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Abstract: A significant paradigm shift has been observed in the past decade in the area of theranostics
owing to the development of various isotropic and anisotropic metal nanostructures, simultaneous
with improved imaging modalities. Platinum-based nanostructures are advancing in a plethora
of clinical applications as theranostics tools owing to their unique behavior concerning their size,
shape, and surface chemistry at the nanoscale regime. Platinum nanostructures are optically active
and provide significant potential to the field of theranostics by simplifying diagnosis and therapeu-
tics, thus providing key solutions through nano-enabled technologies. The review emphasizes the
potential of platinum nanostructures that have immense potential in vitro and in vivo scenarios as
nanocarriers. Still, their potential in terms of photothermal active agents has not been well explored
or reported. Nanotheranostics has emerged as a platform where various noble metal nanoparticles
are effectively efficient as photothermal agents in bringing precision to therapy and diagnostics.
Platinum, as an antioxidant and a stable nanocarrier, will enable them to act as photosensitizers
when conjugated to affinity molecules and plays a key role in efficient treatment and diagnosis.
The review envisions bringing together the possibilities of the safe-by-design synthesis of platinum
nanostructures and their potential role in both in vitro and in vivo applications. A roadmap describ-
ing the challenges, pitfalls, and possibilities of influencing platinum nanostructures to overcome
the existing biological/targeting barriers is elaborated. This review provides a literature survey
on platinum nanostructures in theranostics, providing novel strategies in bio-imaging, diagnostics,
and nanomedicine.
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1. Introduction

Theranostics is an emerging medical specialty that combines therapeutic and diagnos-
tic skills in a single approach. The term theranostics combines therapy and diagnostics,
reflecting its dual-purpose approach. The simultaneous diagnosis and treatment of a
disease condition through a theranostic approach have been applauded worldwide. Ther-
anostic applications often use biomarkers as measurable indicators in the body that can
provide information about a disease or response to treatment [1]. They can also guide treat-
ment strategies, such as predicting a patient’s response to a particular drug or therapy. In
recent times, theranostic-based applications have been widely explored in oncology, where
certain types of cancer may express specific biomarkers that indicate their responsiveness
to targeted therapies [2].

Cancer is one of the major diseases responsible for human death, excluding infectious
diseases. Almost 10 million people were killed by cancer in 2020, as per a World Health
Organization (WHO) report [3]. Cancer commonly occurs in the lung, breast, prostate, skin,
blood, liver, colorectal, and stomach [3]. These can be diagnosed with existing modalities
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that have certain limitations and treated with existing therapies, including chemotherapy,
radiotherapy, and surgery [4]. The availability of sufficient resources and current technol-
ogy is not enough to prevent the relapse of the disease condition due to certain factors.
The contributing factors are the unavailability of a suitable pre-diagnostic system, target
uncertainty, the low enhanced permeability and retention effect (EPR) of the drug, a lack of
a targeted drug delivery system, and resistance to multiple drugs. Early diagnosis and spe-
cialized medicine are needed to manage and cure cancer successfully [5]. Therefore, a novel
approach utilizing modern technology is urgently required, and nanotechnology-based
theranostic applications are the silver lining in the cloud [6]. However, certain criteria must
be met before any conclusive assumptions are made: biocompatibility, target selectivity,
and specificity. The safety of the designed material is critical in meeting the criteria for
reduced biodistribution and a distant target range.

The advent of nanotechnology has emerged as a promising technology in delivering a
tool to fight against cancer [7].The uniqueness of this tool is due to its size in the nanoscale
domain since materials in this size range exhibit unique and advanced physicochemical
properties [7]. Nanoparticles’ unique physical and chemical properties are attributed to
their size-shape, high surface-area-to-volume ratio, strong catalytic activity, and optical and
magnetic properties. [8]. These properties of nanoparticles have been utilized to diagnose
and treat deadly diseases such as heart disease, diabetes, malaria, HIV, rheumatoid arthritis,
and cancer [9]. As per existing studies, 2D nanomaterials have been extensively explored
and have emerged as a potential candidate in the field of cancer theranostics [10]. Among
existing nanomaterials, noble metal nanoparticles have gained tremendous interest in vari-
ous biomedical applications, including diagnosis and enhanced radiotherapy, drug delivery,
etc. [11]. These noble metal nanoparticles can be functionalized with various functional
moieties such as drugs, peptides, DNA/RNA, and antibodies. However, functionalized
nanoparticles were additionally encapsulated with polymers to increase the circulating half-
life of nanoparticles together with functional moieties [11]. In addition, these nanoparticles
can convert light energy into heat upon laser irradiation, which induces the heat-generated
killing of target tumor cells [11]. Noble metal nanoparticles consisting of particularly silver
(Ag), gold (Au), palladium (Pd), and platinum (Pt) are used individually or in combination
to combat disease conditions such as cancer and act as a potential theranostics agent [11].
Among noble metals, Platinum-based materials/nanomaterials (PtNPs) are also a potential
candidate for theranostics because of their small size, high catalytic activity, and strong
anticancer and antioxidant effects [12]. The properties of platinum nanostructures can be
designed during the synthesis process depending on the desired application. The synthe-
sis processes for PtNPs are physical methods (laser ablation and microwave radiation),
chemical methods (wet chemical reduction, thermal decomposition, precipitation, and
micro-emulsion), and biological (bacteria, fungus, and plant extracts) methods [12]. Indeed,
various options are available, although each technique has limitations and advantages; for
example, physical processes developed nanoparticles of controlled size and shape, but the
methods lack cost-effectiveness and are time-consuming [13]. Likewise, chemical methods
are simple and inexpensive, offering monodispersity and easy surface functionalization
opportunities. However, there are safety concerns about the developed material due to the
use of toxic chemicals in the synthesis process [13]. In order to overcome the limitations
of chemical and physical processes, biological methods based on natural sources have
recently emerged, where natural methods are considered non-toxic. However, they do
not provide monodisperse nanoparticles, the most critical parameter for the biomedical
application of a nanomaterial [13]. The PtNPs used for theranostic applications in cancer
were synthesized using all the mentioned methods. Among all the above techniques, chem-
ical approaches are preferred because of their wide range of customizable options, such as
size/shape adjustment, surface functionalization, drug loading, conjugation of targeting
moieties, etc. [14]. However, with the synthesis of PtNPs, the toxicity concern arises from
either the nanoparticles or methods used in nanoparticle synthesis. The incorporation of
several biomolecules during synthesis can limit the toxicity concern generated via the wet
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chemical method, which is further assessed for its safe use prior to clinical application. In
order to assess nanoparticle-mediated toxicity, various in vitro and in vivo model systems
are used. The nanoparticle’s toxicity arises mainly from its surface morphology, surface
complexity, dose concentration, exposure route, and, finally, interaction with cells [15,16].
In a dose-dependent manner, the less toxic effect of PtNPs was assessed in vitro and in vivo,
which showed the safe nature of PtNPs at particular concentrations [17]. The PtNPs show a
potent cytotoxic effect against the cancer cells, while the normal cells remained unaffected
at a particular dose [18]. The PtNPs release platinum ions that internalize into the cells and
cause DNA breakage, thus acting as a potential theranostic agent for cancer [19]. PtNPs are
passively internalized by cancer cells, showing size-, dose-, and time-dependent toxicity,
leading to DNA strand breaks. In addition, DNA damage results in replication inhibi-
tion, cell arrest, and the induction of apoptosis at the tumor site. Another possible PtNP
mechanism involves inhibiting the cells’ metabolic activity, forming hydroxyl radicals,
and releasing active Pt** ions [20]. PtNPs showed strong catalytic activity against peroxi-
dase substrate 3,3,5,5' tetramethylbenzidine (TMB) and confirmed its enzymatic potential,
which is used in cancer theranostics [21]. PtNPs have also demonstrated clinical efficacy by
treating multidrug-resistant cancer cells [22]. PtNP provides a platform for targeted drug
delivery and gene silencing, thus acting as a potent theranostic agent for cancer [23,24].
These unique properties of PtNPs make them a safe and alternative therapeutic agent for
cancer with minimum side effects compared to traditionally used chemotherapeutic drugs.
Furthermore, PtNPs also confirmed their potential as an imaging agent for cancer cell
imaging [25]. For this reason, much research has been devoted to developing nanocarriers
based on PtNPs and their potential applications in cancer theranostics. Figure 1 shows the
possible potential of platinum nanostructures in cancer theranostics.
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Figure 1. Schematic representation of different platinum nanostructures providing a single platform

for the simultaneous diagnosis and treatment of a particular disease.

This review article represented a comprehensive literature review focused on the
potential application of PtNPs in theranostics, particularly in cancer. The possible toxic
effects of platinum nanostructures are discussed using in vitro and in vivo model systems.
Furthermore, theranostic applications of PtNPs have been elaborated, including therapeutic
and diagnostic applications. The report concludes by discussing the current challenges of
using platinum nanostructures in cancer theranostics.
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2. Synthesis of Platinum Nanoparticles

The synthesis of platinum nanoparticles can be achieved through different methods,
each of which has advantages and limitations. Platinum nanoparticles of controlled size and
shape for desired applications can be synthesized using physical, chemical, and biological
methods, which are discussed below. Figure 2 shows a schematic representation of different
synthesis approaches for PtNPs.
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Figure 2. Synthesis of platinum nanoparticles through various methods.

2.1. Physical Method

The physical method is one of the widely used methods for producing nanoparticles
with controlled dimensions and morphologies. The physical techniques follow a top-
down approach to generate nanoparticles based on the mechanical degradation of bulk
materials. The generation of PtNPs using physical methods involves laser ablation, physical
vapor deposition, solvothermal techniques, ball milling, electric discharge, devolatilization,
condensation, and ion sputtering [26-32]. However, producing PtNPs using various
physical techniques requires high thermal or electrical energy, mechanical pressure, material
abrasion, condensation, or evaporation to produce nano-regime particles [33].

The laser ablation method is a simple, rapid, and costly technique of removing material
from a primarily solid surface using laser irradiation. The laser ablation method involves
the use of a high-intensity beam for the volatilization of PtNPs from the solid surface.
The laser can be operated continuously or pulsed depending on the requirements. This
method relies on molecular vibrations, atmospheric pressure, and temperature to obtain
PtNPs with desired properties [33]. The PtNPs of the sizes 10 and 20 nm were generated
using a laser based on neodymium yttrium aluminum garnet (Nd-YAG, 1064 nm) in
pure water at 100 and 150 pulses, respectively [34]. Similarly, in another study, PtNPs of
8 and 9 nm were obtained by changing the parameter of a laser source (Nd: YAG laser,
1064 nm, 7 ns, and 30 m]J) and irradiating on a platinum sheet (99.9%) in water with a
frequency of 10 and 15 Hz, respectively [35]. Laser ablation has several advantages since it
eliminates several factors involved in other methods, such as undesirable coatings, solvent
contamination, and the necessity of stabilizers. On the other hand, the method has limited
use due to difficulties in obtaining the desirable size, shape, and yield [36-38]. The ball
milling approach includes the mechanical breakdown of bulk material and reduces its
size into a nano region [29]. The nano-size material can be removed from the surface of
a substrate using a potent reducing agent and a suitable medium. The most common
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reducing agents are sodium citrate (TSC), sodium borohydride, and hydrazine hydrate.
Miyazawa et al. synthesized carbon-supported PtNPs of a mean size of 3.7 £ 1.1 nm using
a ball milling process [39]. In the thermal process (solvothermal), increasing the reactants’
solubility enabled the reaction to occur at low temperatures. In this process, preference is
given to polar solvents, which can be used under high pressure and temperature above their
flash point [40]. The inert gas condensation (ICG) process vaporizes metals in the presence
of inert gas at 100 Pascal pressure. IGC is a highly efficient process for synthesizing silver
and platinum nanoparticles [32]. In IGC, collisions occur between gas and metal atoms,
causing the metal atoms to vaporize and lose their kinetic energy, followed by condensing
to generate tiny crystals that finally accumulate in liquid nitrogen. The other method is
physical vapor deposition (PVD), in which metal is vaporized and can be deposited on
conductive materials as a thin film—for example, the synthesis of platinum nanoparticles
on a carbon template. PtNPs of sizes ranging from 5 to 20 nm were synthesized using
a PVD coater at a temperature of 700 °C for 90 min [41]. Recently, introducing a low-
pressure liquid matrix using ion sputtering has been introduced as an efficient method for
synthesizing and stabilizing PtNPs. Using polyethylene glycol (PEG) as the liquid matrix
resulted in synthesizing nanoparticles ranging in size from 0.9 to 1.4 nm [42].

2.2. Chemical Method

The chemical synthesis of nanoparticles follows a bottom-up approach. In this ap-
proach, individual atoms and molecules are self-assembled into nanoparticles [43,44]. Also,
the chemical process is used to synthesize PtNPs of different morphologies supported
on solid or aqueous phases, such as carbon-based or silica, as solid supporting material
for synthesizing PtNPs [45]. The chemical approaches are cost-effective and rapid. The
platinum nanoparticles were synthesized using a precursor metal salt such as platinum
chloride or chloroplatinic acid with the help of a reductant [46,47]. However, the nanopar-
ticle morphology, monodispersity, and yield highly depend on experimental parameters
such as the temperature, pH, reaction solvent, and capping/reducing agent ratio [48].
Various chemical methods are employed for nanoparticle synthesis, including wet chemi-
cal reduction, electrochemical methods, hydrothermal methods, photochemical methods,
polyol synthesis, micro-emulsion, precipitation, the sol-gel process, laser pyrolysis, sono
decomposition, and chemical vapor deposition [49-58].

The wet chemical reduction method for nanoparticle synthesis is the most widely used
method for synthesizing controlled-sized nanoparticles. For instance, Ye et al. prepared
glutathione (GSH)-stabilized PtNPs using the potent reducing agent NaBH, [59]. GSH is a
tripeptide that comprises three amino acids: glycine, cysteine, and glutamic acid. Among
them, cysteine contains a thiol group and forms a composite with the platinum metal
surface, allowing platinum nanoparticles for their advanced theranostics applications [59].
Likewise, Puja et al. prepared PtNPs capped with PVP (polyvinyl pyrrolidone), using
ethanol as a mild reductant. The obtained size of the PVP-coated PtNPs was 2 to 10 nm,
and they showed potent anticancer activity [60]. In the sonochemical method, the high-
frequency sound is used in a mixture of precursor metal salt, capping agents, and reducing
agents. The PtNPs (2.3 nm) have been synthesized using platinum tetrachloride as a
metal precursor and sodium tetrahydroborate (NaBH,) as a potent reductant [61]. The
size-controlled synthesis of PtNPs is highly dependent on the ratio of the reducing agent to
the capping agent [62]. In a typical study, a controlled size of platinum nanoparticles was
synthesized using ethylene glycol both as a solvent and reducing agent. Subsequently, PVP
was added as a capping agent in a time-bound manner to regulate the size and shape of
PtNPs [63]. Furthermore, PtNPs in the presence of NaBH, (reductant) and polyvinyl alcohol
(PVA) were synthesized on the surface of carbon fibers using a chemical deposition method
with the help of a controlled flow Microreactor system [64]. The microreactor systems
provided a rapid synthesis of PtNPs through regulated temperature. The microreactor
synthesis of PtNPs using vitamin C (reducing agent) and PVP (stabilizer) could reduce the
synthesis time from 40 min to a few seconds upon increasing the temperature from 40 °C
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to 105 °C [65]. The photochemical reduction of metal precursors to platinum nanoparticles
in methanol was reported elsewhere [66]. Similarly, monodisperse PtNPs were prepared
using poly(ethylenimine) (PEI) as a surface stabilizer [67]. Gamma radiation has also been
studied to reduce Pt-tetraammine to PtNPs using PVP as a stabilizing molecule. The size of
the synthesized nanoparticles is between 2.8 and 4.4 nm, respectively, depending on the
strength of the radiation [68]. The platinum nanocube and nano octahedra of sizes 5-7 nm
and 8-12 nm were prepared by adding a platinum precursor to silver salt, where silver ions
significantly induced anisotropy [69,70]. PtNPs have also been generated using different
reactions for advanced theranostic applications.

2.3. Biological Method

The biological synthesis of nanoparticles involves using natural sources such as plant
extracts, bacteria, and fungi. Naturally originating unicellular and multicellular organisms
serve the dual purpose of reduction and stabilization. Previously, several studies reported
the synthesis of the monodisperse and stable PtNP using bacteria, cyanobacteria, algae,
fungi, and plants [47,71-74].

Bacteria contain enzymes and produce metabolites that are responsible for reducing
metal ions. In a typical study, PtNPs of 20-50 nm were synthesized using Streptomyces sp.,
which exhibited enhanced anticancer properties. The author also found that amino acid
moieties in the protein reduce the precursor platinum to platinum nanoparticles [75]. Simi-
larly, PtNPs of 2-3 nm in size were prepared using Acinetobacter calcoaceticus, whose protein
is mainly responsible for the metal reduction leading to nanoparticle synthesis [71]. Indeed,
in bacterial synthesis, cyanobacteria are most commonly utilized in synthesizing nanoparti-
cles. Cyanobacteria showed metal ion-reducing properties to generate PtNPs of specific
sizes [47]. Different strains of cyanobacteria, such as Anabaena, Calothrix, and Leptolyngbya,
have been used to synthesize PtNPs in an intracellular medium mediated by a nitrogenase
enzyme. The internally synthesized nanoparticles were then released into the extracellular
medium and stabilized using bacterial polysaccharides [76]. In addition to the bacterially
mediated synthesis, the fungus has also been reported in nanoparticle synthesis at a large
scale. The fungus Neurospora crassa showed an enhanced reduction in hexachloroplatinic
acid (which served as a metal precursor) for obtaining PtNPs of 40-50 nm in size [77].
However, the synthesis required a dark environment, continuous agitation, and 24 h of
duration for generating stable nanoparticles [77]. The PtNPs of sizes of 8.5-15 nm and
50-315 nm were synthesized using cell filtrate of the fungi Penicillium chrysogenum and
Alternaria alternate, respectively [78,79]. Another fungus, Fusarium oxysporum, has also
been reported to produce PtNPs with the enzymatic metal reduction of their respective
ions, which were stabilized by the proteins present in fungi [80]. The plant-mediated
synthesis also belongs to the category of bio-based methods for nanoparticle synthesis.
Plant-mediated synthesis includes plant-originated molecules such as parts of plants, plant
extracts, and molecules isolated from plants in nanoparticle synthesis. Plant extracts are
often used for metal nanoparticle synthesis [81]. Also, plant resources have been used for
the synthesis of PtNPs—for example, the plant extract of Gloriosa superba has been used to
synthesize PtNPs of sizes of 0.8-3 nm over the duration of 5 h [82]. Similarly, the leaf extract
of Barleria prionitis was used to synthesize PtNPs of 1-2 nm in size [83]. Anisotropic-shaped
PtNPs of a size of 30 nm were synthesized using an extract of Fumariae herba [84]. Likewise,
Jatropha gossypifoliaa and Jatropha glaundulifera leaf extracts were used to synthesize cubic
and dodecahedral-shaped PtNPs of sizes ranging from 100 to 200 nm [85].

Each method offers unique advantages and may be preferred based on the applica-
tion’s specific requirements, such as the particle size, shape, dispersibility, scalability, and
toxicity. For example, PtNPs synthesized using physical methods have several advantages,
such as rapid synthesis, monodispersity, and a high nanoparticle yield. In addition, the
physical processes do not utilize toxic chemicals for nanoparticle synthesis. Besides advan-
tages, the methods have disadvantages, such as less production, high temperatures, and
radiation, along with them being expensive and less stable and having high wastage. These
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limitations of the techniques restrict their use due to the effect of the surface chemistry
and the physical and chemical properties of prepared PtNPs in terms of their desired
applications. The chemical reduction processes have several advantages, including cost-
effectiveness, easy surface functionalization, high yields, monodispersity, and thermal as
well as chemical stability. Despite several advantages, the synthetic reagents and solvents
used during synthesis raised certain speculations regarding toxicity concerns. The bio-
logical process has several advantages, including cost-effectiveness, easy synthesis, less
toxicity /non-toxicity, less wastage, and scaling-up the production of nanoparticles. The lim-
itation associated with the biological method for synthesizing nanoparticles is controlling
the nanoparticle’s size and shape. Plant extracts used for nanoparticle synthesis based on a
greener approach consist of several active components that can raise a concern regarding
the purity of nanoparticles.

3. Toxicity Assessment, Cellular Uptake, and Biodistribution Studies on
Platinum Nanoparticles

Platinum nanoparticles have shown their enhanced potential in biomedical science
due to their outstanding functional physicochemical properties. However, like any other
nanomaterial, their potential toxicity must be thoroughly investigated to establish their
safe practice. However, using nano platinum for biomedical applications is still restricted
for safety reasons, despite the FDA statement on platinum safety in its zero oxidation
state after reduction [86]. The toxicity of metallic nanoparticles can be observed based on
increased oxidative stress markers, DNA breakage, and cell growth arrest, which lead to
organ/organ system failure [86]. Nanoparticle toxicity is mainly governed by the morphol-
ogy (size and shape), surface properties (area, complexity, charges, and composition), dose,
exposure time, and route of administration [15,16]. However, it was confirmed that the cell
function impairment was sometimes due to different contaminants in the nanoparticles,
such as endotoxins, toxic capping/reducing agents, and solvents in which nanoparticles
are dispersed [87-90]. Although the reports confirmed that metallic nanoparticles release
ions inside the cellular system, no definitive data demonstrated platinum ions-dependent
toxicity after PtNPs administration [91-94]. In particular, the safety of PtNPs is evaluated
based on responses obtained from the in vitro and in vivo model systems after exposure.
The toxicity evaluation of different platinum nanostructures was performed on in vitro and
in vivo models, which is discussed in detail in the following sections.

3.1. In Vitro
3.1.1. Cytotoxicity on Cancer Cell Lines

In vitro toxicity studies are essential in evaluating platinum nanoparticles’ potential
adverse effects on human cells or tissues outside a living organism. These studies involve
exposing specific cell lines or tissue cultures to varying concentrations of platinum nanopar-
ticles and assessing their effects on cellular viability, morphology, proliferation, and other
relevant parameters. The in vitro toxicity evaluation is the first step toward obtaining any
material’s safest dose, i.e., the LC50 value, for further investigation. The in vitro assessment
is the first test system for assessing the toxic potential of any nanoparticle intended for thera-
nostic applications. The PtNP safety was evaluated using human umbilical vein endothelial
cells (HUVEC) and lung carcinoma epithelial cells (A549) subjected to nano platinum after
acellular oxidation potential analysis [95]. Despite cellular uptake, the PtNPs showed no
cytotoxic effect or oxidative damage in either cell type [95]. In other scenarios, Tea polyphe-
nol (TPP) capped PtNPs when exposed to cervical cancer (SiHa) ) cells led to morphological
changes in the nucleus, an abnormal cell cycle distribution, and an inhibition in cellular
growth [96]. Onizawa et al. used PtNPs capped with polyacrylate (PAA-PtNPs) for the
inhibition of ROS generated by cigarette smoke (CS) at a 1% concentration in an alveolar-
type-Il-like epithelial cell line (A549). The author found that PAA-PtNPs reduced cell death
by two times that of N-acetylcysteine (a potent antioxidant) after exposure to CS [97]. In a
typical study, Teow et al. conducted a capping-dependent cytotoxicity assessment of PtNPs
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(capped with folic acid and PVP) on breast cancer cell lines (MCF7). The study concluded
that folic acid-capped PtNPs (FA-PtNPs) reduced cell viability by up to 24% for an exposed
duration of 72 h at a 100 ug/mL dose compared to PVP-capped PtNPs [98]. Asharani et al.
reported that PVP-capped PtNPs (5-8 nm) diffused into the human cellular system and
resulted in increased DNA impairment, cellular growth inhibition, and the induction of p21
activation, resulting in proliferative nuclear antigens-mediated proliferation inhibition and
apoptosis [92]. Apart from size, PtNPs’ exposure to fibroblast cells (L929) or macrophages
(RAW264) showed a significant loss in cell viability and DNA damage along with inhibi-
tion matrix metalloprotease (MMP) activity [99]. The biobased synthesized PtNPs using
pomegranate extract demonstrated reduced cell viability, increased apoptosis, and DNA
damage as cytotoxic effects against breast cancer cells (MCF-7) [100]. Two types of PtNPs,
namely, NG-PtNPs (normal gravity) and MG-PtNPs (microgravity), were synthesized using
culture filtrate from P. chrysogenum. The NG-PtNPs and MG-PtNPs of the sizes 15 nm
and 8.5 nm, respectively, showed a dose-dependent decrease in the cellular viability of
myoblast cells (C2C12) with increased ROS generation. In addition, both PtNPs increase the
expression of caspases 3 and 9 and the expression of commonly present proinflammatory
proteins (TNF-«, TGF-f3, and NF-kB) [79]. PtNPs induced apoptosis by changing the cell
morphology, activating caspases 3 and 7, and inducing DNA fragmentation upon exposure
to Raw 264.7 cells [101]. The Azadirachta indica leaf extract-stabilized PtNPs showed alterna-
tion in the cellular responses upon exposure to kidney cells (HEK293 cells). PtNPs induced
cytotoxicity by increasing the expression of caspase-3, depolarizing the mitochondrial
membrane potential (MMP), and DNA-fragmenting HEK293 cells in a dose- and exposure
time-dependent manner [102]. Recently, Gurunathan et al. reported that PtNPs stabilized
with apigenin demonstrated cytotoxicity, genotoxicity, and pro-inflammatory responses
upon exposure to the human monocytic cell line (THP-1). The authors also found increased
lactate dehydrogenase (LDH) levels, ROS, malondialdehyde production, nitric oxide (NO),
protein carbonylation, apoptosis, and oxidative DNA damage. An increased expression of
various pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-8, tumor necrosis
factor (TNF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and monocyte
chemoattractant protein 1 (MCP-1) was also observed in the study [103]. These results
confirmed that PtNPs could induce cytotoxicity in cellular/in vitro systems. Indeed, the
toxicity of PtNPs also hinders biological functions via the induction of cell death, ROS, and
proinflammatory cytokines, which was observed in HepG2 cell lines upon increasing the
dose [17] (as shown in Figure 3).

3.1.2. Cytotoxicity on Normal Cells

The size-dependent effects of PtNPs of 5.8 nm and 57 nm in size coated with PVP were
evaluated using primary keratinocytes, and the cellular responses were analyzed. Particles
of 57 nm in size showed a reduction in cellular metabolism, but no cell viability or migration
was significantly affected, although nanoparticles of 5.8 nm had more severe effects on
DNA stability and generated caspases-mediated apoptosis [104]. The plant-mediated
platinum nanoparticles showed no toxicity in normal peripheral blood mononuclear cells
(PBMC) at a dose of 200 ng/mL. However, it significantly induced cell death in different
cancer cell lines [105]. Platinum nanoparticles capped with folic acid showed a more
considerable ICs value in normal keratinocytes than in breast cancer cells (MCF-7). The
study concluded that folic acid plays a significant role in cellular uptake via receptor-
mediated endocytosis [106]. However, further research is needed to understand platinum
nanoparticle toxicity mechanisms better and assess their potential long-term effects. In vivo
studies, including clinical trials, are also crucial for comprehensively evaluating their safety
profile when intended for theranostic applications.
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Figure 3. Safety assessment of citrate-stabilized platinum nanoparticles (70 nm) using a liver cell line
(HepG2). (a,b) Cell viability assessment using an MTS assay and ROS evaluation using a DCFH-DA
dye of PtNPs with different concentrations. (c—f) Assessment of different pro-inflammatory cytokines
(IL-1pB, IL-6, IL-8, and TNF-«) upon exposure to various concentrations of PtNPs. * denotes statistical
significance, where p < 0.05. Adapted from ref. [17] with permission. Copyright © 2018 Hindawi.

3.2. In Vivo

The in vivo toxicity of platinum nanoparticles involves investigating their potential
adverse effects when introduced into living organisms. These studies aim to understand
platinum nanoparticles’ biodistribution, systemic toxicity, organ-specific effects, and overall
safety profile. It is worth noting that PtNP toxicity can depend on various parameters,
including size, shape, surface coating, surface charge, administration route, and exposure
duration [107]. Additionally, different animal models and species may exhibit variations
in the sensitivity and response to platinum nanoparticles [108]. Asharani et al. synthe-
sized various types of nanoparticles such as gold (AuNPs), silver (AgNPs), and platinum
(PtNPs), having different sizes of 15-35 nm, 3-10 nm, and 5-35 nm, respectively, with
the same capping agent, polyvinyl alcohol (PVA). AgNPs and PtNPs showed toxicity in
zebrafish, a hatching delay, a decreased heart rate upon increasing the dose, a change
in the touch response, and axis curvatures. AgNPs also induced changes in pericardial
effusion, malfunctioning in the heart and circulatory system, and the eyes’ absence or
malformation, while AuNPs showed no evidence of toxicity [109]. Similarly, PtNPs of
5 and 70 nm in size, in a dose-dependent manner (3-10 mg/kg body weight, intravenously),
showed a decreased heart rate and the induction of a complete atrioventricular conduction
block (AVB) in the mice model. PtNPs of both sizes in the range of 1079-107° g/mL did
not show increased ROS formation and LDH leakage from cardiomyocytes within 5 min
after the challenge, except that PtNP (5 nm) at 107> g/mL showed slight leakage in LDH
from the cells. PtNPs of both sizes (5 and 70 nm) require 1 h to internalize into cells after
exposure [110]. Yamagishi et al. investigated platinum particles’ (sizes of 1 nm and 15 nm)
toxic effects in mouse livers. After the intravenous administration of PtNPs (size 1 nm) at
a concentration of 15 mg/kg b.wt to BALB/c mice, histopathological analysis confirmed
the acute liver injury, and the biochemical analysis revealed an increase in serum markers
responsible for liver injury along with the cytokines for inflammation. In addition, the ad-
ministration of PtNPs (15 nm) did not show any malfunctioning. Furthermore, small-sized
PtNPs induced cytotoxicity when applied directly to primary hepatocytes [111]. Park et al.
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tested PVP-capped PtNPs (21 nm) on mice after a single intratracheal administration and
measured their inflammatory response. The author found elevated levels of various types
of cytokines, including pro-inflammatory cytokines (IL-1, IL-6, and TNF-«), THO (IL-2),
TH1 (IL-12), and TH2 (IL-4 and IL-5), in the fluid obtained from bronchoalveolar lavage,
which was due to PtNPs exposure. The study concluded that the tumor growth factor (TGF-
) and serum IgE level increased along with a reduction in Intracellular glutathione (GSH).
Also, the T-cell population’s ratio decreased (CD4+:CD8+) and increased MMP expression
in the mice model [112]. However, Park et al. performed experiments to comprehend the
PtNPs’ impact on mice generations. The author administered PVP-capped PtNPs (20 nm
size) to the mice orally at different doses from 0.25 to 1 mg/kg b.wt during the premating,
gestation, and lactation periods. As a result, PVP-PtNPs were found in the mothers’ lungs
at 0.5 and 1 mg/kg doses, but the same was not observed in the pups’ bodies, probably due
to the particle’s inability to cross the placental barrier. PtNPs have also increased offspring
mortality during lactation and decreased mouse pups’ infant growth rate [113]. Similarly,
Prasek et al. confirmed that PtNPs (2-19 nm) in concentrations ranging from 1 to 20 mg/mL
(i.e., 0.3 mL per egg) had no mutagenic or detrimental effects on chick embryogenesis;
however, the particles triggered apoptosis and reduced the number of proliferating cells in
brain tissue [114]. The administration of PEG-coated PtNPs at 10 and 50 mg/kg b.wt to
mice with an intraperitoneal route showed no pathological changes in mice. In addition,
moderate nephrotoxicity was observed at higher doses, with no significant differences
in hematological, serum biochemical, and histopathological parameters. Furthermore, a
pharmacokinetics study revealed that nanoparticles could retain for a longer duration along
with their elimination half-life at a 10 mg/kg dose. Biodistribution studies indicated that
the maximum accumulation of nano-platinum occurs in the spleen and tail of mice. How-
ever, the presence of platinum in feces and urine confirmed hepatobiliary system-mediated
excretion. This study concluded that a 10 mg/kg dose is safe for mice for further therapeutic
applications [115]. In another study, PtNP micelles were prepared and evaluated for their
dose-dependent biodistribution in different organs of the mice. The study also confirmed
that up to 15 mg/kg of platinum was safe and showed no cytotoxic effects [116] (as shown
in Figure 4). In vivo toxicity studies provide critical insights into platinum nanoparticles’
safety and potential risks. These findings contributed to developing guidelines and safety
regulations for their use in biomedical applications and other fields.
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Figure 4. Safety assessment of synthesized platinum nanoparticles in an in vivo model system:
(a) synthesis procedure for obtaining less toxic PtNPs; (b) assessment of a common toxicity marker
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from serum after the termination of a tolerated dose (3 weeks); (c) histopathological analysis of
different organs using H & E stain after the termination of the study; (d) change in mice weight after
the injection of PtNP:DSPE-PEG micelles at different doses while phosphate-buffered saline acts as a
control; (e) biodistribution analysis of PtNP:DSPE-PEG in BALB/c mice, 4T1 tumors-bearing BALB/c
mice, and the control (BALB/c mice receiving saline). The PtNP:DSPE-PEG was injected at 10 mg
Pt/kg b.wt, and tissues were collected after 24 h of injection. (f) Bioaccumulation of PtNP:DSPE-PEG
in mice at concentrations ranging from 5 to 20 mg Pt/kg was studied using inductively coupled
plasma mass spectroscopy (ICP-MS), and the platinum content was quantified in different organs.
Adapted from ref. [114] with permission, MDPI 2018, Basel, Switzerland.

4. Platinum Nanoparticles in Diagnostics

Platinum nanoparticles have shown significant potential for diagnostic and therapeu-
tic applications owing to their inherent anticancer properties. The properties of PtNPs
provide their use in biosensors and imaging modalities for the early diagnosis of particular
disease conditions. The development of colorimetric biosensors depends on the principle
of color changes upon the interaction of targeted biological or chemical molecules [117].
Colorimetric sensors are efficient in terms of their cost-effectiveness, reaction speed, sensi-
tivity, specificity, and lack of complex instrumentation. However, specific nanomaterials,
such as platinum-based ones, act as an intermediate for target molecule detection. For
example, Zhang et al. engineered monodispersed porous PtNPs (50 nm) with a high
porosity synthesized on graphene oxide (GO) plates with 1 nm thicknesses. The prepared
nanoparticles were functionalized with folic acid and utilized for the colorimetric detec-
tion of human breast cancer cells (MCF-7). Folic acid can efficiently bind to numerous
tumor cells due to overexpressed folate receptors in cancer cells [118]. Folate receptors
are one of the prognostic markers that can selectively present on tumor cells in three
forms, namely, FR-&, FR-3, FR-§, and FR-y. Only FR- o and FR-f3 have GPI anchors that
facilitate easy detection by folic acid as a nanoparticles probe [119]. A similar study with
folic acid-functionalized PVP-capped platinum nanoparticles was also used to target the
MCEF-7 cell line actively [98]. In addition to detecting cancer cells, various biomarkers
are present on the surface of cancer cells, which can serve as prognostic markers for the
early detection of tumorigenesis. The prognostic marker can be selectively targeted using
antibodies against that marker in combination with nanoparticles as an indicator between
the ligand and receptor. For example, a nanocomposite was developed by combining
PtNPs and magnetic nanoparticles and their incorporation into GO. The nanocompos-
ite was conjugated with the HER2 antibody for the selective colorimetric targeting of
human breast adenocarcinoma cells (SKBR-3). The limit of the detection (LOD) of the
designed nanocomposite was 10-fold lower than that of previous assays due to the peroxi-
dase mimicking property of GO with 3,3’,5,5'-tetramethylbenzidine (TMB) as a substrate
(specific for peroxidase only) [120]. Besides the detection of cancer, untagged PtNPs of a
dendritic shape (13-23 nm in size) act as potent bioimaging agents in the breast cancer
(BT-20) cell line using differential interference contrast (DIC) microscopy. Interestingly,
dendritic PtNPs showed no transparency and appeared black inside the cell which was
also confirmed by the DAPI staining [121]. Ye et al. synthesized trimetallic Cu/Au/Pt
nanoparticles of a size of 10 nm to develop effective biosensors based on the property of
catalysis. The copper (Cu) significantly enhanced the catalytic property of PtNPs upon
doping. At the same time, Au-doped trimetallic nanoparticles suggested the synergistic
effect of trimetallic (Cu/Au/Pt) nanoparticles. The Cu/Au/PtNPs, upon conjugation with
the DNA aptamer (Sgc8c), spectrophotometrically analyzed targeted CCRF-CEM tumor
cells visually using the HyO,-TMB reaction system [122]. Cai et al. conjugated aptamers
with bimetallic platinum cobalt (PtCo) nanoparticles with high oxidase-like activity for
developing a magnetically enhanced colorimetric assay. The deposition of magnetic cobalt
atoms onto PtNPs enhances oxidase-like activities in detecting MCF-7 and A549. There-
fore, multifunctional bimetallic nanoparticles, along with aptamer magnetic conjugates,
can effectively achieve the fast and selective colorimetric detection of tumor cells and
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other medical conditions [123]. Chu et al. synthesized silica nanoparticles (MSNs) with a
mesoporous structure and used them as a contrasting imaging agent in optical imaging
(OI) computed tomography (CT) and near-infrared (NIR) imaging. The pristine platinum
nanoparticles (PtNPs) on MSNs (MSNs-PtNPs) were prepared for cellular imaging in breast
cancer cells (MDA-MB-231). PtNPs on the surface of MSNs significantly enhanced the CT
contrast, followed by the conjugation of Dy800 (NIR fluorescent dye) to the MSN-PtNPs
(MSN-PtNPs-Dy800) for improving the optical imaging in vitro. PEG was used for in vivo
imaging to coat over MSN-PtNPs-Dy800 to increase bioavailability and minimize the devel-
oped material’s toxicity (PEG-MSN-PtNPs-Dy800). In vivo imaging of tumor-bearing mice
using PEG-MSNs-PtNPs-Dy800 at 1.8 mg/mL showed a significant increase in contrast
CT and fluorescence imaging. The intensity of the imaging signal within the tumor was
retained for 24 h post-administration [124] (as shown in Figure 5). Besides the conjugation
of fluorescent dye, PtNPs also possess inherent fluorescent properties, which arise in parti-
cles of sizes less than 2 nm, also known as nanoclusters. In a study, platinum nanoclusters
(PtNCs) of a size of 1.4 nm were synthesized using glutathione (GSH) and ascorbic acid for
cellular imaging. The synthesized PtNC showed enhanced fluorescent properties under
the excitation of 390 nm with an emission at 456 nm and was used for cellular imaging of
the liver cell line (HepG2 and L02) [125]. It is worth noting that the application of platinum
nanoparticles in diagnostics is an active area of research, and ongoing studies continue to
explore their potential to improve diagnostic accuracy, sensitivity, and specificity.
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Figure 5. Diagnostic potential of designed platinum nanoparticles: (a) preparation steps for the
synthesis of PEG-stabilized platinum nanoparticles over mesoporous silica nanoparticles, conjugated
with imaging dye Dy800 (PEG-MSNs-Pt-Dy800); (b) optical image of a tumor-bearing mouse before
(control) and after 24 h of exposure (sample, injected with PEG-MSNs-Pt-Dy800); (c) CT images of a
tumor-bearing mouse (encircled in red) after 24 h of exposure (sample, injected with PEG-MSNs-Pt-
Dy800). Adapted from ref. [117] with permission, MDPI 2019, Basel, Switzerland.

5. Platinum Nanoparticles in Therapeutics

The PtNPs have emerged as theranostic tools over the decades. According to the
reported studies, PtNPs have shown positive results in combating diseases such as cancer.
The physicochemical properties of PtNPs offer a more significant advantage than other
metal nanoparticles in curing various cancers owing to their enhanced anticancer and
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antioxidant properties [126,127]. The therapeutic potential of PtNPs as therapeutic agents
and drug delivery vehicles has been explored in treating various cancers such as breast,
brain, blood, skin, lung, cervical, liver, ovarian, colon, and oral cancers [128]. Rokade et al.
synthesized monodisperse PtNPs (1-2 nm) using Barleria prionitis leaf extract for the first
time. The cytotoxic potential of PtNPs was evaluated using a cell viability assay (MTT)
against breast cancer (MCF-7) cells, which showed 60.08 £ 2.4% viable cells after expo-
sure. Also, 21.48% of the cells underwent apoptosis, as confirmed by the flow cytometric
analysis [83]. Another study showed spherical PtNPs prepared using Gloriosa superba
tuber extract with a diameter range of 0.8-3 nm. The cell viability assay (MTT) using
nanoparticles performed on MCE-7 cells showed 49.65 £ 1.99% viable cells, suggesting
an efficient anticancer property. The PtNPs induced 12.32% cellular apoptosis post-48 h
of exposure at 200 ug/mL and were confirmed by membrane breakdown, the externaliza-
tion of phosphatidylserine, and a bulge in the cell membrane with nuclear chromosome
condensation. This study concluded that the high cytotoxicity of PtNPs arises due to
various functional groups including phosphate groups and nitrogen bases, in coordination
with DNA proteins inducing cell death [129]. Similarly, MCF-7 showed decreased cell
proliferation activity due to biogenic synthesized PtNPs of 20.12 nm from Punica granatum
crusts, which have anti-inflammatory and antioxidant potential. The morphology of cells
treated with PtNPs appeared narrow and spherical due to the anticancer effects of biolog-
ically synthesized PtNPs. Dose-mediated (2.5 to 50 png/mL) ones showed decreased cell
viability up to 80%, with an ICsq of 17.84 png/mL in MCF-7 cells. Propidium staining (PI)
and flow cytometry studies revealed a reduction in the DNA content in the cell cycle of
the GO/G1 phase, indicating that cells in the Gap 1 phase have undergone apoptosis via
molecular DNA breakage. The induction of oxidative pressure damage to DNA in cells
upon treatment with PtNPs was confirmed using a comet assay [100]. Fu et al. prepared
Pluronic F127-stabilized PtNPs (mesoporous) and modified them with polyethylene gly-
col (PEG). Doxorubicin was loaded onto PEG-PtNPs (PEG-PtNPs/Dox). The designed
nanoconstruct was exposed to doxorubicin-resistant breast cancer cells (MCF-7/ADR).
PEG-PtNPs/Dox, efficiently internalized by breast cancer cells, transported doxorubicin
into the cytoplasm and released it into the nucleus. In addition, the cells treated with
PEG-PtNPs/Dox and a laser with a wavelength of 808 nm reduced cell viability by up to
84% at a concentration of 8 pug/mL doxorubicin in the nanoconstruct. PEG-PtNPs/Dox
demonstrated an effective chemotherapy and photothermal therapy (PTT) strategy in
drug-resistant cancer [130] (as shown in Figure 6). Odayar et al. engineered gemcitabine-
conjugated PVP-capped PtNPs (1.3-2.66 nm) and assessed their efficacy on breast cancer
cells (MCEF-7), the melanoma cancer cell (UACC-62), and healthy human peripheral blood
mononuclear cells (PBMC). The PtNPs conjugated with gemcitabine were confirmed using
UV-Vis spectrophotometry with a strong plasmon at 379 nm. The MTT assay was per-
formed at different doses (0.10 to 100 pug/mL) and confirmed that gemcitabine-conjugated
PtNPs exhibit the highest cytotoxicity towards MCF-7 (ICsy of 9.20 £ 0.04 png/mL) and
UACC-62 cells (ICsg of 8.03 £ 0.03 ng/mL). The PBMC exposed to PtNPs conjugated with
gemcitabine at 50 pg/mL (1.11% cytotoxicity) had a significantly lower cytotoxic effect as
compared to cancer cells; however, at 100 pg/mL, no significant decrease in the cell number
(1.26% cytotoxicity) was observed. This study concluded that PtNPs and gemcitabine
alone and in combination (PtNPs-gemcitabine conjugate) exhibited minimum toxicity to
healthy cells and induced apoptosis by causing changes in the membrane morphology,
mitochondrial membrane disruption, and the cleavage of caspase-3 in cancer cells [18].
Bao et al. designed platinum-doped PEG-coated carbon nanoparticles (PEG-PtCNPs) and
tested their photothermal efficiency on an A549-derived U14 xenograft model, normal type
2 lung cells, and murine cervical carcinoma cells (U14), respectively. Under continuous
laser irradiation (808 nm, 1.0 W/cm?), PEG-PtCNPs showed a 41.4% conversion efficiency
of light into heat and were dependent on the concentration of nanoparticles. The func-
tionalization of a nanoconstruct with a red fluorescent dye (RITC) was observed in the
cytoplasm, mitochondria, endoplasmic reticulum (ER), Golgi apparatus, and lysosome, but
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not the nucleus. The designed nanoconstruct was solely responsible for decreasing the cell
viability by 35% at 20 pg/mL. In addition, mild laser irradiation at 0.3 W/ cm? for 10 min
along with the nanoconstruct at 5, 10, 15, and 20 ng/mL doses significantly inhibited the
cell migration by 27.6%, 50.5%, 69.5%, and 96.0%, respectively. An increase in lamin A/C
expression by up to 1.4-fold was observed upon combined treatment using PEG-PtCNPs
with laser irradiation. In addition, the cell viability was only 10% when combining the
20 ng/mL of PEG-PtCNPs with 1.0 W/ cm? laser irradiation for 10 min. In vivo studies in
mice bearing U14 tumors confirmed that PEG-PtCNPs inhibited the tumor spread, while
laser-irradiated PEG-PtCNPs inhibited tumor migration in the liver [131]. Ali et al. bio-
logically prepared PtNPs (size 30-45 nm) using Iraqi Zahidi dates as a reductant as well
as a stabilizer. The synthesized PtNPs at different concentrations (0.00125, 0.0025, 0.005,
0.01 M) were exposed to SKO-3 ovarian cells, which, at a concentration of 0.01 M, showed
decreased cell proliferation and induced cytotoxicity, killing 75% of the cells [132]. It is
important to note that while platinum nanoparticles hold great potential as therapeutic
agents, further research is needed to understand their safety, efficacy, and long-term effects.
Regulatory approval and extensive clinical trials have been conducted before their wide
use in medical treatments. Overall, the application of designed platinum nanoparticles
in theranostics holds great promise for personalized medicine, as it allows for concurrent
therapy and real-time monitoring of the treatment response.
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However, it is essential to note that the development of theranostic platforms using
platinum nanoparticles is an active area of research, and more studies are needed to op-
timize their design, biocompatibility, and therapeutic efficacy. The biocompatibility and
theranostic potential of designed PtNPs can be changed while changing the physicochemi-
cal properties such as the size, shape, and surface cappings. Apart from physicochemical
properties, experimental model systems, which are either cell-based or animal-based,
showed different responses after exposure to the same nanoparticles. The reported studies
also confirmed the theranostic potential of platinum nanoparticles in the last decades.
Table 1 includes various complications from previous studies that showed different plat-
inum nanostructures with their size, shape, capping molecule, toxicity, LDsy value, and
potential applications [18,75,79,93,101,102,104,123,131,133-151].

Table 1. Studies on the platinum nanostructures’ potential in cancer theranostics concerning their

size, shape, surface capping, toxicity assessment, and LDs.
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biogenesis
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and Size) Capping Agent Model System Dose (LDsg) Model System Applications References
PtNPs (sphere, Conjugated nanoparticles
1.14—1.65 nm) and MCF-7 and Skin 9.20 £ 0.04 ng/mL shov'ved.cell inhibition, the
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quantum dots -pt, lycol SCC4, and (SCC4 cells), and systemic drug toxicity, Cancer therapy [141]
spherical, 5 nm) gy CAL-27 cells) 619+ 1 ;; : ’13516 m tumor suppression
(CAL-27 cells)
. Induction of pro-apoptotic Cellular imaging
Plahnu(r[z\ﬂr\llacrls(;cluster Polyethyleneimine (215060261 Ei/nlc;;) 5x10°m protein expression (p53, and anticancer [142]
’ PUMA, cleaved caspase) effects
Gliomas cells (C6,
Fe-PtNPs Cvstein SGH44, U251), Imagin MRI/CT contrast [143]
(4.8 + 0.6 nm) ystemne ECV304, 1929, and agmng imaging agent :
HEK293
Breast cancer
N (MDA-MB231 cells),
(spher Pt3I\éPis 6 nm) ﬂgalurornblic ac1i(il mouse fibroblast Targeted therapy Phct>}t10trhermal [144]
sphere, and ascorbic ac (NTH3T3), and erapy
BALB/c nude mice
PtNPs (spherical, Ethylene glycol Colon cancer Cell death with small-sized Photothermal [145]
2 and 80 nm) y 8y (SW480 and SW620) particles therapy -
Au-PtNP . . SW480, SW620, . Photothermal )
(cauliflowers, 66 nm) Gallic acid HCT116, and FHC Selective cancer cell death therapy [146]
Breast cancer Photothermal
Iron -PtNPs (spherical, (MDA-MB-231 cells) . . therapy and )
42 nm) Polypyrrole and female BALB/c Kill cancer cells selectively photoacoustic [147]
nude mouse imaging
PtNPs (flower, Poly(Ethylene Cervical cancer Cytotoxic against cancer . )
14.6 &+ 7.4 nm) Glycol) diamine (Hela cells) cells Radiotherapy [148]
Breast cancer (T47D . )
PtNPs (3.2 nm) PEG and MDA-MB-231) Radiotherapy [149]
Lung cancer
PtNPs (spherical, (NCI-H460 cells) Induced DNA damage, cell . -
65 £ 6.68 nm) PEG and Male athymic cycle arrest, and ROS stress Radiotherapy (1501
nude mice
. Peptide Cell death due to the .
PENPs (spherical, (H-Lys-Pro-Gly- HepG2 2.9+ 03mgL™! generation of oxidative Selective cancer [151]
2.5 nm) I therapy
pLys-NH2) stress

6. Current Challenges and Translational Aspects of Platinum Nanoparticles as
Theranostic Agents

Platinum nanoparticles, like any other nanomaterial, present certain challenges that

need to be considered in their synthesis, characterization, toxicity, and applications. Here
are some of the challenges associated with platinum nanoparticles from their synthesis
to their theranostic application: first of all, nanoparticles, including PtNPs, can be chal-
lenging due to the need for precise control over the particle size, shape, surface coating,
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and distribution [87]. Additionally, platinum nanoparticles can be prone to agglomera-
tion, which reduces their stability and dispersibility [152,153]. Maintaining the stability of
platinum nanoparticles is crucial for their successful use in various applications. Cost is
another parameter for designing platinum nanoparticles as a theranostic tool. Platinum
is a precious metal and has a high cost, which can limit the scalability and commercial
viability of platinum nanoparticle-based technologies. The cost of platinum nanoparticles
can hinder their widespread adoption in large-scale applications of biomedical science.
The precise characterization of platinum nanoparticles is essential to understanding their
physicochemical properties and optimizing their performance in various applications.
However, characterizing nanoparticles at the nanoscale can be challenging due to their
small size and the need for specialized techniques. Accurate characterization methods are
required to determine the particle size, shape, surface chemistry, and stability [154]. The
development of scalable and cost-effective manufacturing processes is necessary to meet
the increasing demand for platinum nanoparticles in various industries: another crucial
concern of the platinum nanoparticle’s safety and biocompatibility. Although platinum
nanoparticles are widely used in various fields, their potential toxicity and biocompatibility
must be thoroughly evaluated [87]. Nanoparticles” small size and large surface area can
enhance their reactivity and potentially adversely affect biological systems. It is crucial to
assess the safety profile of platinum nanoparticles before their application in areas such
as medicine and consumer products. Platinum nanoparticles may have environmental
implications due to their potential release into the environment during their manufacturing,
use, and disposal. The long-term effects of platinum nanoparticles on ecosystems and their
potential to accumulate in organisms are still being studied. Considering the environmen-
tal impact and implementing proper waste management strategies when working with
platinum nanoparticles is essential. Different applications of platinum nanoparticles may
have specific challenges. For example, surface activity and property loss due to particle
sintering can be a significant concern for biological applications. The various challenges
associated with PtNPs from their synthesis to cancer theranostic applications are shown
in Figure 7. Issues such as nanoparticle targeting, therapeutic potential (anticancer and
antioxidant), controlled drug release, and long-term stability in biological environments
must be addressed for biomedical applications [155]. One of the major issues related to
stability in biological media is due to the formation of protein corona, thus creating a
major hindrance regarding achieving the maximum potential for theranostic applications.
Addressing these challenges requires interdisciplinary research efforts, including materials
science, chemistry, biology, toxicology, and engineering, to overcome the limitations and
unlock the full potential of platinum nanoparticles in biomedical science as advanced
theranostic agents.

Toxicity

+ In vitro and in vivo data
correlation

Challenges associated with
PtNPs

Figure 7. Various challenges associated with platinum nanoparticles for their clinical use in cancer
theranostics. The challenges include the level of synthesis, toxicity/safety, application, and regulation.
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7. Conclusions

Traditionally, the prognosis/diagnosis of cancer has significantly advanced in the past
decade, but it still faces certain challenges involving non-specificity, drug resistance, late-
stage diagnosis, invasive procedures, costs, and point-of-care options. Therefore, there is a
need to develop a robust and affordable system or material that can be advanced enough
to provide rapid, sensitive, target-specific, non-invasive, and cost-effective diagnostic and
therapeutic potential for deadly diseases such as cancer.

Platinum nanoparticles can improve and facilitate such possibilities to be developed
as theranostic agents, given their excellent stability in vivo compared to other known noble
metals owing to their intrinsic antioxidant and anticancer properties. These properties play
a key role in both in vitro and in vivo scenarios, along with plausible imaging capabilities
during therapeutics for unraveling the complex stages of cancer. The controlled-sized and
-shaped platinum nanoparticles can be prepared using physical, chemical, and biological
methods. However, each technique possesses its unique advantages and limitations in
relation to the other ones. The different synthesis method leads to nanoparticle formation for
desired applications with a concern for their safety or toxicity. The nanoparticle-mediated
cytotoxicity highly depends on the size, shape, surface complexity, dose, administration
route, and exposure time.

The nanoparticle-mediated toxicity was assessed using an in vitro (cell-based) and
in vivo (animal-based) model system. These models help researchers evaluate the potential
adverse effects of nanoparticles and understand their impact on biological systems. The
nano-bio interaction is an essential parameter for PtNPs-based theranostic applications
in cancer. The theranostic application of PtNPs has advanced enough to combat cancer in
terms of diagnosis, targeted drug delivery, and photodynamic and photothermal therapy.
The versatile structure of PtNPs provides a platform for conjugating several functional
moieties on the nanoparticle surface, such as antibodies, fluorescence agents, DNA/RNA,
peptides, and anticancer drugs for efficient imaging and targeted drug delivery in tumor
cells. Conjugation to PtNPs makes them suitable as biosensors based on colorimetric or
fluorometric change while detecting the targeted molecules.

Despite the various applications of platinum nanoparticles, the particles still face
certain challenges that restrict their use in clinics. The challenges can be divided into differ-
ent steps, from synthesis to application. The challenges include stability, controlled size,
scale-up, cost, nano-bio interaction, and post-synthesis functional modification with DNA,
RNA, drugs, and antibodies for targeted therapeutics and imaging. Addressing these chal-
lenges requires interdisciplinary research and collaboration between scientists, engineers,
toxicologists, and regulatory bodies to lay a roadmap for future translational value.

Future research might see new developments in nanoparticle synthesizing processes
that allow for precise control over the nanoparticle size, shape, surface complexity, and
functional properties, with minimum toxicity for formulating highly stable multifunc-
tional nanocarriers with enhanced biocompatibility. Controlling platinum nanoparticles’
physicochemical properties leads to an increase in the efficiency and safety of nanoparticles.
Platinum nanoparticles could emerge as a potent anticancer agent along with targeted
therapeutic and diagnostic systems with considerable side effects. Although platinum
nanoparticles have shown significant potential in preclinical studies, more research is
needed to understand their long-term safety, biodistribution, and potential side effects in
human clinical trials.
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