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Ru(ll) polypyridine complexes have attracted much attention as anticancer agents because of their
unique photophysical, photochemical, and biological properties. Despite their promising therapeutic
profile, the vast majority of compounds are associated with poor water solubility and poor cancer
selectivity. Among the different strategies employed to overcome these pharmacological limitations,
many research efforts have been devoted to the physical or covalent encapsulation of the Ru(Il) polypyridine
complexes into nanoparticles. This article highlights recent developments in the design, preparation,
and physicochemical properties of Ru(ll) polypyridine complex-loaded nanoparticles for their potential

application in anticancer therapy.

Introduction

In the developed world, cancer is one of the leading causes for
death with about 19.3 million new cases and 10.0 million deaths
recorded in 2020. These numbers are projected to surge in the
upcoming decades, with an anticipated 28.4 million new cases
annually by 2040 [1]. The prevalence of cancer has created a
pressing need for the development of effective treatment meth-
ods. Traditional treatment modalities involve a combination of
techniques whereby the tumor is removed in a surgical procedure
and the patient is further treated by immunotherapy, radiother-
apy, or chemotherapy. Since the discovery of cisplatin in the late
1960s, metal-based drugs have been extensively studied as chem-
otherapeutic agents. The biomedical mechanism of cisplatin is
thought to be related to DNA damage, inhibition of replication
and transcription, or a combination of both processes. One of
the main factors contributing to the cytotoxicity of cisplatin
is the formation of covalent cross-links when it interacts with DNA.
The cytotoxicity of cisplatin is further amplified by overwhelming
the cellular ability to repair the platinum-DNA adducts. Despite
being one of the most widely used and effective chemotherapeu-
tic drugs thus far, cisplatin is associated with severe side effects,
including kidney damage, peripheral nerve damage, severe nau-
sea, vomiting, and bone marrow suppression. These side effects,
along with the development of tumor resistance, have limited the
clinical use of cisplatin [2-7]. One promising alternative is the
development of a new class of compounds such as ruthenium
(Ru) complexes.

Over the last decades, the development of Ru complexes as
chemotherapeutic agents has received increasing attention
because of the generally non-toxic nature of these compounds
and the presence of these metal complexes in variable oxida-
tion states. Several Ru complexes have shown clinical potential
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as anticancer agents. Notably, the compounds imidazolium
trans-[tetrachloro(dimethylsulfoxide) imidazole ruthenium(III)]
(NAMI-A) and imidazolium trans-[tetrachloro(dimethylsul-
foxide) imidazole ruthenium(III)] (KP1019), as well as its sodium
salt KP1339, have advanced into clinical trials. NAMI-A, as
the first Ru complex to undergo clinical trials, has demon-
strated potent tumor growth inhibition effects on primary and
secondary metastatic tumors in animal models. Its antitumor
mechanism involves enhancing actin-dependent cell adhesion
while reducing cell invasion and migration. This results in the
disturbance of the communication of the cancer cells with the
extracellular matrix. The phase 2 clinical study yielded unsat-
isfactory results in terms of drug activation against disease
progression and adverse effects on patients. These outcomes
limited its further clinical development [8-10]. Subsequently,
KP1019, a structural analog of NAMI-A with a different mech-
anism of action on cancer cells, was introduced into clinical
trials. KP1019 disrupts the redox balance inside the cancer
cells, leading the inhibition of DNA synthesis and G2/M cell
cycle arrest. These responses ultimately induce cell death by
apoptosis. Despite these promising biological effects, the poor
water solubility poses a limitation for further clinical advance-
ment [11,12]. To overcome this limitation, the sodium salt of
KP1019, known as KP1339, has been pursued as a drug can-
didate [13].

Besides chemotherapeutic agents, in recent years, consid-
erable attention has been devoted to Ru(II) polypyridine com-
plexes. This is largely due to their attractive biological properties
and unique photophysical and photochemical properties, which
can be fine-tuned by altering the number and nature of the
polypyridyl ligands surrounding the Ru(II) metal center. On
the basis of these properties, Ru(II) polypyridine complexes
are extensively studied as photosensitizers for photodynamic
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therapy or photoactivated chemotherapy [14-28]. It is impor-
tant to highlight that one of these compounds, namely, TLD-
1433 is currently studied as a photosensitizer for photodynamic
therapy in phase 2 clinical trials for the treatment of non-
muscle invasive bladder cancer [29,30]. Despite their promising
therapeutic profile, the vast majority of these complexes are
associated with poor water solubility, non-specific biodistribu-
tion, lack of tumor-targeting properties, systemic toxicity, and,
consequently, a low therapeutic index that limits their clinical
application. Moreover, while the photosensitizer itself should
be non-toxic in the absence of light, its exposure to light can
result in cellular damage. Because of the strong light scattering
of the skin and tissue during treatment and the challenge of
precisely irradiating the tumor site, healthy surrounding tissue
is also typically damaged in a photodynamic therapy treatment.
To date, various types of delivery systems have been generated.
In general, these systems can be categorized as active or passive
pathways. In active tumor targeting, a particular molecule such
as a signaling peptide [31-36], oligonucleotide [37-39], oligo-
saccharide [40,41], protein [42,43], receptor targeting moiety
[44-49], or antibody [50,51] is employed to transport the ther-
apeutic molecule. In passive tumor targeting, the leaky and
highly permeable vasculature as well as poor lymphatic tissue
characteristics of the tumor are targeted through selenium nan-
oparticles [52-54], silver nanoparticles [55], gold nanoparticles
[56-58], silica nanoparticles [59-64], upconverting nanopar-
ticles [65-67], carbon nanotubes [68-70], or metal-organic
frameworks [71,72]. Notably, polymeric nanoparticles have not
been mentioned here as these are in-depth described below.
Despite the endeavors made, most of the aforementioned trans-
portation systems suffer from drawbacks such as low water
solubility, complicated preparation methods, high cost, or
reduced therapeutic efficacy. To address these limitations, there
is a pressing need to develop a drug delivery system that can
selectively transport Ru(II) polypyridine complexes to its
intended target.

Advantages of the Encapsulation

Among other strategies, the encapsulation of metal complexes
into polymeric materials, also referred to as nanomedicines,
could present a viable solution to overcome the pharmacolog-
ical limitations of the molecular therapeutic agents. Because of
their unique features, such as small size, high surface area, sur-
face chemistry, water solubility, and multifunctionality, poly-
meric materials are highly suitable for drug delivery purposes.
By utilizing the abnormalities of the tumor vasculature, nano-
particles can accumulate in malignant tumors. This phenom-
enon is commonly referred to as the enhanced permeation and
retention effect. Capitalizing on this, research efforts have been
devoted to the incorporation of drugs into nanoparticles to
overcome physical and pharmacokinetic limitations of molec-
ular therapeutic agents [73-79].

Yu et al. [80] and Karges [81] have described a new research
direction upon combination of material science with biosafety
science termed as biosafety materials. The development of
new materials that are able to influence biological or medic-
inal environments is expected to provide novel solutions for
known and new medicinal problems and, therefore, actively
shape research communities. Within this article, the encap-
sulation of anticancer agents into polymeric materials is sys-
temically discussed.
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Encapsulation-Dependent Parameters

The encapsulation efficiency as well as biological and pharma-
cological properties of the formed nanoparticles are dependent
on various factors. Some of the most important parameters are
highlighted here.

o Particle size: The efficiency of targeted delivery of encap-
sulated Ru(II) polypyridine complexes to cancerous tis-
sues is directly influenced by the size of the nanocarrier.
Small, molecular Ru(II) polypyridine complexes can dif-
fuse into the interstitial fluid, causing undesired side
effects. To overcome this, efficient macromolecular deliv-
ery systems have been designed by exploiting the struc-
tural differences between tumorous and healthy tissues.
For biological applications, the ideal diameter range for
a carrier is 10 to 1,000 nm, but ideally, it should not
exceed 300 nm to enable the enhanced permeation and
retention effect and to ensure efficient passive targeting
of tumor tissues [82,83].

« Particle charge: The stability and targeting efficiency of
nanocarriers are directly influenced by their surface charge.
Nanoparticles with a positively charged surface can typi-
cally easily enter cancerous cells through endocytosis. In
contrast, nanoparticles with a neutral or negatively charged
surface rely on specific interactions, resulting in reduced
levels of non-specific adsorption of proteins and non-specific
phagocytosis [84,85].

o Chemical structure of the polymer: The selection of a bio-
compatible polymer and the preparation method are cru-
cial for ensuring the compatibility between the polymer
and the metal complex. To achieve sufficient loading of
the complex, a well-defined carrier structure is preferable
to avoid phase separation and increase biological efficacy.
Additionally, the integrity of the carrier nanostructure
should be maintained post-encapsulation. Because of
the charges of the Ru(II) polypyridine complexes, hydro-
phobic or electrostatic interactions between the polymer
and the metal complex must be controlled [86,87].

« Biodegradability of the polymer: To ensure optimal per-
formance of the polymeric nanocarriers for the Ru(II)
polypyridine complex delivery, the biodegradability and
composition of the polymer must be carefully controlled.
For most applications, biodegradable polymers are required
to regulate selective and specific release of the Ru complex.
While nonbiodegradable polymers can improve properties
such as stability and hydrophilicity, their elimination can
occur without releasing the active compound. When bio-
degradable polymers are used, the surface-adsorbed Ru(II)
polypyridine complex is released through initial hydrolysis
of cleavable linkages, followed by slow polymer degradation
over weeks to years to control payload release. Factors influ-
encing the rate of Ru complex release include concentration
gradient, mobility and diffusion within the nanocarrier, and
polymer degradation rate. These properties are dependent
on the composition, molecular weight, distribution, crystal-
linity, and chemical structure. Different degradation kinetics
can be obtained depending on the regio- or stereoregularity
of the polymer sequence in copolymers. Physical entrap-
ment of the Ru(II) polypyridine complex is preferred over
covalent conjugation as it maintains the integrity of the com-
plex, but nanocarrier stability and preservation remain as
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challenges. A balance must be struck between too much
stability, which can lead to poor release, and too little sta-
bility, which can result in premature disassembly or poor
targeting efficiency [88,89].

Polymeric Nanoparticles

In the 1980s, polymeric nanoparticles were reported for the
first time as carriers for drug delivery [90,91]. These nanoscale
particles are self-assembled usually in an aqueous solution from
amphiphilic block copolymers. Spherical polymeric micelles
typically have a diameter ranging from 10 to 100 nm [92].
However, their size can increase when proteins are adsorbed,
leading to the formation of particles that are too large for renal
excretion [93]. Apart from traditional spherical shapes, poly-
meric micelles can also self-assemble into flexible and cylin-
drical structures [94].

To achieve stable dispersion in aqueous environments, core—
shell micelle architectures are typically obtained using diblock
copolymers. The outer shell consists of hydrophilic blocks to
protect the encapsulated Ru(II) polypyridine complex from
adsorption of biomolecules during circulation or interaction
with cellular membranes. The inner core, made up of the hydro-
phobic block, is stabilized by hydrophobic interactions and
serves as a reservoir for the encapsulating hydrophobic Ru(II)
polypyridine complexes. Amphiphilic diblock copolymers with
longer hydrophilic segments are used to form spherical micelles.
However, the limited kinetic stability can pose a challenge
because they exist in a dynamic equilibrium between the self-
assembled micelle and the bulk phase. To enhance the tar-
geting specificity toward diseased tissues or organelles, the
surface of a polymer can be functionalized with recognition
motifs [95-97].

Polymer-based nanocarriers are widely employed as the
preferred drug delivery system because of their facile syn-
thesis, diverse composition, architecture, functionalization,
and ability to degrade in physiological media. With a wide
range of polymer architectures available, these are among the
most promising drug delivery systems, including polymeric
micelles, nanogels, vesicles, dendrimers, and nanoparticles.
There are 2 strategies for encapsulating drugs within a poly-
mer matrix: (a) physical encapsulation, which relies on non-
covalent interactions between the drug and the polymer
matrix, and (b) covalent encapsulation, which involves the
covalent conjugation of the drug to the polymer [98-100].
Subsequently, these types of encapsulations are separately
discussed.
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Physical encapsulation into polymeric nanoparticles

Polymeric nanoparticles are created by self-assembling amphi-
philic polymers, which form a hydrophobic core and a hydro-
philic shell to encapsulate therapeutic compounds and stabilize
the interface between the core and the aqueous medium. As
the predominant method, therapeutic compounds are physi-
cally encapsulated with amphiphilic polymers because of their
facile synthesis and easy optimization into nanoparticles with
tailored properties. The most widely used biocompatible and
biodegradable polymers are aliphatic polyesters, such as the
Food and Drug Administration-approved polylactide and
poly(D,L-lactide-co-glycolide). Polylactide and poly(D,L-
lactide-co-glycolide) break down into non-toxic acidic products,
specifically lactic acid and glycolic acid, which can be metab-
olized to produce harmless by-products such as carbon dioxide
and water. Despite these promising properties, this method of
encapsulation is associated with several limitations including
(a) the burst release, which involves the sudden release of the
drug; (b) difficulties in encapsulating drugs that are poorly
miscible with the polymer matrix; and (c) poor drug loading,
necessitating a high concentration of the nanoparticles to
achieve a therapeutic effect [101-103].

Chan et al. [104] described the encapsulation of the anticancer
agent [Ru(1,10-phenanthroline),(2-(4-methoxyphenyl)imidazo
[4,5-f][1,10] phenan‘[hroline)]2+ in poly(D,L-lactide-co-glycolide)
nanoparticles using the nanoprecipitation technique. To improve
their pharmacological properties, the nanoparticles were coated
with polyethylenimine that was previously prepared from biotin
and polyethylene glycol (Fig. 1). The resulting nanoparticle 1 had
a diameter of 150 nm and showed tumor-targeting capabilities,
particularly toward cancer cells that overexpressed sodium mul-
tivitamin transporter receptors. The researchers confirmed the
spherical shape of the nanoparticles using transmission electron
microscopy. The nanoparticles demonstrated high stability in cell
media and human plasma. In comparison to the molecular metal
complex or unmodified Ru(II) polypyridine complex nanopar-
ticles, the loaded nanoparticle 1 exhibited 3- to 4-fold higher
toxicity against human hepatocellular carcinoma cells (HepG2).
In a xenograft mouse model, the biodistribution analysis revealed
that the loaded nanoparticles accumulated primarily in the liver
and tumor, while the molecular metal complex was distributed
throughout the body, indicating the potential of the nanoparticle
formulation to improve the biodistribution of the metal complex
in the animal model.

Beeuf et al. [105] developed nanoparticles that encapsulate
5-substituted-1,10-phenanthroline functionalized Ru(II)
polypyridine complexes using poly(D,L-lactide-co-glycolide).
The nanoparticles were generated through nanoprecipitation

Fig. 1. Structure of the physical encapsulation of Ru(1,10—phenanthroline)2(2-(4-methoxyphenyl)imidazo[4,5—f][1,10]phenanthroline)]2+ with poly(D,L-lactide-co-glycolide),
which was previously functionalized with biotin and polyethylene glycol, into 1. The counterions were omitted for clarity.
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Fig.2.Structure of the physical encapsulation of the Ru(ll) polypyridine complex with a 50:50 mixture of poly(D,L-lactide-co-glycolide) and Poloxamer 188 into 2. The counterions

were omitted for clarity.

in the presence of Poloxamer 188 and acid-terminated poly(D,L-
lactide-co-glycolide) (Fig. 2). The drug loading efliciency was
approximately 1%. The researchers successfully obtained spher-
ical nanoparticle 2 with a size of 100 nm and low polydispersity
index. Upon irradiation, around 50% of the Ru(II) polypyridine
complex payload was released within 2 days, while only 10%
was released after 6 days of incubation in the dark. The nano-
particles showed minimal toxicity in the dark, but when exposed
to white light irradiation (30 min, 17 mW/ cmz), the entire cell
population of glioma (C6) cells was eliminated at a concentra-
tion of 0.1 pM.

Karges et al. [106] performed a study on the encapsulation
of [Ru((E,E')—4,4’—Bis[p—rnethoxystyryl]—2,2'—bip}7ridine,*)3]2+
with Poloxamer-407 (Pluronic F-127) to form nanoparticle 3
(Fig. 3). The average size of the nanoparticles was measured

to be between 53 and 162 nm, and they exhibited a spherical
shape as observed through transmission electron microscopy.
The encapsulated Ru(II) polypyridine complex displayed the
ability to generate singlet oxygen when irradiated at 500 nm.
Because of the ligand’s high lipophilicity, the Ru(II) polypyri-
dine complex itself had poor water solubility. However,
after encapsulation, the resulting nanoparticles showed high
water solubility. The nanoparticles were non-toxic in the
absence of light. When exposed to irradiation at 500 nm for
16.7 min with an energy density of 10 J/cm?, they exhibited
cytotoxic effects against human cervical carcinoma (HeLa)
cells. The concentration at which the nanoparticles caused
a cytotoxic effect, known as the CCj, value, ranged from
93 to 261 pM based on the loading of the Ru(II) polypyridine
complex.

H 0. OH
Y T
100 65 100

Poloxamer 407

3

Fig. 3. Structure and transmission electron microscopy image of the physical encapsulation of [Ru((E,E’)-4,4’-Bis[p—methoxystyryl]-2,2’—bipyridine)3]2+ with Poloxamer 407

into 3. The counterions were omitted for clarity.
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Karges et al. [107] conducted a study on the encapsulation
of a Ru(II) polypyridine complex, [Ru(4,7-diphenyl-1,10-
phenanthroline)2(4,4’-dimethy1—2,2’-bipyridine)]2+, using a
commercially available polymer 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[folate(polyethylene glycol)-2000]
[ammonium salt] (DSPE-PEG,,-folate) (Fig. 4). The resulting
nanoparticle 4 had an average size of 122 nm. The molecular
complex itself had an undesired cytotoxic effect in the dark
with varying cytotoxicity across different cell lines (CCy 4, =
28.8 to 3.1 pM). However, the formulation of the complex into
nanoparticles overcame this limitation as the nanoparticles
were found to be non-toxic in the absence of light. Upon

irradiation at 480 nm (10 min, 3.1 J/cm?) or 595 nm (60 min,
11.3 J/cm®), the nanoparticles demonstrated phototoxicity in
the low micromolar range in 2-dimensional monolayer human
ovarian carcinoma (A2780) cancer cells (CCs 4, > 100 uM,
CCspusonm > 2.64 + 0.33 pM, CCyg 595 > 3.51 + 0.64 pM)
and in 3-dimensional A2780 multicellular tumor spheroids
(CCspdarkc > 100 pM, CCy 450nm > 8.16 + 0.87 pM, CCsf so50m >
9.62 + 0.93 uM). The nanoparticles also exhibited effec-
tiveness against drug-resistant cancer cell lines, indicating
their ability to overcome drug resistance. Inductively cou-
pled plasma mass spectrometry studies confirmed that the
nanoparticles accumulated 8 times more in cancer cells that

DSPE-PEG q-biotin

5

Fig.4.Structure of the physical encapsulation of the Ru(Il) polypyridine complex [Ru(4,7—diphenyl—l,lO—phenanthroIine)2(4,4’-dimethyl-2,2’—bipyridine)]2+ with 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000][ammonium salt] (DSPE-PEG,,-folate) into 4 or the Ru(ll) polypyridine complex [Ru(2,2’-
bipyridine)z((E,E’)-4,4’-Bis[p-(N,N-methoxy)styryl]-Z,Z’-bipyridine)]2+ with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin(polyethylene glycol)-2000][ammonium

salt] (DSPE-PEG,q,-biotin) into 5. The counterions were omitted for clarity.
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overexpressed folate receptors, thus validating their cancer-
targeting effect [108].

Karges et al. [109] conducted a study on the physical
encapsulation of a Ru(II) polypyridine complex, [Ru(2,2'-
bipyridine), ((E E')-4,4'-Bis[p-(N,N-methoxy)styryl]-2,2’-
bipyridine)]**, using a commercially available polymer
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[biotin(polyethylene glycol)-2000][ammonium salt] (DSPE-
PEG,,-biotin) 5 (Fig. 4). Through confocal laser scanning
microscopy transfection assay and the determination of the
metal content using inductively coupled plasma mass spec-
trometry, the researchers verified the preferential accumula-
tion of the nanoparticles in cancer cells that overexpressed
sodium multivitamin transporters. Quantification demon-
strated approximately 20 times higher accumulation in sodium
multivitamin transporter-overexpressed adenocarcinomic human
alveolar basal epithelial (A549) cancer cells compared to
noncancerous human lung fibroblast cells. The nanoparticles
exhibited enhanced cytotoxicity against cancerous A549 cells
(CCsps00nm > 3-2 £ 0.1 pM, CCy goonn > 3.2 £ 0.2 pM) compared
to non-cancerous human lung fibroblast cells (CCs 599nm >
48.1 + 3.6 pM, CCs gognm > 48.2 + 4.0 pM) when exposed to
1-photon irradiation (500 nm, 11 mW/cm 6.0 J/cm?) or
2- photon irradiation (800 nm, 0.29 mW/cm?, 80 MHz, 100 fs,
10.1J/cm?®). The nanoparticles were non-toxic in the absence
of light (CCyg 4 > 494.7 uM). In a A549 tumor-bearing mouse
model, the nanoparticles exhibited an 8.7 times higher accu-
mulation in the tumor compared to the unformulated complex
when the same amount of the Ru(II) polypyridine complex
was intravenously injected, demonstrating their cancer-targeting
capabilities. Upon exposure to clinically relevant 1-photon
(500 nm, 11 mW/cm?, 6.0 J/cm?) or 2- -photon (800 nm, 50 mW,
1 kHz, pulse width of 35 fs, 5 s/mm) excitation, the nano-
particles nearly completely eradicated the tumor within the
mouse model.

Dickerson et al. [110] developed cross-linked nanoassem-
blies using polyethylene glycol-block-poly(L-aspartate) copoly-
mers as a nanogel delivery platform for the Ru(II) polypyridine
complex [Ru(4,7-diphenyl-1,10-phenanthroline), 1 (Fig. 5). The
nanoassembly 6 had an average diameter of 19 nm and achieved
a drug loading efficiency of up to 20%. The release rate of the
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metal complex was influenced by its hydrophobicity and the
ionic strength of the solution, while pH changes had minimal
impact. This suggests that the drug release can be controlled and
tailored for specific applications. In terms of cytotoxicity, the
nanoparticles and the unformulated Ru(II) polypyridine complex
showed similar profiles in the absence of light (CCs guk complex
0.6 + 1.1 pM, CCo garicnanopartice > 0-6 £ 1.2 uM) and when exposed
to irradiation (>400 nm) (CCsyjightcomplex = 0-1 = 1.0 pM,
CC > 0.1 + 1.1 pM) against A549 cells.

50,light,nanoparticle

Covalent encapsulation into polymeric nanoparticles

To formulate polymer—drug conjugates into nanosized con-
structs, covalent encapsulation is utilized. This approach involves
linking the drug covalently to a hydrophilic polymer [111]. The
connectivity and position of the modification of the Ru(II)
polypyridine complex onto the polymer such as a terminal group
or the polymeric backbone determines its biological properties
and the specific synthetic strategies used for its preparation.
Sun et al. [112] developed amphiphilic block copolymers con-
taining a Ru(II) polypyridine complex, enabling high drug load-
ing and self-assembly into sub-150-nm nanostructures The
[Ru(2,2":6',2"-terpyridine)(2,2'-biquinoline)(H, 0)** complex
was coordinated to a preformed polymer, polyethylene glycol-
block-poly(6-(4-cyanophenoxy)hexyl methacrylate) 7 (Fig. 6),
which could release the therapeutic Ru(II) complex upon light
exposure. Subsequently, Sun et al. [113] synthesized a polymeric
material where the Ru(II) polypyridine complex was linked to
the anticancer drug chlorambucil via ester bond formation 8
(Fig. 6). When dispersed in water, the amphiphilic polymer
self-assembled into nanoparticles, measuring around 15 nm
in diameter. In the dark, the nanoparticles exhibited no tox-
icity toward HeLa cells, both in normoxic and hypoxic env1-
ronments. However, when exposed to light (56 nm, 60 J/cm 3,
the nanoparticles displayed cytotoxicity, with an effective con-
centration (ECs,) of approximately 25 pg/ml under both
normoxic and hypoxic conditions. Using a similar approach,
the authors coordinated the Ru(II) polypyridine complex
[Ru(2,2’-biquinoline),(H,0)]*" to an ABA triblock copolymer
(polyethylene glycol-block-poly(6-(4-cyanophenoxy)hexyl meth-
acrylate)) 9 (Fig. 6). Upon light exposure, the polymeric chains
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Fig. 5. Structure of the physical encapsulation of the Ru(ll) polypyridine complex [Ru(4,7—diphenyl—l,10—phenanthro|ine)3]2+ with polyethylene glycol-block-poly(L-aspartate)
copolymers into 6. The counterions were omitted for clarity.
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Fig.6.Structure and drug release upon exposure to irradiation of the covalent encapsulation of [Ru(2,2':6',2”-terpyridine)(2,2'-biquinoline)(H,0)12* or [Ru(2,2"-biquinoline),(H,0)1**
with polyethylene glycol-block-poly(6-(4-cyanophenoxy) hexyl methacrylate) into 7 to 9. The counterions were omitted for clarity.

Karges 2023 | https://doi.org/10.34133/bmef.0024 7


https://doi.org/10.34133/bmef.0024

BMEF

and therapeutic agents were released and singlet oxygen was
generated. The nanoparticles were non-toxic in the dark
(CCosp,gark > 150 pg/ml) but exhibited high cytotoxicity (CCspjigp
~ 25 pg/ml) against HeLa, HepG2, and human prostate cancer
(PC3) cells upon irradiation (656 nm, 50 mW/cm?, 30 min).
In a HeLa tumor-bearing mouse model, the nanoparticles selec-
tively accumulated in the tumor upon intravenous injection.
While not affecting tumor growth in the dark, intravenous injec-
tion combined with irradiation (655 nm, 0.2 W/cm?, 10 min)
resulted in significant tumor growth inhibition [114]. On the
basis of this concept, Zeng et al. [115] have prepared a dual-
responsive Pt(IV)/Ru(II) bimetallic polymer that could self-
assemble into nanoparticles. The nanoparticles were able interact
in cancer cells through a combination of cancer-activated chemo-
therapy and photodynamic therapy. Promisingly, the nanoma-
terial demonstrated to nearly fully eradicate cisplatin-resistant
tumors in a patient-derived xenograft model.

Maggioni et al. [116] have polymerized polyamidoamine
chains to 1,10-phenanthroline that were further coordinated
to Ru(Il) polypyridine center 10 (Fig. 7). The resulting poly-
meric material self-assembled into nanoparticles with an aver-
age diameter of ~20 nm. The zwitterionic nature of the polymeric
chain in an aqueous solution and stability studies in the presence
of cysteine suggest its suitability for biological applications. The
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Fig. 7. Structure of the covalent encapsulation of [Ru(l,lO—phenanthroline)3]2+
with a zwitterionic polyamidoamine polymer into the nanoparticle 10 or a cationic
polyamidoamine polymer into the nanoparticle 11. The counterions were omitted
for clarity.
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Fig.8.Structure of the covalent encapsulation of [Ru(2,2’-bipyridine),(dipyrido[ 3,2-
a:2’,3'-c]phenazin-7-hydroxymethyl)]>* with lactide polymer into the nanoparticle 12
or the Ru(Il) polypyridine complex [Ru(2,2'-bipyridine),(4-hydroxymethyl-phenyl-1H-
imidazo-1,10-phenanthroline)]** with lactide polymer into the nanoparticle 13. The
counterions were omitted for clarity.

nanoparticles were readily internalized into HEK-293 cells
through endocytosis or micropinocytosis, accumulating in vesic-
ular compartments of the cytoplasm. Subsequently, Mascheroni
etal. [117] incorporated the Ru(II) polypyridine complex
[Ru(1,10-phenanthroline), ] into a polyamidoamine polymer
11 (Fig. 7). The resulting polymeric material self-assembled into
nanoparticles with an average diameter of ~10 nm. In an aqueous
solution, the cationic nature of the polymer distinguished it from
the analogous polymer 10. Both 10 and 11 efficiently generated
singlet oxygen upon light exposure. The zwitterionic polymeric
nanoparticle 10 was non-toxic in the dark and under light irra-
diation (CCsg gqnqighe > 50 pM) against HeLa cells. In contrast,
the cationic polymeric nanoparticle 11 was non-toxic in the dark
(CCspgark > 5 M) but exhibited low micromolar cytotoxicity
(CCspigne = 0.7 pM) against HeLa cells upon 1rrad1at10n with
visible flght (400 to 800 nm, 40 min, 23.7 mW/cm®).

Soliman et al. [118] conjugated [Ru(2,2'- b1p¥r1d1ne)2(dipyri-
do[3,2-a:2',3"-c]phenazin-7-hydroxymethyl)]** to lactide 12
via ring-opening polymerization (Fig. 8). These conjugates were
found to self-assemble into nanoparticles and generate singlet
oxygen upon irradiation. The nanoparticles showed enhanced
cellular internalization compared to the free metal complex.
They were non-toxic in the dark (CCy 4,4 > 100 pM) but exhlblted
cytotoxicity upon irradiation (480 nm, 10 min, 3.21 J/cm %) against
HeLa cells (CCsg 4g0nm = 16.724.3 pM). In another study, the Ru(II)
polypyridine complex [Ru(2,2'-bipyridine),(4-hydroxymethyl-
phenyl-1H-imidazo-1,10-phenanthroline)]** was conjugated to
lactide 13 (Fig. 8). Within 48 h of incubation under physiological
conditions, nearly the whole payload of the Ru(II) polypyridine
complexes was released. The nanoparticles were non-toxic after
48 h of incubation (CCs 4, > 100 pM) but showed cytotoxicity
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after 72 h of incubation (CCs;,y, = 35.4 & 2.9 pM) against
A2780 cells. Studies inside a A2780 tumor-bearing mouse model
showed a highly increased accumulation inside the tumorous tis-
sue in comparison to the unformulated Ru(II) polypyridine com-
plex. Despite these preliminary promising properties, 12 showed
a negligible tumor growth inhibition effect [119].

Liposomes

Liposomes are small vesicles ranging from nanosized to micro-
sized, which contain an aqueous core enveloped by a phospho-
lipid bilayer. They have made a significant breakthrough as a
nanomedicine delivery system, becoming the first to transition
from theory to clinical application, thus establishing them as a
well-established technological platform with extensive clinical
acceptance [120,121].

Shen et al. [122] encapsulated the Ru(II) polypyridine com-
plex [Ru(2,2’—bipyridine)z(dipyrido[3,2—a:2’,3’—c]phenazin)]2+
14 into liposomes composed of dipalmitoylphosphatidylcho-
line, polyethylene glycol-modified phospholipid, and cholesterol
(Fig. 9). The liposomes exhibited enhanced cellular uptake com-
pared to the free metal complex. While the liposomes with-
out the metal complex were non-toxic, the Ru(II) polypyridine
complex-loaded liposomes showed cytotoxicity in the micromolar
range (CCy, ~ 4 pM) against breast cancer (MDA-MB-231) cells.
Further investigation revealed that the liposomes induced DNA
damage, leading to apoptosis. In an MDA-MB-231 tumor-
bearing mouse model, the Ru(Il) polypyridine complex-loaded
liposomes selectively accumulated in the tumor tissue and signif-
icantly reduced tumor growth.

Askes et al. [123] developed liposomes encapsulating Ru(II)
polypyridine complexes [Ru(2,2":6',2"-terpyridine)(2,2'-bipyri-
dine)(thioether-cholestanol)]** 15 (Fig. 10). A hybrid ligand
combining thioether and cholestanol enabled coordination
with the metal center. Negatively charged or neutral lipids
were used for the liposome membranes. Under irradiation,
the monodentate thiol ligand was released. To treat deep-
seated or large tumors, the researchers combined the Ru(II)
polypyridine complex-loaded liposomes with triplet-triplet

|\ N l\
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Fig.9.Structure of the encapsulation of [Ru(2,2'-bipyridine),(dipyrido[3,2-a:2",3'-c]
phenazin)]** 14 with liposomes. The counterions were omitted for clarity.

annihilation upconversion liposomes. These upconversion
liposomes could be excited with near-infrared light at 630 nm
and emit blue light to trigger the photodissociation of the
Ru(II) polypyridine complex.

Summary and Perspectives

Extensive research has been conducted on the application of
Ru(II) polypyridyl complexes for anticancer therapy. However,
their low cellular uptake and lack of specificity for cancer cells
and tumors have initiated the necessity of the development of
nanomaterials that incorporate Ru(II) polypyridine complexes.
The encapsulation of these metal complexes through into nano-
particles is a promising strategy for overcoming the pharma-
cological limitations of molecular agents and provides cancer
selectivity. The development of nanomaterials loaded with
Ru(II) polypyridine complexes is still in its early stages, and
much remains to be understood. Various nanoplatform con-
structs are available for incorporating these metal complexes
depending on the intended application. Some potential areas
of focus for future studies include:

o Optimization of nanoparticle design: There is a need to
optimize the design of nanoparticles to improve their efhi-
ciency and effectiveness in delivering Ru(II) polypyridine

15

Fig.10. Structure and drug release upon exposure to irradiation of the covalent encapsulation of the Ru(ll) polypyridine complex [Ru(2,2":6",2"-terpyridine)(2,2’-bipyridine)

(thioether-cholestanol)]** 15 with liposomes. The counterions were omitted for clarity.
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complexes to cancer cells. This could involve tailoring
the size, shape, surface charge, and surface functionali-
zation of nanoparticles to enhance their cellular uptake
and targeting.

Evaluation of toxicity and biodistribution: It is essential
to investigate the toxicity and biodistribution of Ru(II)
polypyridine complex-loaded nanoparticles to ensure
their safety and efficacy for clinical use. Preclinical stud-
ies can provide valuable insights into the pharmacoki-
netics, pharmacodynamics, and potential adverse effects
of these nanoparticles.

Development of combination therapies: Combining Ru(II)
polypyridine complex-loaded nanoparticles with other
cancer therapies, such as chemotherapy, radiation therapy,
and immunotherapy, could enhance their therapeutic efhi-
cacy and overcome resistance to treatment. This approach
could also reduce the dosage of each therapy, minimizing
side effects and improving patient outcomes.

Translation to clinical applications: Ultimately, the devel-
opment of Ru(II) polypyridine complex-loaded nano-
particles needs to be translated into clinical applications
to benefit patients with cancer. This involves rigorous
testing in clinical trials to demonstrate their safety and
efficacy, as well as regulatory approval for clinical use.

Opverall, the development of Ru(II) polypyridine complex-
loaded nanoparticles has the potential to revolutionize cancer
therapy by providing targeted and multimodal treatments
with reduced side effects. Continued research and develop-
ment in this area could lead to significant advances in the field
of oncology.
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