbene (NHC) ligands display

high thiol reactivity, targeting cysteine-rich
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eznymeg such as thioredoxin reductase (TrxR)
and glutathione peroxidase (Giordani et al.,
2016). The soft Au(l) center undergoes facile
ligand exchange with biological thiols (e.g.,
glutathione), inducing redox imbalance and
apoptosis, while Au(Ill) NHC scaffolds offer
enhanced stability against reduction in
physiological media (Garlapati et al., 2021;Bhatt,

Singh, Garg, et al., 2025).
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Table 2: Therapeutic Compounds and Emerging Strategies for Managing Oxidative Stress in Major

Diseases
Disease Category Drug/Compound Key Action Application References
Neurodegenerative | Coenzyme Q10 Limits Multiple (Giordani et al.,
oxidative and | sclerosis 2016)
inflammatory
damage
N-acetylcysteine Boosts Parkinson's (Das et al,
glutathione- disease 2021)
mediated
antioxidant
defense
AGEs/RAGE Blocks Alzheimer's (Rees et al,
inhibitors oxidative and | disease 2019)
NF-«B-
mediated
inflammation
Cardiovascular N-acetylcysteine Restores CAD, (Sunyoto et al.,
antioxidant myocardial 2018)
capacity  and | infarction
lowers ROS
Quercetin/Resveratrol | Protects Atherosclerosis | (Wilson et al.,
endothelium 2020)
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through
antioxidant
activity

MitoTEMPO Reduces Heart failure, | (Das et al.,
mitochondrial | cardiac 2021)
ROS hypertrophy

SS-31 Improves Myocardial (Ochola et al.,
mitochondrial ischemia, heart | 2021)
function  and | failure
limits ischemic
injury

Cancer Coenzyme Q10 Reduces Liver cancer | (Yajima et al.,

oxidative stress | adjunct therapy | 2023)
and
inflammation

Quercetin/Resveratrol | Provides Various cancers | (Casulli et al.,
antioxidant 2021)
support in
anticancer
treatment

Doxorubicin Promotes ROS- | Metastatic (Alcantara et al.,
mediated tumor | breast cancer 2018)
cell death

Metabolic N-acetylcysteine Supports Diabetic (Ochola et al.,

antioxidant complications 2021)
defense and
wound repair

Resveratrol Regulates Type 2 diabetes | (Tauheed et al.,
AMPK 2025)

signaling and

improves

1322
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vascular
function
SGLT2 inhibitors Activates Diabetes-related | (Rees et al.,
AMPK and | cardiovascular 2019)
alleviates complications
oxidative stress
Emerging Mitochondrial adaptive | Enhances Metabolic (Sunyoto et al.,
approaches regulation mitochondrial | vascular 2018)
adaptation  to | damage
stress
Nrf2 activation Induces Metabolic (Wilson et al.,
endogenous disorders 2020)
antioxidant
gene expression
Square-Planar Pt(II)/Pd(II) Scaffolds or Ru-Au hybrids, integrate  distinct
Pt(Il) and Pd(II) coordination complexes adopt pharmacophores  to  achieve  dual-action

square-planar geometries, classically exemplified
by cisplatin, but modern variants incorporate
non-innocent multidentate bio-ligands (e.g.,

terpyridines, porphyrins, Schiff bases) that
participate in redox chemistry or exhibit intrinsic
bioactivity (Bhatt, Patil, Ranjana, Soni, & Bagal,
2025). These ligands modulate electronic density
at the metal center, influencing DNA binding
affinity, cellular uptake, and resistance profiles.
Pd(Il) analogues often display faster ligand
exchange kinetics than Pt(Il), enabling rapid
covalent adduct formation with
nucleobases(Chugh, Dwivedi, Garg, Bhatt, &
Gupta, 2025).

Heterobimetallic Constructs

Heterobimetallic scaffolds, such as ferrocene-Au

mechanisms:

redox-active ferrocene moieties

1323

generate ROS via Fenton-like cycles, while Au
centers inhibit thiol-dependent enzymes (Bertram
et al., 2024). Such synergistic architectures
overcome multidrug resistance by simultaneously
targeting multiple cellular pathways, exemplified
by Ru(ll)-arene-Au(I)-phosphine conjugates
exhibiting sub-micromolar ICso values against
resistant cancer cell lines (Hong et al., 2020).
Mechanistic Pathways & Subcellular Targets
The  antiparasitic  efficacy of  several
phytochemicals and synthetic agents arises from
their capacity to perturb redox homeostasis and
disrupt essential metabolic circuits within
protozoan pathogens (Tomar et al., 2026). These

mechanisms converge on subcellular targets that
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are either absent or structurally divergent in the

mammalian host, thereby conferring selective
toxicity (Khan et al., 2025).

Redox Cascade Disruption Catalytic
Inhibition of Trypanothione Reductase (TR)
and Thioredoxin Reductase (TrxR)
Trypanothione reductase (TR) and thioredoxin
reductase (TrxR) are flavoenzymes central to the
thioredoxin (Trx), a critical electron donor for
ribonucleotide reductase and peroxiredoxins
(Singh et al., 2026). Inhibition of these enzymes
impairs the regeneration of reduced thiol pools,
leading to the accumulation of oxidized protein
thiols and the collapse of antioxidant defenses
(Antinori et al., 2017). Structural studies reveal
that active-site residues in parasitic TR and TrxR
exhibit distinct conformations compared to their
mammalian

homologs glutathione

(e.g.,
reductase), enabling selective inhibition by
electrophilic compounds, metal chelators, or
quinone-based agents (Sheikh et al., 2023).
Induction of Lethal Oxidative Stress via ROS
Bursts

The blockade of TR and TrxR precipitates a
catastrophic rise in intracellular reactive oxygen
species (ROS), including superoxide anion (O:-
7), hydrogen peroxide (H:0:), and hydroxyl
radicals (- OH) (Sadhu et al., 2026). Under
physiological conditions, ROS are neutralized by
antioxidants

enzymatic superoxide

(e.g.,
dismutase, catalase, peroxiredoxins) and low-
molecular-weight thiols (e.g., trypanothione,
glutathione) (Basselin et al., 1996). However,
when redox buffering capacity is compromised,

ROS accumulate and initiate lipid peroxidation,

1322
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maintenance of intracellular redox equilibrium in
and Plasmodium

trypanosomatids species,

respectively (Meisner et al., 2023). TR catalyzes

the NADPH-dependent reduction of
trypanothione [T(SH)-], a bis-
glutathionylspermidine conjugate unique to

kinetoplastid parasites, while TrxR reduces
oxidized

protein carbonylation, and DNA strand breaks. In
Plasmodium-infected erythrocytes, ROS bursts
also promote heme-mediated oxidative damage,
further exacerbating parasitic stress (Vercesi et
al., 1992). The resultant oxidative milieu triggers
mitochondrial dysfunction, activation of stress
kinases (e.g., p38 MAPK), and ultimately
apoptotic-like cell death in the parasite (Croft &
Brazil, 1982).
Metabolic Blockade and Organelle
Dysfunction

Inhibition of Hemobiotic Pathways and
Prevention of B-Hematin Crystallization

In Plasmodium species, the detoxification of free
heme released during hemoglobin catabolism is
mediated by its biocrystallization into inert -
hematin (hemozoin) (Basselin et al., 2002). This
process occurs within the acidic food vacuole and
is catalyzed by histidine-rich proteins and lipid
interfaces(Dwivedi, K., Garg, P., Chugh, B.,

Bhatt, P., & Kumar, A. 2025). Antimalarial

agents such as chloroquine and certain
phytochemicals (e.g., quinine derivatives,
flavonoids) intercalate into growing heme

crystals or bind free heme, thereby inhibiting -
hematin formation(Dwivedi, Garg, Chugh, Bhatt,

& Kumar, 2025). The accumulation of cytotoxic
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free heme 1nduces membrane damage, ROS

generation, and proteotoxic stress, culminating in
parasite death (De Koning et al., 2001).
Selective Mitochondrial Accumulation and
Bioenergetic Collapse

Certain lipophilic cations and amphiphilic
compounds exhibit preferential accumulation in
parasitic mitochondria due to the highly negative
mitochondrial membrane potential (A¥). Once
internalized, these electron

agents disrupt

transport chain (ETC) complexes, uncouple

oxidative phosphorylation, or induce

mitochondrial

(mPTP) opening (Munday et al., 2014). The loss

permeability transition pore
of AW,, impairs ATP synthase activity, leading to
of intracellular ATP

Bhatt, Sethi, & Gupta,

rapid  depletion

pools(Fatima, Noor,
2026). In Trypanosoma and Leishmania, which
rely heavily on mitochondrial respiration during
specific life-cycle stages, this bioenergetic crisis
is lethal (Davidson et al., 2009). Additionally,
mitochondrial ROS production is amplified under
these conditions, creating a feed-forward loop of
oxidative damage and organelle failure (Shalev-
Benami et al., 2017).

Translational Bottlenecks and Future
Perspectives

Translating promising in vitro anticancer and
antiparasitic nanotherapeutics into clinically
viable treatments is impeded by pharmacokinetic
liabilities, off-target toxicity, and inadequate
tissue penetration (Maarouf et al., 1997).
Addressing these bottlenecks requires rational
modulation of molecular descriptors, strategic

engineering of nano-delivery platforms, and
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integration of machine learning (ML) and
accelerate

(SAR)

quantum-chemical modeling to

structure—activity relationship
optimization (Kimutai et al., 2017).
Toxicity Modulation and SAR Optimization

Fine-tuning of Lipophilicity (log P) and
Ligand Labilization Rates

The Selectivity Index (SI = CC50/IC50) is a
critical pharmacodynamic metric that quantifies
the therapeutic window between cytotoxicity to
host cells (CC50) and efficacy against target
pathogens or tumor cells (Sundar et al., 2019).
Optimal log P values (typically 2—4 for small-
molecule drugs) enhance membrane permeability
while minimizing nonspecific accumulation in
lipid-rich off-target tissues (Heidari-Kharaji et
al., 2025). Excessive lipophilicity (log P > 5)
promotes sequestration in adipose depots and
hepatic metabolism via cytochrome P450

enzymes, reducing systemic exposure and
elevating toxicity risks (Kaminski et al., 2014).
Conversely, overly hydrophilic compounds (log
P < 1) exhibit poor cellular uptake and rapid renal
clearance. Ligand labilization rates, the kinetics
of metal-ligand dissociation in coordination
complexes, must be tuned to ensure controlled
release of active moieties within target cells while
maintaining stability in circulation (Readio et al.,
1982). Fast labilization leads to premature drug
release and off-target effects, whereas slow
dissociation limits intracellular bioavailability.
SAR-driven iterative modification of donor
atoms (e.g., N, O, S), chelate ring size, and steric
bulk around the metal center enables precise

control over dissociation constants (Kd) and half-
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llves (t1/2) (Gruszeckl et al., 2002). For instance,

substituting labile aqua ligands with kinetically
inert N-donor heterocycles in ruthenium or
platinum complexes reduces off-target reactivity
with serum proteins while preserving redox
activation within hypoxic tumor
microenvironments (Kumari et al., 2022).

Mitigating Off-Target Serum Protein Binding
Human serum albumin (HSA), the most abundant
plasma protein, binds diverse xenobiotics via
hydrophobic pockets (Sudlow sites I and II) and
electrostatic interactions, significantly
influencing drug distribution, metabolism, and
bioavailability (Mondal et al., 2014). High-
affinity HSA binding (>90%)

circulation half-life but restricts free drug

prolongs

fractions available for tissue penetration, thereby
diminishing therapeutic efficacy. Moreover,
HSA-bound drugs may undergo albumin-
mediated endocytosis in non-target cells (e.g.,
hepatocytes via ASGPR), exacerbating toxicity
(Wijnant et al., 2022). Strategies to mitigate oft-
target HSA binding include: (i) introducing polar
or ionizable groups to reduce hydrophobic
interactions; (ii) employing prodrug approaches
that mask HSA-binding motifs until enzymatic
activation at target sites; and (iii) designing nano-
carriers (e.g., PEGylated liposomes, polymeric
micelles) that sterically shield drug payloads
2023).

(c.g.,

natural transport

from protein adsorption (Frézard et al.,
Notably,
Abraxane) exploit HSA’s
gp60/SPARC-mediated

albumin-based nanoparticles

pathways (e.g.,
transcytosis) for tumor-selective delivery while

minimizing off-target binding through surface
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functionalization with targeting ligands (Cirri et
al., 2022).

4.2 Nano-Delivery Platforms and Machine
Learning Integration

Targeted Encapsulations for Tissue Barrier
Penetration

Advanced nano-delivery platforms, such as
metal-organic frameworks (MOFs) and lipid
nanoparticles (LNPs), offer tunable porosity,
and surface

high drug-loading capacity,

functionalization capabilities to overcome
biological barriers (Chiaverini et al., 2025). For
African Trypanosomiasis (sleeping sickness),
where parasites invade the central nervous system
(CNS), crossing the blood—brain barrier (BBB) is
paramount (Cirri et al., 2021). LNPs engineered
with ionizable lipids and brain-targeting ligands
(e.g., transferrin, angiopep-2) facilitate receptor-
mediated transcytosis across BBB endothelial
cells. Intranasal administration of mRNA-loaded
LNPs further the BBB

bypasses via

olfactory/trigeminal pathways, enabling direct
CNS delivery with minimal peripheral exposure
(Ma et al., 2025). MOFs, with their crystalline
porous structures, allow precise encapsulation of
antiparasitic agents (e.g., suramin, melarsoprol)
and controlled release via pH- or enzyme-
responsive linkers. Surface modification with
polyethylene glycol (PEG) or zwitterionic
polymers reduces opsonization and extends
circulation time, enhancing accumulation in
infected tissues (Smith et al., 2018).
Computational DFT and  Al-Guided
Screening

Density functional theory (DFT) provides
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quntum mechamcal in51ghts into metal-ligand
bonding energies, redox potentials, and electronic
structures, enabling prediction of complex
stability and reactivity (Li et al., 2016). Coupled
with ML algorithms trained on large datasets of
physicochemical descriptors (log P, pKa,
molecular weight) and biological endpoints
(IC50, CC50), Al-guided screening accelerates
the identification of candidates with optimal
parasitic selectivity and minimal host toxicity
(Deben et al., 2024). For example, graph neural
networks (GNNs) can predict BBB permeability
based molecular  fingerprints,

SCOres on

prioritizing compounds for  experimental

validation (Wang et al., 2024). Integration of
DFT-calculated binding affinities with ML
models further refines SAR landscapes, guiding
the design of next-generation nanotherapeutics
translational

with enhanced

(Pushpakom et al., 2018).

potential

Conclusion
D-block noble-metal scaffolds have emerged as

promising platforms for addressing the

limitations of  conventional  antiparasitic

chemotherapy. Ruthenium, iridium, gold,

platinum, palladium, and related metal
complexes possess distinctive redox properties,
coordination =~ geometries,  ligand-exchange
kinetics, and electronic characteristics that enable
interactions with parasite-specific molecular
targets. Their antiparasitic activity may involve
simultaneous disruption of thiol-dependent redox
systems, inhibition of trypanothione reductase
and thioredoxin reductase, excessive reactive
generation, mitochondrial

oxygen species
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dysfunction, DNA  damage, membrane

destabilization, and interference with heme

detoxification pathways. Such multi-target

mechanisms are particularly valuable for

overcoming drug resistance associated with

altered drug uptake, enhanced efflux,

nitroreductase modification, antioxidant-system
membrane

and in

Hybrid

activation, changes

composition. complexes containing
biologically active ligands, including quinolines,
nitroimidazoles, Schiff bases, phosphines, and N-
heterocyclic carbenes, may further improve
selectivity and therapeutic performance through
synergistic metal- and ligand-mediated actions.
Nevertheless, the clinical development of these
agents remains constrained by host toxicity,
limited selectivity,

serum-protein  binding,

uncertain metabolic stability, poor tissue
penetration, and insufficient pharmacokinetic and
in vivo safety data. Future research should
therefore emphasize systematic structure—activity
relationship studies, optimization of lipophilicity
and ligand-labilization rates, parasite-targeted
nano-delivery, and evaluation against resistant
strains and clinically relevant parasite stages.
Integration

of density functional theory,

molecular modelling, and machine-learning-

assisted screening can  accelerate  the
identification  of  stable, selective, and
bioavailable candidates.
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