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ABSTRACT

Organelle specificity is an important facet of more efficient and highly selective drugs with reduced side
effects which have now been the great challenge to the scientists. In eradication of lethality of cancer, the
appropriate anticancer therapeutics should render less toxicity towards the normal healthy cells.
Therefore, in present scenario the application of photodynamic therapy (PDT) in healing cancer has
brought about a renaissance in the field of anticancer research as PDT is very selective treatment proce-
dure under irradiation of localized light at a particular portion of the body without creating any photo-
toxic damage to the normal cells. Metal complexes, especially ruthenium (II), iridium (III) and rhenium (I)
complexes have been seen to be highly apt for PDT. Hence, a bucket of Ru (II), Ir (III) and Re (I) based var-
ious types of complexes have been showcased here mentioning their capability to target specific orga-
nelle along with the detailed discussion on pathway of photodynamic therapy.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most perilous diseases known to living world is can-
cer which is termed to be the second leading risk factor for death
after cardiovascular disorders. The uncontrolled growth and
metastasis of malignant tumors can be considered as the major
cause of cancer [1]. From the report of world cancer research fund
we observed that in 2020, 18.1 million cancers cased found around
all over the world. In case of man, it was 9.3 million and in case of
women it was 8.8 millions. In 2022 1,918,030 new cancer cases
and 609,360 cancer deaths were found in the United States from
the report of American Cancer Society [2]. Invasive surgery, radia-
tion and chemotherapy are the most prevailing cancer treatments
being administered in clinical practice. Cancer metastasis may be
aided by invasive surgery. Chemotherapy can produce severe sys-
temic toxicity because of poor selectivity while radiotherapy can
cause radiation poisoning and leads to the formation of secondary
neoplasia. These sobering realities have driven current efforts
towards the development of novel therapeutic platforms which
will convey nominal invasive techniques, excellent selectivity as
well as low malicious side effects in order to eradicate aforemen-
tioned disadvantages. Therefore, main objective of drug develop-
ment and commercialization involves in design of a molecule
affluent with most therapeutic effects in the target tissue while
meager with negative side effects in other tissues. In this context,
photodynamic therapy (PDT) affords an appropriate therapeutic
approach where the photosensitizers (PSs), the light-sensitive

Inactive Drug Active Drug

Injected Inactive Drug

compounds are 'switched on’ to the target region upon irradiation
of localized light. In absence of light, the PSs should be non-toxic
and thus PDT offers an opportunity for highly targeted therapy
with fewer adverse effects [3-5]. PDT is a two-step treatment that
begins with the introduction of a photosensitizing agent and ends
with the emission of non-thermal light of a particular wavelength
activating the drug [6-9]. The biological effect of PDT is well-
accepted because it renders the affects to the specific portion of tis-
sue exposed under light. Moreover, PDT activates the systemic
immune responses that are directed towards the tumors [10-12].
Depending upon the situation, the patient can be treated topically,
systemically or else intravesically with non-active PSs. Then, PSs
may accumulate in both healthy and impaired cells but it is acti-
vated by localized light irradiation with suitable wavelength
[13,14] (See Fig. 1).

Photodynamic therapy can be classified as Type-I and Type-II
depending on the mechanism of action. Type-I mechanism entails
the photoinduced electron transfer which leads to the formation of
a superoxide or a hydroperoxyl radical (HO3). Type-Il mechanism
involves energy transfer from the photosensitizer to ground-state
triplet oxygen (30,) which is ultimately converted to highly reac-
tive singlet oxygen (10,). This singlet oxygen facilitates the cancer
cell annihilation. As a result of light irradiation, the photosensitizer
excited from ground state (Sp) to the excited singlet state (S;), and
then it swings to the triplet state (T;) through non-radiative inter-
system crossing process (ISC). (Fig. 2) Then and there it transfers
the electron or energy to the ground state oxygen which leads to
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by ROS
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Fig. 1. A pictorial representation of PDT treatment for cancer.
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Fig. 2. Mechanistic pathway of PDT.

the formation of reactive oxygen species which actually damages
the cancer cells [15-17]. In this process PSs remains unaltered by
itself, rather it just works as an “energy relay” to absorb light or
transport energy. Owing to this kind of advantages and being ben-
eficial over traditional cancer therapies, it was first established as a
treatment method over 100 years ago. The interest in PDT was
reignited only in the 1990 s, when FDA approved the first clinically
trialed PS, stimulating massive investigation in cancer therapies
[18,19]. Photofrin was the first PS which was approved for clinical
trial in the case of bladder cancer. A good PSs exhibit several
important properties like (1) low dark toxicity, (2) proper retention
time, (3) anti-bleaching characteristics that are strong, (4) high
extinction coefficient within 700 to 900 nm therapeutic window,
(5) to maintain efficacy, limited absorption and tumor-specific
selectivity which were great challenges to the scientists [20-23].
Therefore, studies on PDT aimed at tackling the above listed chal-
lenges in order to augment the PSs capability in PDT. The United
States Food and Drug Administration have approved PDT as a treat-
ment for endobronchial and endo esophageal cancer as well as for
premalignant and early malignant lesions of the skin, bladder,
breast, stomach and oral cavity [24-26]. In the late 19th century,
Niels Finsen et al. opened the door of modern phototherapy-
based research where they used carbon arc-lamp for lupus vul-
garis, the result of which brought the Nobel Prize in 1903 in Phys-
iology and Medicine [27]. In 1900 Raab group investigated the light
treatment in combination with photosensitizing agents [28]. In
1907 von Trappeiner and Jodlbauer group demonstrated the need
of oxygen in dark as well as in light and introduced the term ‘pho-
todynamic activation’ [29].

In recent time, metal-based drug including ruthenium and irid-
ium complexes are being highly applauded due to their amazing
properties for PDT in cancer [30-32a]. Ruthenium complexes pos-
sess some extraordinary properties like solubility, cellular uptake
and organelle targeting ability, photo-stability, photophysical
property and ROS generation. The electronic distribution of ruthe-
nium is [Kr] 4d” 5 s, so that its arrangement with different ligand
can be presumed to be hexa-coordinated octahedral and it can be
altered for a variety of purposes, such as solubility, cell uptake
effectiveness, targeting capacity, charge distribution, electrochem-
ical and photophysical properties, etc [32b]. Their exceptional

photosensitizing qualities, paired with the aforementioned
properties, have acquired considerable preferences for being used
in PDT. McFarland et al. introduced TLD1433 (polypyridyl
ruthenium complex) in the field of PDT for bladder carcinoma
and it reached phase-IB clinical trial. The profound research on
ruthenium-based PSs showed the potential to make a significant
contribution in the field of PDT (Fig. 3). Like ruthenium
complexes, iridium complexes as well as cyclometalated Ir (III)
complexes also exhibited outstanding result in PDT based cancer
therapy. High quantum yields, substantial Stokes shifts, long-
lived phosphorescence, remarkable color-tuning capabilities and
good photobleaching resistance are some of the important
properties of cyclometalated iridium complexes which make
them pertinent for PDT. As a consequence, they are also chosen
as bio-imaging probes. Iridium complexes have also shown
momentous impact on PDT due to some special biological and
photophysical properties along with the ability of facile ligand
modification. Tricarbonyl rhenium compounds demonstrated
appealing and intriguing characteristics because of their excellent
photophysical and photochemical characteristics, reduced heavy
metal toxicity, organelle targeting capability, and other factors.
Hence, this review article has been embroidered with myriad
class of  Ru(lIl)/Ir(Ill)/Re(I)-based  complexes (polypyridyl,
cyclometalated, nano, carbohydrate conjugate, peptide conjugate,
bimetallic and so on) for organelle specific PDT application.

2. Importance of different organelles and target specific cancer
Therapy

2.1. Extracellular target

2.1.1. Cell membrane

The cell membrane is the first important target for any drug
molecule during entering into cell as it holds different receptors
and regulates signal transmission in association with the control-
ling of enzymatic activity. It also provides the space for endocytosis
and thus helps the drug to enter into cell crossing through it. It is
accountable to maintain the interactions in cellular environment.
As the cell membrane consists of lipid bilayer, it can also be
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mentioned that some specific bilayer activities are seen to be allied
to high diversity in lipid composition, its flexibility, some interac-
tions as well as dispersion influencing the role of cell membrane
and cell characteristics. Lipid layer contains a lengthy hydrophobic
tail along with a polar head. The lipid composition and distribution
of cell membrane are not uniform. These constituents expedite the
noncovalent interactions with other biomolecules such as proteins
and lipids and thereby help to form the membranes of cells and
organelles. Therefore, cell membrane can be assumed as a key tar-
get for modern chemotherapeutics or small molecules to wrestle
with cancer.

2.2. Cellular receptor

Cell receptors remain clinged to the cell’s surface to welcome
the external molecules such as hormones and nutrients for enter-
ing into cells. All the receptors can be classified into two groups:
(1) intracellular receptors (found in cytoplasm or nucleus) and cell
surface or extracellular receptors (found in plasma membrane).
Receptor plays a key role in different physiological as well as
pathological processes like growth factor signaling process, extra-
cellular matrix and cell activation during microbial invasion. It is
noteworthy that the dissemination of different degenerative dis-
eases such as cancer, neurological disorders and atherosclerosis
are mostly reliant on cell surface receptors. The prime aim of can-
cer diagnosis and treatment is to design the target specific drugs
capable of targeting the tumor microenvironment where the role
of overexpressed receptors in cancer cell membrane is praisewor-
thy. A few receptors which are overexpressed in cancer cell’s sur-
face can be mentioned as aVB3 integrin, epidermal growth factor
receptor (EGFR), vascular endothelial cell growth factor receptor
2 (VEGFR2), folate receptor (FAR-a) and neuropilin-1 (NRP1) and
these receptors are frequently exploited as important targets for
healing cancer. The human epidermal receptor 2 (HER2) are seen
to be overexpressed in many primary tumors and mainly in breast
cancer. In this way cellular receptors provide valuable clues which

lead to the knowledge of designing the effective drugs in protec-
tion of carcinogenesis.

2.3. Intracellular target

2.3.1. Nucleus

The Nucleus is the most important and largest organelle in the
cell. It is also considered to be the “brain” of the cell as it possesses
genetic components, chromosomes which consists of DNA and
nucleoproteins such as histones that regulate gene expression
where transcription from DNA to RNA plays an important role
inside the nucleolus. Therefore, DNA in nucleus is the key target
for any drug molecules.

It has been noticed that metal complexes are very much effi-
cient candidates to be employed in anticancer therapy owing to
their structural variety and interesting properties such as wide
range of oxidation states, suitable geometry and large number of
ligand coordination to metal centers along with greater extent of
adaptability. In addition to this, different functionalization to
ligands can modify the cellular accumulation as well as biomolec-
ular targeting ability. The organic ligands regulate the interactions
such as electrostatic interaction, hydrophobic groove binding,
intercalation, hydrogen bonding, insertion or the mixture of all
between metal complexes and DNA. Hence, the metal complexes
which are capable of interacting with nucleic acids have been well
suggested for cancer therapy.

2.4. Mitochondria

Mitochondrion is highly significant, semi-independent orga-
nelle having double membrane that controls cell’s metabolism.
The inner mitochondrial membrane involves in electron transfer
where electrons are moved from NADH to oxygen during redox
processes. The energy of these procesess helps to thrust H* out of
the matrix and thereby negative charge is created throughout the
mitochondrial membrane. Mitochondria takes part in controlling
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the cell metabolism, creation of reactive oxygen species (ROS) as
well as cell death. Mitochondria is recognized as the powerhouses
of cells and act as energy store which are crucial for cancer meta-
bolism. The Warburg effect or “aerobic glycolysis,” takes place in
mitochondria explaining the mitochondria’s role to hold back car-
cinogenesis. This is a matter of fact that tumor cells release energy
following glycolytic pathway rather than following the tricar-
boxylic acid (TCA) cycle as a result of mitochondrial malfunction
in tumor cells and Warburg suggested that tumor cells had to
depend on glycolysis due to the damage of respiratory chain in
mitochondria. Consequently, mitochondria targeting drugs find
more significance as beneficial anticancer drugs that steadfastly
aim to mitochondrial functionality over traditional chemothera-
peutic drugs causing mitochondrial dysfunction in an indirect
manner with damaged DNAs and thereby trigger the apoptotic sig-
nals. A number of mitochondria accumulating transition-metal
complexes are seen to be emissive in nature acquiring the capabil-
ity of both enhanced cellular uptake as well as appreciable
organelle-specific distribution. Therefore, mitochondria serves as
potential target for designing anticancer metallo drugs.

2.4.1. Lysosome

Lysosomes are condensed granules in cytoplasm bearing hydro-
lytic enzymes which are mainly accountable to intracellular and
extracellular digestion. Lysosome comprises of around 40 different
enzymes being classified into five categories: nucleases, proteases,
amylase, lipases and monoesters of phosphoric acid. Hydrolases
are well known to be the class of enzymes where water molecules
are used to cleave the substrates. Therefore, lysosomes being
loaded with hydrolases, are liable to destroy the extracellular
and intracellular materials. Most of the lysosomal enzymes carry
on their function in an acidic environment. The migration of lyso-
some towards the periphery of the cytoplasm of cancer cell is seen
to be indespensible for cancer cell growth, invasion as well as
metastasis revealing the noticeable modification for neoplastic dis-
ease. It is apparent that during neoplastic transformation, number
of lysosomes changes along with the change in shape, luminal pH,
hydrolase concentration as well as intracellular distribution. More-
over, at the time of oncogenic transformation, the changes in
tumor microenvironment, such as acidity, or changes in gene
expression can elicit this type of redistribution. Therefore, lyso-
somes of cancer cells can be assumed as the prime focus for any
anticancer drug.

3. Property of a good PDT agent

A good PDT agent possesses some important properties like (a)
good photo stability in aqueous media, (b) long life time in excited
state, (c¢) good solubility, (d) inactivity in dark condition.

3.1. Photosensitizers

The photosensitizer is the most significant component in the
production of reactive oxygen species (ROS). The highest absor-
bance of a good photosensitizer can be found at very long wave-
lengths. On conversion from singlet to triplet states, it possesses
high intersystem crossover (ISC) efficiency. It causes less photo-
toxic damage to normal cells than it does to cancer cells [33-
37a)]. A good PSs should meet the criteria like strong absorption
should be present in the far-red and near-infrared range
(>650 nm), but modest absorption should be present in the shorter
wavelength region of visible light (400-600 nm), under physiolog-
ical conditions the PS ought to produce reactive oxygen species
excellently, it must have lower dark toxicity, good degradablity
and finally it can be easily removed from the body after treatment

Coordination Chemistry Reviews 474 (2023) 214860

[37b]. Porphyrins are pyrrole-based compounds with four subunits
and a highly conjugated structure which absorb light in the visible
region. However, low selectivity and low absorbance in the IR or
NIR regions are downsides of this type of molecule [38]. Three gen-
erations of photosensitizers were discovered after that. Hemato-
porphyrin derivative was considered as first-generation
photosensitizer. This moiety absorbs light at roughly 630 nm and
has a high quantum yield of 0.64 in methanol, indicating a high
efficiency of singlet oxygen generation. This compound is used to
treat a variety of cancers including brain, laryngeal, lung, skin, gas-
tric and colorectal cancers. However, the ultimate drawback is that
it can penetrate weak tissues only [39]. As cell membrane is one of
the most important targets for any anticancer therapeutics, L. Yuan
et al was tried to develop cell membrane targeted unimolecular
prodrug for programmatic photodynamic therapy. They estab-
lished smart-molecule prodrug p-bpy as multifunctional photosen-
sitizer being capable of exhibiting two-photon photodynamic
therapy in association with well-disciplined chemotherapy to
eradicate the pervasiveness of deep tumour tissues revealing good
therapeutic potential.

The main objective to discover the second-generation photo-
sensitizer was to reduce the disadvantages of the first-generation
photo.sensitizer. The second-generation photosensitizers included
phthalocyanines, chlorins and others. Chlorin e6 (Ce6) was used
to treat the breast cancer as well as hypopharyngeal cancer cells.
Termoporfin (m-THPC) is a chlorin-based photosensitizer that
has been used in clinical trials. Because of their specificity for can-
cer cells and low skin deposition, this second-generation photosen-
sitizer is crucial. They have a wide range of absorption from 630 to
800 nm and generate reactive oxygen species (ROS). Although all
photosensitizers are hydrophobic, they have several disadvantages
such as a short circulation half-life and a high rate of self-
aggregation. The therapeutic impact was discussed for these two
reasons [38]. Afterward some organic and inorganic nano carriers
were used as photosensitizers which were considered as third gen-
eration photosensitizer. Kono et al. designed PEGylated dendrimers
to load photoporphyrin IX (PpIX) for PDT [40]. Zhao et al. developed
folic acid (FA)-conjugated HMSNs to load 5-aminolevulinic acid (5-
ALA) for targeted PDT towards B16F10 cancer cells [41]. Some inor-
ganic photosensitizers were vital for the generation of reactive
oxygen species (ROS) to damage cancer cells. UV irradiation causes
TiO, to produce ROS directly [42-44]. Hwang and colleagues
examined that photo-excitation of Ag, Pt, and Au NPs created sin-
glet oxygen in 2011 [45]. Semiconductors such as CdSe, ZnO, and
others are essential in this regard because they can change their
size and composition, allowing absorption spectra to be modified
from UV to NIR. At the end of this discussion, we could classify
the photosensitizer in two parts, one is organic photosensitizer
and another is inorganic photosensitizer. Most of organic photo-
sensitizers involve in Type-II PDT and inorganic photosensitizers
involve in Type-I PDT (Fig. 4).

3.2. Single photon excitation and two photon excitations

In fluorescence spectrophotometer, one photon is commonly
used for excitation. When a photon with specific wavelength is
subjected to a fluorescent molecule (fluorophores), it becomes
stimulated and is moved from lower energy, So to higher energy
state, S,. The molecules can be dipped in energy somewhat (to
S,) after shifting to a higher energy state but these fluorophores
will eventually drop back to the ground state by releasing the
energy as emitted photons which is how fluorescence takes place
since the emitted photon is lower in energy as well as larger wave-
length due to transfer from S, to S;. NIR photon have higher wave-
length and lower in energy than visible light photon (700-900 nm)
(Fig. 5a).
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Fig. 5b. Jablonski energy diagrams for single-photon and two-photon excitation. On the left is single-photon excitation, where a single 400 nm photon is enough for
fluorescence. On the right is two-photon excitation, where two 800 nm NIR photons are requiredfor fluorescence.

As lower energy NIR photons do not possess satisfactory
energy to excite the fluorophore from Sy to S,, no fluorescence
will be found. In that case two photons excitation takes place.
For this, the two NIR photons must arrive in rapid succession;
both photons must arrive virtually instantaneously, within one
femtosecond (10'° S). Due to this time factor the energy of
these two photons are merged and help to excite the fluo-
rophores which is called as two photon excitations. In case of

single photon excitation linear relationship was found between
excitation light intensity and fluorescence intensity whereas in
two photon excitation non-linear (quadratic) relationships was
found because the intensity of fluorescence depends on the
square of the number of photons received by the fluorophore
as multiple photons are involved here (Fig. 5b). In this case, non-
linearity gives some advantages as it can localize the excitation
[46-48].
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4. Advantages and challenges of PDT

PDT offers more advantages than other traditional processes
with fewer challenges. Such as: (i) an extensive amount of cells
are damaged by the PDT which conveys the immune system to
attack the cancer, (ii) PSs has only been activated by the irradiation
of light, so there is very minor chance for systemic toxicity, (iii)
excellent selectivity, (iv) applicable in nanomaterial for in vivo
application which can enhance the cell permeability. PDT have also
some challenges like (i) the synthesis and purification process of
some PSs (chlorin, phthalocyanine derivatives, porphyrin, etc.)
are very tough, (ii) poor water solubility, (iii) absence of a tumor
target moiety, (iv) ROS have shorter lifetime (<40 ns) and narrow
diffusion radii (10 nm), (v) PSs have center of cavity and due to this
cavity metal center coordinate in this cavity and leads to metal
complex formation. These complexes are very difficult to synthesis
as exhibit high cytotoxicity in absence of light irradiation; (vi) PDT
is only applicable to that patient who remain in the dark for a long-
time. Recently scientist contributed their major efforts to over-
come the limitations of PDT. Red or NIR light irradiation can
improve the low penetration of light towards the PSs with short
wavelength absorption by dint of FRET effect or two-photon exci-
tation PDT etc. Nowadays, scientists have developed innovative
photosensitizers (including efficient organic photosensitizers)
instead of conventional PSs (Fig. 6) [49].

5. Enhancement of PDT

In general, the PSs can transform molecular O, into ROS with
the help of irradiation. Therefore, PSs are considered the key entity
of this technique and we need to use such kind of PSs which have
high ROS transformation efficiency. In order to enhance the
absorption efficiency (at visible or NIR wavelength) of the PSs,
some mechanism like Forster resonance energy transfer (FRET),
fluorescence resonance energy transfer (FRET), resonance energy
transfer (RET) and electronic energytransfer (EET) can be success-
fully employed for transferring the energy from an energy donor
to energy acceptor (Fig. 7).

Herein, we have portrayed a few examples regarding the
enhancement of PDT. As porphyrin sensitizers have small TPA
(two-photon absorption) cross sections, Dichtel et al. made some
modification to augment the TPA cross sections of porphyrin where
TPA efficient donor chromophores were covalently bound to the
central porphyrin acceptor (Fig. 8). After TPA, the donors transfer

Challenges

Targeting
and

&>
o : Selective
Dark toxicity

Hypoxia
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Fig. 7. Mechanism of fluorescence resonance energy transfer.

their excited state energy to the porphyrin moiety through FRET
process and thereby generate singlet oxygen species [50].

To enhance the PDT through FRET process Zhu et al. also devel-
oped two fluorescence resonance energy transfer (FRET) dyads
AceDAN-H,Por-Lyso (a) and AceDAN-ZnPor-Lyso (b) (Fig. 9). In
that case, the donor AceDAN can successfully transfer the excited
state energy to the acceptor porphyrin through FRET. As a result
of this, generation of deep-red fluorescence and singlet oxygen
become useful for cell imaging and PDT [51].

Another FRET application for singlet oxygen generation was
developed by Tang and coworkers. They reported donor-acceptor
porphyrin PSs comprised of cationic conjugated oligomer (OPV)
as a donor unit and porphyrin (TPP) as an acceptor unit
(Fig. 10a). The cationic donor had a significant role which improved
the water solubility and decreased the accumulation of porphyrin.
It promoted the PSs towards the cell membranes and hence these
PSs exposed highly efficient PDT treatment with the help of elec-
trostatic interactions [52]. Two-photon-induced PDT was devel-
oped by Junbai Li et al. with the help of FRET mechanism. In their
study Nitrogen-doped graphene quantum dots (N-GQD) was com-
bined with traditional photosensitizers RB and ultimately it was
formed as stable photosensitizer being coupled with graphene
quantum dots, N-GQD-RB (Fig. 10b). Hence, following the
intramolecular FRET mechanism, the RB could be excited by N-
GQD and upon irradiation with one or two photon laser, N-GQD-
RB displayed high cytotoxicity [53].

Using DPP (Diketopyrrolopyrrole) and BODIPY (Boron dipyrro-
methene), Zou et al. designed and synthesized a novel D-A-D
organic photosensitizer DPPBDPI, where DPP and BODIPY were

Advantages

Controlled Photoxicity
Local and controlled
irradiation

Active only by light sources

Fig. 6. Generalized shortlist of advantages and challenges of PDT.
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Fig. 9. Structure of dyads AceDAN-H,Por-Lyso (a) and AceDAN-ZnPor-Lyso (b).

linked via benzene ring as a m-bridge linker (Fig. 11). The DPP part
exhibited optical properties and charge carrier mobility. In the end
of DPP, BDPI present as m-stacking moieties which facilitate end-
to-end m-7 interactions followed by the enhancement of charge
transport between adjacent molecules. The synergistic effect of
the two photosensitizers increases the fluorescence quantum yield
5 % and the singlet oxygen quantum yield up to 80 %. In vitro and
in vivo experiment of DPPBDPI nanoparticles exhibited low dark
toxicity and very high phototoxicity towards HeLa cells with ICs-
value 0.06 puM. In vivo fluorescence imaging experiments indicated
that at very low doses DPPBDPI can accumulate at the tumor site
and inhibits tumor growth without side effects [54].

For the construction of a nano particle platform, Tang et al.
developed photo-cross-linkable semiconductor polymer dots
doped with photosensitizer Chlorin e6 (Ce6) where photoreactive
oxetane groups were present in the side chains of the semiconduc-
tor polymer (Fig. 12). After photo-cross-linking reaction,

Ce6-doped Pdots inhibited the photosensitizer leaching because
it demonstrated outstanding stability. In that case efficient energy
transfer occurred from the polymer to Ce6 molecules that led to
the formation of singlet oxygen molecule. The in vitro photody-
namic experiments helped them to conclude that under low dose
of light irradiation Ce6-doped Pdots effectually destroyed the can-
cer cells. Also, they performed in vivo photodynamic experiment
with the help of nude mice and they visualised that Pdot photosen-
sitizer repressed the growth of solid tumors [55].

Resonance energy transfer mechanism (RET) is an important
process which can dramatically enhance the singlet oxygen gener-
ation. This mechanism involves the construction of a novel dyad
photosensitizer that is capable of enhancing the intensity of NIR
photon and finally increases the formation of singlet oxygen spe-
cies. Huang et al. connected the donor moiety distyryl-BODIPY with
photosensitizer diiodo-distyryl-BODIPY to form a dyad molecule
RET-BDP (Fig. 13). Finally, they encapsulated this RET-BDP into
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Fig. 10. Structure of OPV-C3-TPP and N-GQD-RB and FRET process.

biodegradable copolymer Pluronic F-127-folic acid (F-127-FA)
which is water soluble and good tumor targeting. The main advan-
tage of this nano particle is its tumor targeting PDT effect in pres-
ence of low-power NIR LED light irradiation (10 mW c¢m~2) both
in vivo and in vitro [56].

6. Organelles targeted ruthenium complexes for photodynamic
therapy

6.1. Ruthenium based polypyridyl complexes

Over the last few years, synthesis of Ru (II) polypyridyl com-
plexes and exploration of their key characteristics has become a
main focus of research [57-59]. These complexes absorb the visible
light and also emit long wavelength light in the red and NIR spec-
tral regions. It has been noted that photochemical and photophys-
ical properties of the complexes can be changed with the nature
and the numbers of the polypyridyl ligands attached with the Ru
(II) metal center [60,61]. Noncovalent interactions between Ru
(1) polypyridyl complexes and biomolecules is ideally suited to

the development of novel therapeutic approaches. Polypyridyl
based ruthenium complex used in biological system for cellular
imaging and diagnostic agents as well as the development of novel
classes of therapeutic medicines has received a lot of attention.
Here we represented some organelle targeted polypyridyl based
ruthenium complexes for various type of cancer therapy.

Six water soluble free-base porphyrin-Ru(Il) conjugates, (1,2,3)
and Zn(Il) porphyrin-Ru(Il) conjugates (4,5,6) with different linkers
between the hydrophobic porphyrin moiety and the hydrophilic
Ru(II)-polypyridyl complex were synthesized by Zhang et al
(Fig. 14). Authors inspected their dual functions, (i) in vitro imag-
ing; (ii) photodynamic therapeutic applications. The energy trans-
fer from Ru(Il) '"MLCT to porphyrin singlet state was observed at A
430 nm photoexcitation for the complex 1 to 3 and emissions were
observed at A 659 and 718 nm. In case of complexes 4, 5 and 6,
caused by an increase in the singlet energy level of Zn (II) por-
phyrin than that of the Ru (II) 3MLCT state, the energy transfer
from the Soret-excited porphyrin to the Ru (II) was observed at 1
430 nm of photoexcitation. The emission quantum yield of conju-
gated complexes 4 to 6 was found to be 10-fold lower than the
complexes 1 to 3. But, the singlet oxygen quantum yield of all
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Fig. 11. D-A-D structure of DPPBDPI and its enhancement of fluorescence as a theranostic agent for PDT.

the conjugates exhibited no comprehensible difference between
conjugates with different linkers [62]. Based on the emission quan-
tum yield and singlet oxygen quantum yield, they further investi-
gated the in vitro property of conjugates 1 to 3 against the HeLa cell
lines. In dark condition the ICso values were 118, 175,
and > 250 uM for conjugates 1, 2, and 3 respectively, which was
reliable with their cellular uptake properties with 1 ~ 2 > 3. From
this result, they concluded that conjugate 3 with more hydrophilic
poly (ethylene glycol) linkage, was the least efficient in cell pene-
tration. The authors also incubated the complexes 1, 2 and 3
(5 uM) with HeLa cells for 6 h and simultaneously excited at A
850 nm. Two photon cross section was found to be 177, 168, and
144 GM for 1, 2 and 3 respectively. The confocal image of the cell
at 0, 8, 16 and 32 min was shown in Fig. 15 after two-photon laser
irradiation. The intensities of fluorescence were found to be more
in case of complexes 1 and 2 stained cells compared to complex
3 stained cells. Furthermore, the cells were continuously irradiated
to understand the efficacy of these conjugates on two photon
induced cytotoxicity and upon irradiation the fluorescent images
were captured at 8 (Fig. 15, b, f, j), 16 (Fig. 15, ¢, g, k) and 32 min
(Fig. 15, d, h, 1). In treated HeLa cells, subcellular localization pat-
terns of Conjugates 1 and 3 were found to be similar to those in
control cells after 2PA-PDT (Fig. 15, a, i). From the Fig. 15, f, g, h
it was clearly observed the nuclear localization of 2 after 8 to
32 min of irradiation. The light dose- dependant (at 1 M concen-
tration) photocytotoxicity of these conjugates was found in the fol-
lowing order as 2>1>3 which was supported with their respective
subcellular localizations at the mitochondria, lysosomes and cyto-
plasm. Eventually, they came to the conclusion that porphyrin-Ru
(II) conjugates (2) exhibited most promising in vitro imaging and
PDT activity because of its high emission quantum yield, low dark
cytotoxicity along with high phototoxicity [62].

For the amplification of two-photon induced luminescence, sin-
glet oxygen generation, cellular uptake and photocytotoxic proper-
ties, Zhang et al. synthesized two Ru(Il)polypyridyl-porphyrin and

10

Zn(Il) porphyrin conjugates (complexes-7, 8, Fig. 18). Complex 7
exhibited emission spectrum in the near-infrared region via one
and two photon excitation with high quantum efficiency and sin-
glet oxygen quantum yield. Authors also investigated the cellular
uptake property of these complexes in HeLa cell with the help of
multiphoton laser scanning confocal microscopy. Complex 7
showed 75 % higher cellular uptake ability than complex 8. After
two hours of incubation strong red emission was observed on
the cell membrane but not inside the cell (Fig. 16). However after
3 h of incubation, strong red emission from the complex 7 was
visualised in the cytoplasm whereas complex 8 exhibited red emis-
sion inside the cell membrane after same time of incubation. A
very weak emission of 8 was observed in cytoplasm after 4 h of
incubation. From this phenomenon they concluded that the cellu-
lar uptake property of complex 7 was much higher than complex 8.
Authors also investigated the phototheranostic properties of com-
plex 7 and 8 in presence of TPE against HeLa cells. In presence of
800 nm laser, 70 % of cells (which were incubated with complex
7) lost (Fig. 17) their morphological integrity. But no significant
change was observed in complex 8 under the same condition [63].

Zhang et al. reported a noninnocent ligand-based Ru(II) complex
(9). In this complex they incorporated 5-chloro-8-oxyquinolate-
based noninnocent ligand into a merocyanine scaffold Cl-7-IVQ
and finally they synthesized new Ru complex of the type, [Ru
(bpy)o(CI-7-IVQ)]** (Fig. 18). This complex exhibited intense
absorption at 600-700 nm and permited an efficient (eOH)-
mediated DNA photocleavage. This was the first Ru (II)-complex
based DNA photocleaver, that exhibited MLCT absorption at
600 nm and upon red light irradiation the complex selectively
inactivated E. coli bacterial cells over Hela cells [64]. Another Ru
(II) polypyridyl complexes (10, 11) were reported by Wachter
and co-workers that were activated in the therapeutic window
exhibiting photo-activated DNA binding as well as potent cytotox-
icity towards cancer cells (Fig. 19). They performed the cytotoxicity
study towards human leukemia cell line HL-60 and observed the
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activity of these complexes upon light dose dependent manner
which indicated that light activation was directly related to the
cytotoxicity. In presence of blue light, the ICso value was found
to be 1.2 and 2.4 nM for complexes 10 and 11 respectively. Never-
theless, the potency was seen to be deteriorated in presence of red
and near-IR light. The potency was further increased with increas-
ing the light dose. In this case the ICsy values were observed as
2.3 uM and 5.1 pM in red and near-IR light for complex 11 which
demonstrated better activity of complex 11 than complex10. The PI
(phototoxicity index) values were calculated as 19.7 and 9.2
[(Aaps(nm) (¢ (M~! em~1) 550(4900)] in red and near-IR light for
complex 11 whereas for complex 10 the values were observed as
43.8 and 3.32 [(haps(nm) (¢ (M~! em™ 1) 525(8300)] respectively
(Table 1). After study, they came in conclusion that complexes
exhibited cytotoxicity in cancer cells upon irradiation with red
and near-IR light [65].

Tempo-functionalized Ru (II) polypyridyl complexes gave excel-
lent result in case of PDT and anticancer application. Yang et al.
synthesized tempo functionalized complexes because “Tempo”
moiety was known to be redox sensitive and fluorescence

11

enhancer in the intracellular medium. Therefore, TEMPO-
functionalized Ru(Il) complexes were highly acceptable for photo-
dynamic treatment (Fig. 19). They represented two TEMPO-
functionalized Ru(Il) complexes[Ru(N—N),L|PFs [Where, N—N = 4,
7-diphenyl-1,10-phenanthroline (dip-12), 2,2-bipyridine (bpy-
13), and (2,2,6,6-tetramethyl-piperidine-1-oxyl free radi-
cal) = TEMPO, a nitroxide moiety] along with TEMPO-free ana-
logues (12-a, 13-a). Upon application of PDT induced oxidative
stress, it was observed that TEMPO radical moiety was converted
to diamagnetic on-radical species in cells. With the help of MTT
assay authors investigated the DCF (2,7-dichlorofluorescein) fluo-
rescence assay to observe dark cytotoxicity of 12, 12-a. The irradi-
ation of light with complex 12 at 450 nm resulted in a considerable
and concentration-dependent increase by means of DCF fluores-
cence intensity.Under similar conditions, concentration-
dependent DCF fluorescence improvement was also detected in
12-a-treated cells, all but to a considerably lesser amount (up to
4-fold at 0.5-2 M). In presence of light, it was clearly evident
(Fig. 20) that complex 12 generated substantially larger intracellu-
lar ROS levels than complex 12a applying the same doses. Under
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Fig. 14. Structure of ruthenium-porphyrin conjugates (1-6).

one photon (488 nm), and two photon (800 nm) excitation, it was
noticed that 12/ 12-a penetrated into HeLa cells and localized in
cytoplasm but no considerable cellular uptake efficiency was found
in case of 13/ 13-a. In vitro photocytotoxicity was investigated
against different cancer cell lines like cervical cancer cell line
(HeLa), human pulmonary carcinomacell line (A549), cisplatin-
resistant cell line (A549R) and human normal liver cell line (LO2)
(Table 2). From ICso values of 12/12-a, moderate cytotoxicity
against all cancer cell lines was exhibited in dark but 12 gave 3-
times lower dark-cytotoxicity than 12-a. In presence of light, 12
exhibited 10-times higher phototoxicity than tempo free 12-a
exposing ICsq values of 0.24 pM and 2.9 puM for 12 and 12-a respec-
tively. The PI (phototoxicity index) values were in the following

12

order: 12 in HeLa (280.5) > 12 in LO2 (30.2) > 12-a in Hela
(6.7)>12-ain LO2 (2.8). Actually, the reason of enhanced PDT effi-
cacy of the complexes was due to presence TEMPO moiety which
showed effective cellular uptake property and enhanced the intra-
cellular ROS levels [66].

Some other Ru-polypyridyl complexes were synthesized and
characterized. Zhou et al., Pierroz et al. and Liu et al., synthesized
complexes 14, 15, 16, 17, 18, and 19 respectively (Fig. 21). 14 with
general structure [Ru(bpy),(dpb)]** (Where, bpy = 2,2’-bipyridine,
dpb = 2,3-bis(2-pyridyl) benzoquinoxaline) exhibited DNA photo-
cleavage activity in presence of suitable oxidative quenchers in
anaerobic conditions and also showed long wavelength 'MLCT
absorption with absorption maximum at 550 nm wavelength. In
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Fig. 15. Confocal microscopic images of HeLa cells treated with 5 uM of 1 (a, b, ¢, d), 2 (e, f, g, h), and 3 (i, j, k, 1) for 6 h. First row- images found for 1 (left), 2 (middle), and 3
(right) treated cells after one snap laser flash (to avoid '0, generation) at 860 nm. Second row-images is after 8 min, third row-images is after 16 min, and bottom row-images
is after 32 min of laser irradiation. [Adopted from ref. 62 with permission from American Chemical Society].

case of complex 15 with general structure [Ru(bipy)2-dppz-7-
methoxy] [PFs], localized mainly in nucleus of various cancer cells
and thereby exhibited cytotoxicity only upon UV-A irradiation.
Upon UV-A irradiation, complex was promoted to guanine oxida-
tion and DNA intercalations. Complexes 16 to 19 were mainly
mitochondria-targeted two-photon photodynamic anticancer
agents. They performed the cytotoxicity experiment with the help
of 3D HelLa MCSs. In this work 3D HeLa MCSs was used as the
screening model and they exhibited better therapeutic outcome
than one-photon PDT when combined with two-photon PDT. In
between four complexes, complex 19 showed ICsy values 9.6 uM
and 1.9 pM in case of one photon and two photon PDT in 3D MCSs.
Finally, they came to conclusion that complex 19 demonstrated
more attracted PDT potency and it was efficient two-photon PDT
candidate [67-69].

13

In case of two photon photodynamic therapy, Huang et al. syn-
thesized tertiaryammonium group’s substituted Lysosome target-
ing Ru (II) Polypyridyl complexes (20-22). They added tertiary
ammonium group with the core structure of the complexes due
to increase water solubility and binding affinity with the nega-
tively charged cell membranes (Fig. 24). They examined the
lipophilicity or hydrophilicity by analysing octanol/water partition
coefficient (logPw). The result showed that 20 (-3.54) and
21(-3.05) exhibited highly hydrophilic with the high positive
charge (+8). But the complex 22 was found to be most lipophilic
(-1.55) with its N-butyl chains. When they confirmed that the
complexes produced singlet oxygen species upon light irradiation,
then they examined cellular localization property of the com-
plexes. Authors investigated cellular localization with the help of
confocal laserscanning microscopy on HeLa and HeLa multicellular
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Fig. 16. (a) Confocal microscopic images of 7 (upper row) and 8 (bottom row)
towards HeLa cells at different time points (b) In vitro emission spectrum of 7
towards Hela cells after 4 h of incubation [Adopted from ref. 63 with permission
from Royal Society of Chemistry].
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Fig. 17. Confocal microscopic and bright-field images of HeLa cells loaded with 7
(left) and 8 (right). Top row-images for 7 (left) and 8 (right) after 3 h of incubation
(to avoid '0, generation), middle row-images denoted after 30 min of laser flashes,
bottom row-images denoted after 45 min of laser flashes at 800 nm. [Adopted from
ref. 63 with permission from Royal Society of Chemistry].

tumor spheroids (MCTSs). Under OP and TP excitation, spot-like
red luminescence (Fig. 22a) of 20 was found in cell. From
Fig. 22b it was clearly observed that TP signal of complex 20
demonstrated deep penetration into the MCTSs compared to one
photon luminescence signal. They also performed the colocaliza-
tion assay with some commercial dye like LysoTracker Green

14

Coordination Chemistry Reviews 474 (2023) 214860

(LTG), MitoTracker Green, nuclear targeting dye Hoechst 33342.
A good overlapped was found in between the signal of 20 and Lyso-
Tracker Green (LTG) (Fig. 22d), but poor overlapped with poor cor-
relation coefficient was found in the case of MitoTracker Green,
nuclear targeting dye Hoechst 33,342 (Fig. 22c, e). Then they stud-
ied the toxicity of the complexes on HelLa in dark condition. All the
complexes exhibited nontoxicity in absence of light towards the
cell line with ICso value >300 pM. After that they investigated
the phototoxicity of the complexes towards HelLa cells and it was
found that complex 20 exhibited highly phototoxicity towards
HeLa with ICsg value 1.5 pM. In order to investigate the ROS gen-
eration ability of complex 20 in cancer cell, authors used the ROS
indicator 2, 7-dichlorofluoresceindiacetate (DCFH-DA), which was
oxidized to release the green fluorophore DCF. They found a signif-
icant overlay between the green signal of DCF and red signal of 20,
indicated singlet oxygen generation in cell under light irradiation.
The cellular localization was found to be changed from lysosomes
(Fig. 23a) to cytoplasm (23, b) and finally the change was observed
in nucleus (23, c) after increasing the irradiation time. So, they con-
cluded that all the complexes (specially, complex-20) generated
singlet oxygen species and localized in the lysosomes [70].

Conti et al. synthesized two Ru (II) and Ru (II)/ Cu (II) polypyr-
idyl complexes having polyamino-macrocycle unit (a) (Fig. 24).
The advantages of protonatable amine groups within the macro-
cyclic moiety was their high water solubility and strong interaction
property with ct-DNA. Furthermore, they investigated that (a) and
(a)-Cu(Il) exhibited high tendency to be internalized into human
melanoma cellline (A375). They also performed the biological
activity towards A375 cells and it was found that both (a) and
(a)-Cu(II) exhibited no toxicity under dark but exhibited cytotoxi-
city in presence of light. Complex (a)-Cu(Il) demonstrated dose-
dependent photo-induced cytotoxicity. They also disclosed that
Fenton-active copper center played a synergetic role with light
activation for ROS generation that contributed additional mecha-
nisms for the oxidative damage of biological targets with singlet
oxygen generation [71] In case of one photon and two photons
photodynamic therapy Karges et al. encapsulated Ru(Il)polypyridyl
complex into polymeric nanoparticles with terminal biotin groups
(Fig. 24). It exhibited high selectivity for the cancer cells in compar-
ison with noncancerous cells in a 2D monolayer model as well as
3D multicellular tumor spheroids. In vivo study also suggested that
the complex was found to be high accumulative inside the tumor
cells. Upon one photon (500 nm) and two photon (800 nm) excita-
tion the complex exhibited high phototoxic effect in 2D monolayer
cells and 3D multicellular tumor spheroids [72]. To increase the
DNA binding property and photocleaving properties, Saonli et al.
synthesized Ru (II) polypyridyl complexes [Ru(dppz-X,);]** (25,
26, 27, 28, 29) with dppz ligand and different halogen (X = H, F,
Cl, Br, I) (Fig. 24). In preparation of complex they used dppz ligand
due to its DNA binding and photocleaving property. Lipophilicity is
the important property of any complex and in such case lipophilic-
ity varies with the variation of halogen groups. The complex 25 and
its ligand dppz with no halogen group exhibited lowest Logp value.
But, complex 26 with fluoride group increased the Logp value. The
overall lipophilicity order of the complex with different halogen
groups was H < F < Cl < Br < I. Authors also performed the cytotox-
icity in dark condition against HeLa (human cervical cancer) and
MRC5 (non-cancerous lungepithelial). The respective ICso values
have been given in Table 3. All the complexes exhibited moderate
cytotoxicity against MRC5 cell with ICsq value of 23 to 43 uM
where as in Hela, all the complexes had ICso value >100 M in dark
condition. In presence of light, they performed the same experi-
ment against HeLa cell. Complexes 28 and 29 exhibited no photo-
toxicity in presence of light but 27 showed moderate toxicity
(55 puM). The extra ordinary result was found in case of 25 and
26 which indicated highly phototoxic effect with ICso value 2 pM
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Table 1
Photobiological activity towards HL-60 cells.
ICso Phototoxicity
index
Complex habs(nm) (¢ (M~ cm™1)) Dark Blue (3 min) Red (3 min) Red (6 min) IR (25 min) Blue IR
10 525(8300) 52.5 1.2 13.8 7.6 15.8 43.8 332
11 550(4900) 47.3 24 4.5 23 5.1 19.7 9.2
Cisplatin 3.1 3.1 N.D. N.D. N.D. 1

HL-60 = Human leukemia cell line.

and 5 pM respectively and they also calculated the phototoxic
index (PI) for complexes 25 and 26 and the values were >47 and
>18 respectively. The overall phototoxicity order of the complexes
with different halogen groups was I < Br < Cl < F < H which was not
same as that of the lipophilicity order. At the end, they could argue
that increased lipophilicity had the positive contribution on PDT
potentials but incorporation of a bulky halogen group affected
the binding affinity with DNA modifying their activity [73].

Zhao et al. synthesized Ru-tmxf (Fig. 27) by incorporating
tamoxifen ligand which exhibited effectual estrogen receptor-
targeting ability to ER + breast cancer cells with Ru (II) polypyridyl
moiety having two photon excited singlet oxygen generating prop-
erty and acting as two-photon fluorescence probe for investigation
of cellular uptake and localization. Ru-tmxf revealed augmented
cellular uptake and PDT effect to estrogen receptor positive breast

15

cancer cells (ER+). Authors investigated cytotoxicity of Ru-tmxf
and Ru-OMe against MCF-7 cell by MTT assay in both light and
dark condition. With increasing the concentration of Ru-OMe
and Ru-tmxf, MCF-7 cell viability remained approximately 90 %,
revealing their low cytotoxic effect in the dark (Fig. 25a, black
and blue bar). But, irradiating the cancer cells cultured with Ru-
tmxf for 2.5 h, on the other hand, drastically reduced the cell via-
bility (Fig. 25a, green bar).The same environment was applied for
Ru-OMe which caused only 17 % cell death (Fig. 25a, red bar).
But, it displayed increased phototoxicity in comparison to Ru-
OMe, Ru-tmxf. Authors also compared the phototoxicity against
MCF-7 cells, MDA-MB-231 cells along with non-cancerous cells
HL-7702 and COS-7 in presence of Ru-tmxf upon light irradiation.
They found that MCF-7 cells emerged a significant red fluorescence
upon PDT treatment which was attributed to PI, without giving
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Fig. 20. Analysis of ROS levels with the help of flow cytometry after treating HeLa
cells with 12 and 12-a at the designated concentrations for 24 h and stained with
H,DCFDA [Adopted from ref. 66 with permission from Royal Society of Chemistry].

away any green fluorescence (Fig. 25c). In case of MDA-MB-231
cells, non-cancerous HL-7702 and COS-7 cells very weak red fluo-
rescent signals were observed. From this result, it was clearly
understood that Ru-tmxf exhibited PDT effect on ER + cancer cells.
By using different organelle specific trackers, they examined possi-
ble pattern of action and organelle colocalization. In MCF-7 cell
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lines the distribution of Ru-tmxf was found to be same as that of
Lyso Tracker green. This result indicated that the complex localized
in lysosomes. Under light irradiation or only treatment of Ru-tmxf
towards MCF-7 cell, red fluorescence in lysosomes was visualised.
The same effect was also observed when the cell was treated with
Ru-OMe (control molecule) in dark or light irradiation. As a conse-
quence, the undamaged portion was found in lysosomes of MCF-7
cell under this condition. But when the cells were treated with Ru-
tmxf under light irradiations (12 Jjcm?), red fluorescence was seen
to be vanished. The experimental evidences helped them to come
to the conclusion that Ru-tmxf arbitrated PDT could damage lyso-
some (Fig. 26a). They further performed fluorescence microscopic
imaging study with DCFH-DA (Fig. 26b) to ensure the production
of singlet oxygen in MCF-7 cell after two photon irradiation. In live
MCF-7 cells treated with Ru-tmxf, green fluorescence was also
seen following TP irradiation. But, live MCF-7 cells showed only
weak fluorescence either being exposed under light or being trea-
ted with Ru-tmxf, which suggested that Ru-tmxf could produce
singlet oxygen successfully under TP irradiation. At the end author
stained MCF-7 cells with calcein AM and propidium iodide (PI)
(Fig. 26¢) to confirm the cell death upon TP irradiation. The use
of light alone or only Ru-tmxf green fluorescence was found indi-
cating no cell death but application of PDT revealed slight green or
obvious red fluorescence. As a whole, it was understood that Ru-
tmxf used as a killer of ER+ breast cancer cells under TP irradiation
[74].

Aldehyde functionalised long wavelength absorbing Ru (II)
polypyridyl complex (30) as a photosensitizers was synthesized
by Karges et al. They inspected the photophysical property of com-
plex 30 by both experimentally as well as theoretically. They also
combined benzylamine with aldehyde groups as a proof of its flex-
ibility and as a synthetic precursor for conjugations (Fig. 28). The
synthesized conjugate (31) exhibited high toxicity towards cervical
cancer cells (HeLa) upon light irradiation (450, 480, 510 and
540 nm). Not only that, no dark cytotoxicity (IC50>100 puM) was
found on treatment of conjugate 31. Upon light irradiation com-
plex 31 demonstrated high phototoxicity in micro molar range
with phototoxic index value >10.8 and >7.3 [510 nm
(20 min,5.0 J/cm?)] in HeLa and RPE-1 cell respectively [75].

Another two different types of Ru (II) polypyridyl complexes
were synthesized by Karges et al. and Swavey et al. Karges group
encapsulated Ru (II) polypyridyl complex with amphiphilic poly-
mer DSPE-PEG;qgo-folate and Sandya Rani-Beeram group intro-
duced 5,10-(4-pyridyl)-15,20-(pentafluorophenyl) porphyrin with
Ru (II) polypyridyl complex (32, 33) (Fig. 29). In aqueous solution
the 32 exhibited better photophysical property than the complex
itself. In dark condition the complex alone exhibited dark toxicity
against the different cell lines where the nanoform was able to
solve the problem. Upon light irradiation from 480 nm to
595 nm, the nanoform 32 exhibited cell death against 2D mono-
layer cells and 3D multicellular tumor spheroids through 3/7cas-
pase pathway in low micromolar range. ICP-MS studied also
revealed that the nanoform accumulated in the lysosomes and

Table 2

ICs values and PI values of the complexes against different cell lines in dark and light conditions.
ICs (LM)

HeLa A549 A549R LO2

Complex Dark (Light) PI Dark (Light) PI Dark (Light) PI Dark (Light) PI
12 67.3 £1.5(0.24 £ 0.09) 280.5 70.0 £ 0.2 (0.39 £ 0.07) 179.6 749 £ 1.4 (0.42 £ 0.06) 1784 87.2+09(29+0.6) 30.2
12-a 19.2+04 (29 +0.2) 6.7 27.5+03(3.0£0.2) 9.2 269+09(1.9+0.7) 14.07 25.6 +2.3(9.2+04) 2.8
13 >100 (90.0 £ 1.6) 1.1 >100 (82.2 + 1.3) 1.2 N.D. (N.D.) - >100 (>100) 1.0
13-a >100 (>100) 1.1 >100 (86.0 + 0.2) 1.2 N.D. (N.D.) - >100 (>100) 1.0

Irradiation with light at 450 nm for 5 min (7.5 ] cm2).
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Fig. 21. Structure of complex- 14, 15, 16, 17, 18, 19.

Ru1 Overlay

Fig. 22. a) One Photon and Two Photon luminescence images of 20 in a HeLa cell monolayer. b) One Photon and Two Photonluminescence images of 20 MCTSs. c)
Colocalization images of 20 with MTG. d) Colocalizationimages of 20 with LTG. e) Colocalization images of 20 with 33342. Scale bar: 30 mm. [Adopted from ref. 70 with
permission from Wiley-VCH].
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Amplification R

Fig. 23. Micrographs and ROS creation in HeLa cells incubated with 20 (2.0 mm) after irradiation with a two-photon confocal laser (800 nm) at different time, 0 s; 15 s; and

30 s. Scale bar: 15 mm. [Adopted from ref. 70 with permission from Wiley-VCH].

exerted the cancer targeting effect [76]. In case of, complex 33 elec-
tronic absorption and electrochemical studies also revealed that
there was an electronic connection between the orbitals of the
peripheral ruthenium metal centers and the porphyrin orbitals.
From the DNA binding study with complex 33, Swavey group con-
firmed that there was an interaction between metal porphyirn
complex and double-stranded DNA. They also performed the cellu-
lar toxicity study with both melanoma and normal cells and found
that complex 33 exhibited low dark toxicity towards both types of
cells. But the combination of visible light and 33, melanoma cell
was much affected than the normal cell. This suggested that com-
plex 33 mainly affected the melanoma cells [77]. The use of Ru-
polypyridyl complexes in cancer treatment, Goldbach et al. intro-
duced a very interesting strategy. Like platinum based anticancer
drugs, the thermal decomposition of Ru-Cl bonds were found to
be occurred in some complexes followed by coordination with
DNA or protein. But the problem was thermal decomposition of
Ru-Cl bond might be occurred in aqueous medium anywhere in
human body and that’s why both antitumor activity and general
toxicity were found to take place simultaneously. Hence, poor
selectivity was detected towards cancer cells in presence of Ru-Cl
bond. Due to this reason, they focused on some protective groups
that provided more strong binding property than chloride and also
cleaved in a controlled way in vivo. In this regard they used
thioether ligands because- (1) Ruthenium (II) tends to bind with
soft sulfur atom, (2) thioether are slightly basic in water that
makes the Ru complex less sensitive with pH change. Finally in
presence of visible light irradiation, controlled release of thioether
ligands were found. They selected two types of thioether ligand,
first one was N-acetyl-L.-methionine and the second was p-biotin
and finally they synthesized two complexes like [Ru(terpy)(bpy)
(N-acetyl-i-methionine)] Cl, and [Ru(terpy)(bpy) (p-biotin)] Cl,
(34, 35). In dark condition the coordination bond between the
rutheniumpolypyridyl moiety and thioether ligand was found to
be thermally most stable. This protected complex then was used
as a prodrug and it was activated by visible light irradiation
(Fig. 30) [78].

In previous section, we have already discussed with the Ru-
tmxf complex as a lysosome targeting agent. Here we have also
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intended to mention some other Ru-based lysosome targeting
complexes. Liu et al synthesized three heteroleptic
bis-terpyridine ruthenium (II) complexes with general formula,
[Ru(tpy-R;) (tpy-R;)]*? [Where, tpy = 2,2':6,2"-terpyridine,
R1/R2 = phenyl,4-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}phenyl,
pyren-1-yl, or4-phenyl-BODIPY(boron dipyrromethene)] as photo-
sensitizers for photodynamic therapy in cancer (36, 37,38). They
investigated the phototoxicity against human lung cancer cell line
(A549) and the CCK-8 cell viability test kit. Both the complexes 37
and 38 exhibited very low dark cytotoxicity but without light
irradiation complex 37 was slightly less toxic than complex 38.
In presence of 500 nm light irradiation the toxicity of both the
complexes increased. Complex 37 displayed more phototoxicity
with ECsg value of 1.50 uM (PI- 35.3) whereas the complex 38 with
ECso value of 7.41 uM (PI- 4.90). This result suggested that in
500 nm light irradiation complex 37 acted as a better PS and
encouraged the cell death more significantly than complex 38
towards A549 cells. To determine the intracellular PDT mecha-
nisms of the complexes, the localization of complex 37 and com-
plex 38 was studied in different organelles by confocal laser
scanning microscopy (CLSM). A549 cells were marked with com-
plexes 37 and 38 and examined with different cellular organelle
trackers including Hoechst 33,342 (nuclear blue tracker), Lyso-
Tracker Red, ER-Tracker Red (endoplasmic reticulum red tracker)
and MitoRed (Mitochondria tracker red). With the help of confocal
microscopy, they found well overlapped of green emission from
complex 37 with red fluorescence from Lysotracker Red (Fig. 31)
but no more result was noticed from other trackers. From this
result they concluded that complex 37 mainly localized in lyso-
somes. For the complex 38 no better result was found in that test.
With the help of flow cytometric analysis, authors also confirmed
photoinduced lysosomal damage upon treatment of the complex
37 (5, 10, 20, and 40 uM). As a result, they stained A549 cell with
complex 37 and incubated for 4 h followed by irradiation in pres-
ence of 500 nm light. They also employed Lyso-Tracker Red for
detection of lysosomal damage. Lyso-Tracker Red fluorescence
intensity was correlated with the integrity of the lysosomal mem-
brane which revealed that stronger the lysosomal damage, the
lower the Lyso-Tracker Red fluorescence intensity. It was apparent
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Fig. 24. Structures of complexes from 20 to 29.

Table 3
ICso values of complexes from 25 to 29 against MRC5 (human non-cancerous lung) and HeLa (human cervical cancer) in dark and in presence of light irradiation.
Complex IC50 value (uM)
MRC5 (dark) HelLa (dark) HelLa (420 nm) PI (ICs dark/ ICsq light) HeLa
25 42.28 +9.6 >100 2.12 £0.11 >47
26 41.05 + 4.4 >100 5.45 £ 0.35 >18
27 3430+ 2.5 >100 55.40 + 8.4 >1.8
28 23 +8.9 >100 98.01 £ 1.9 >1.0
29 43.01 £ 6.1 >100 >100 n.d.
Cisplatin 16.8 + 1.8 4.10 £ 0.20 n.d. n.d.

Light dose 9.27 J.cm™ .
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Fig. 25. a) Dose-dependent cytotoxicity of Ru-OMe and Ru-tmxf towards MCF-7 cells under dark or light conditions (12 J/cm?); (b) Cytotoxicity of Ru-OMe, Ru-OMe
plustamoxifen (concentration ratio is 1:1) and Ru-tmxf to MCF-7 cells in presence of light conditions (12 J/cm?); (c) Confocal luminescence imaging of calcein-AM and PI
labelled HL-7702, COS-7, MDA-MB-231 and MCF-7 cells after PDT treatment. tex: 488 nm, Aem: 505-545 nm (calcein-AM); 620-700 nm (PI). Scale bars: 280 um. [Adopted
from ref. 74 with permission from Royal Society of Chemistry].

(a) (b)

Untreated =

Ru-tmxf

Fig. 26. (a) Confocal luminescence imaging of acridine orange (AO) stained MCF-7 cells after different treatments. (Aex: 488 nm); kem: 515-545 nm (greenchannel) and 620-
640 nm (red channel). Scale bars: 10 um; (b) Luminescence images of intracellular '0, production by Ru-tmxf under TP irradiation. (Acx: 488 nm); Aem: 480-520 nm (DCF).
Scale bars: 30 pum; (c) Cell viabilityassay for MCF-7 cells incubated with Ru-tmxf in both absence and presence of TP irradiation by calcein-AM/PL. (Aex: 488 nm), kem: 505—
545 nm (calcein-AM); 620-700 nm (PI). Scale bars: 30 um. [Adopted from ref. 74 with permission from Royal Society of Chemistry].

that 20 UM or 40 pM concentration of complex 37 caused lysoso- 2’-bipyridine, rhein = 4,5-dihydroxy-9,10-dioxoanthracene-2-car
mal damage (Fig. 32) [79] (See Table 4). boxylic acid) (39). They investigated the ROS production of com-

Another lysosome targeting polypyridyl ruthenium complex plex 39 in presence of light irradiation with the help of flowcytom-
Rhein-Ru(bpy); was synthesized by Chen et al. (Where, bpy = 2, etry using DCFH-DA as fluorescence probe for ROS detector. The
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Fig. 27. Lysosome targeted Ru-tmxfcomplex.
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Fig. 28. Ru (II) polypyridyl complex-30 and synthesis process of conjugate complex-31.

fluorescence intensity was found to be very weak (Fig. 33a) in dark
as well as with increasing the concentration of complex 39. But
increase in fluorescence intensity (Fig. 33b, ¢) was observed after
15 min of light irradiation with 0-20 uM of complex 39 concentra-
tions. This result indicated complex 39 produced profuse ROS in
cancer cell in presence of light irradiation. They performed the
cytotoxicity study against different cells like MCF-7, A549, NB-4,
A2780, cisplatinresistant A2780 cells (A2780R) and human normal
liver cells (LO2). In dark condition, incubation of complex 39 exhib-
ited poor cytotoxicity against A2780R, A549, MCF-7 and LO2 cells
with ICso values of ~ 91.3, ~64.7, ~250.6 and ~ 35.1 uM respec-
tively. But in presence of light irradiation the complex exhibited
ICsp values ~ 3.2, ~2.4, ~7.6 and ~ 8.7 UM respectively against
the concerned cell lines. In case of A2780R cell line, the complex
exhibited high efficiency than the cisplatin with PI value
of ~ 28.5. From the result they affirmed that this complex
overcame the A2780R (cisplatinresistance) cells. Authors also
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examined cellular localization in A549 cell by CLSM. From this they
observed the signal from complex 39 overlapped with the com-
mercial lysosome dye LTG (Fig. 34). So, they came in conclusion
that the complex 39 mainly accumulated in lysosomes [80] (See
Fig. 35 and 36).

Mitochondria is the essential organelle in cell. Actually, it is the
“powerhouse of cell”. Therefore, if a drug can cause mitochondrial
damage of cancer cells, it can be particularly administered for suc-
cessful drug in cancer therapy. Zhang et al. synthesized Chloram-
bucil Conjugated Ruthenium (II) Complex and found its
accumulation in mitochondria of HeLa cell. Chlorambucil (CHL) is
a DNA alkylating agent. But, some serious issues like drug instabil-
ity, “off-target” binding and in-situ monitoring have limited its fur-
ther clinical applicability. In this context, they developed CHL-RuL
(41), a novel heteroleptic Ru (II) complex with a CHL conjugated
pendant that can be wused as an image-guided chemo-
photodynamic combined theranostic agent. Because of their
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Fig. 29. Structures of complexes 32 and 33.

favourable water solubility, synthetic tailorability, biological com-
patibility, long emission lifetime derived from the triplet metal-to-
ligand charge-transfer (?MLCT) excited-state and efficient two
photon absorption properties, Ru(Il)-polypyridyl compounds
showed excellent advantages as photosensitizers for TPE-PDT
[81-85]. The coumarin functional group is known to be an efficient
light-harvesting functional group and the coupling of Ru (II) com-
plexes with coumarin donors can result in an increased visible
light-harvesting array which can help to improve optical character-
istics. Therefore, complex40 and CHL-RuL (41) displayed strong
UV-vis absorption bands near about 400 nm as well as strong
red emission with long MLCT triplet state lifetimes (1.41 s for 40,
1.34 s for 41), moderate singlet oxygen quantum yields in aqueous
solution (0.38 for 40, 0.40 for 41) and significant two photon
absorption (TPA) cross sections (123 GM for 40, 118 GM for 41).
This is enough for TPE-PDT. To investigate ROS generation ability,
authors used flow cytometry assay with DCF-DA. After 2 min of
irradiation with visible light, 10 uM of complex 40 treated cells
exhibited comparable fluorescence intensity of DCF to 50 uM
TBHP-treated cells. But in the same condition complex 41
(10 uM) exhibited 2-fold increased fluorescence intensity
(Fig. 37). Therefore, intracellular singlet oxygen generation prop-
erty was found in complex 41. Hela cells were co-stained with
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CHL-RuL (41) and 50 puM of commercial organelle-specific trackers
for 6 h in order to validate CHL-RuL’s subcellular localization (mi-
tochondria and lysosome probes). They found the nice overlapped
between the red phosphorescence of CHL-RuL (41) and the green
emission of mitochondria probe (Fig. 38). This result revealed that
the 41 localized in mitochondria nicely [86] (See Table 5).

The Golgi apparatus is a phospholipidmembrane-based orga-
nelle that acts as a processing centre for proteins, lipids and other
big molecules before they are exported to their final destinations
outside the cell. Zhao et al. synthesized Golgi-apparatus-targeting
complex 42 with Ru (II) pyridine succinimidyl ester complex and
sphingosine lipid. It unveiled low toxicity, greater targeted selec-
tivity, permitted bright steady imaging even at low doses and
was used to treat cancer cells with its vicious photodynamic activ-
ity. A confocal fluorescence imaging investigation was carried out
to assess the cellular uptake of complex 42. The target cells in this
study were Hela cells. In this cell line, a visible red fluorescence
signal localised in the Golgi apparatus was perceived, which was
highly in agreement with the GolgiTracker Green (NBD Cg- cera-
mide) signal with a similar fluorescence intensity showing that
the complex 42 was successfully internalised. HeLa cells were trea-
ted with the complex 42 at 4 °C in dark for 2 h in order to further
investigate the potential mechanism of cellular uptake of the com-
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Fig. 31. Fluorescence imaging of live A549 cells stained with complex 37 and
different organelles targeting fluorescent dyes. In the cytoplasm complex 37 was
detected as bright green.

plex 42. At lower temperature (4 °C), there was almost little red
fluorescence signal inside the cells indicating the internalisation
of the complex 42 was blocked. This data revealed that the com-
plex 42 was uptaken via temperature dependent endocytosis
mechanism. They used photodynamic treatment to notify whether
it had a greater therapeutic effect when it came to destroying HeLa
cells or not. MTT assay was employed to assess the cytotoxicity of
the complex 42. To investigate the potential phototoxicity caused
by the complex 42, HeLa cells were cultured with it and then sub-
jected to 488 nm irradiation for varying lengths of time (3, 5, 10,
30, and 60 min). The ICsq value of the 42 was > 100 uM before irra-
diation and it was much lower only after 3 min of irradiation
(ICso = 87.48 + 1.22 uM). After irradiation for 5, 10 and 30 min,
the ICso values were observed to be 65.59 + 3.36, 42.73 + 3.09,

Active

;‘V Biological effect

Fig. 30. Structure of complexes 34, 35 and protection-deprotection process by light and adduct form with DNA.
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Fig. 32. The flow cytometry plot of lysosomal damage detection. [Adopted from ref.
79 with permission from American Chemical Society].

and 22.24 + 2.35 puM respectively. But more effective cytotoxicity
was achieved after 60 min of irradiation and the ICso value was
lowered to 3.45 + 0.54 pM. They eventually came to the conclusion
that singlet oxygen was highly cytotoxic and caused DNA damage
and the loss of the Golgi apparatus. Therefore, light irradiation
could boost cell lethality by stimulating the complex 42 to create
10,. The loss of the Golgi apparatus was followed by DNA damage
as a result of apoptosis or other cell-death-inducing mechanisms,
ultimately resulted in cell death [87]. TNBCs are breast tumors that
do not express the estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor-2 (HER2). TNBC
treatment is difficult since the three missing receptors are estab-
lished therapeutic targets for other breast cancer subtypes, yet
there are no specific medicines for TNBCs [88]. Bioorthogonal
labeling is a new technology for selectively labelling biomolecules
in living cells. The copper-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction is often used in this direction. This is due to its
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Table 4
Summarized the ruthenium-based complexes with their PI value against the particular cell lines with the localization of targeted organelles.
Complex Cell lines Localized and targeted organelles PI Dose References
1,23 HeLa Lysosomes, Mitochondria, - - [62]
Cytoplasm
10 HL-60 - 43.8 (red), 3.32 (near [(xabs(nm) (g (M~! cm™") 525(8300)] [65]
IR)
11 HL-60 - 19.7 (red), 9.2 (near IR)  [(Aaps(nm) (¢ (M~ cm~') 550(4900)] [65]
12/12-a  Hela, LO2 Cytoplasm 6.7,2.8 450 nm for 5 min (7.5 J cm~? [66]
20 HeLa Lysosomes 313 450 nm, 10 Jem 2 [70]
25, 26 Hela - >47,>18 9.27 J.em™! [73]
Ru-tmxf MCF-7, MDA-MB-231 Lysosomes - - [74]
31 HelLa, RPE-1, - >10.8, >7.3 510 nm (20 min,5.0 J/cm?) [75]
37 A549 Lysosomes 353 0.48 ] cm™2 [79]
39 A2780, A2780R, A549, MCF-7, Lysosomes 9.5,28.5,26.9,20.9,4.0 450 nm light for 15 min, 3.5 mW cm~2  [80]
LO2
49-54 MRC-5, HeLa - >150,42,ND,>5,ND,>5 2.58 ] cm~2, and 9.27 ] cm 2 [97]
[D-57]*2  A549, MCF-7 - 26, 11 5 min at 450 nm with (3.2 £0.2)Jcm™2) [99]
[L-57]*2  A549, MCF-7 - 86, 30 5 min at 450 nm with (3.2 £0.2)Jcm™2) [99]
60 Bel-7402 Cytoplasm 106 450 nm (10 ] cm™2) [100]
64 - Mitochondria 250 470 nm [105]
79¢ A2780cis - 206 48 Jem? [114]
85-CDs A549, LO2 - 20, 6.2 450 nm [119]
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Fig. 33. (a) Cellular ROS detection with the help of DCFH-DAby flow cytometry, incubated with complex 39 for 4 h in the dark. (b) light irradiation for 15 min (c) In dark and
light condition relative fluorescence intensity of DCF in A549 cells when treated with complex 39 at different concentrations (0 ~ 20 uM). In the histogram the level of ROS
induction in A549 cancer cells treated with complex 39. [Adopted from ref. 80 with permission from Elsevier].

Rhein-Ru(bpy);

Fig. 34. Confocal images indicated intracellular fluorescence in A549 cells exposed to complex 39 for 24 h, and localized with LysoTracker Green. [Adopted from ref. 80 with

permission from Elsevier].

fast kinetics and the presence of reactive groups such as terminal
alkynes or azides that cause minimal disruption. CuAAC focuses
on the differences in highly expressed proteins between tumour
and normal cells, making it simple to identify tumour cells. One
of the most common metabolic precursors is N-Azidoacetylmanno
samine-tetraacylated (AcsMan-NAz), an azide-modified sugar.
Azide groups can be precisely inserted into the plasma membrane
of tumour cells via incubation. Photosensitizers with CuAAC reac-
tion exhibited efficient tumor selectivity [89-94]. Keeping these in
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mind, Lin et al. synthesized two Ru (II) complexes having analkyne
group (43, 44). They achieved successful tumor-specific photody-
namic treatment against triple-negative breast cancer using
bioorthogonal labelling. Both complex (43 and 44) was performed
the orthogonal reactions with azide but the second-order rate of
complex 43 was calculated to be 27.3 + 3.7 M~'s~! at varied con-
centrations of Ac;Man-NAz, while that of complex 44 was 37.1 +
2.1 M~!s~!. These values were within the range of CuAAC reaction
rates that had been recorded. As a result, complex 44 can be chosen
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Fig. 36. Simple pictorial representation of lysosome targeted complexes 36-39.

for future study. Therefore, two photon absorption property was
investigated with the complex 44. With a '0, quantum yield of
0.80, complex 44 demonstrated exceptional 'O, generating effi-
ciency. They used the MDA-MB-231, TNBC cell line to confirm
the in vitro bioorthogonal labelling of complex 44. To deliver
azide-based artificial receptors to the plasma membrane, MDA-
MB-231 cells were pre-incubated for 3 days in a medium contain-
ing 50 um MAcsMan-NAz.The cells were then incubated in a phos-
phate buffer containing complex 44, 25 M CuS04, 125 pM THPTA
and 2.5 mM sodium ascorbate for another 1 h after the culture
media was removed. Complex-44 bioorthogonally interacted with
the azide-based artificial receptors at the membrane, as evidenced
by a visible red emission around the cells. After established
bioorthogonal labelling capabilities to the MDA-MB-231 cell line’s
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plasma membrane, they investigated phototoxicity following the
MTT assay protocol. Complex-44 had low cytotoxicity towards
MDA-MB-231 cells in the dark with or without bioorthogonal
labelling (Fig. 39a, b). They discovered that with raising the Ru(II)
complex concentration, cell survival was lowered when exposed
to a mild light dosage of two-photon irradiation. Moderate photo-
cytotoxicity was found in the absence of bioorthogonal labelling.
They observed the bioorthogonal labelling group’s cell viability
which was<25 % under the same treatment with ICsq value of 10.
6+ 0.87 uM and PI >18.9. But the complex exhibited no significant
toxicity towards non-canceroushuman cell line MCF-10A under
the same condition. Following AcsMan-NAz pretreatment and
irradiation, a considerable number of red dots were observed,
which came about as a result of EthD-1 suggesting cell death, as
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Fig. 37. (a) Flow cytometry assay for visible light-induced ROS generation levels of
40 and 41 in living cells by DCF-DA (b) Viability of HeLa cells under light irradiation,
treatment with different concentrations of 40 and 41. [Adopted from ref. 86 with
permission from Royal Society of Chemistry].

illustrated in (Fig. 39c).The photocytotoxicity was confirmed when
the green fluorescence of calcein-AM as a living cell indicator was
scarcely visible. AcyMan-NAz-pretreatment without irradiation, on
the other hand, resulted in a strong green fluorescence followed by
the removal of red fluorescence. Only green fluorescence could be
seen with or without light, when no Ac;Man-NAz-pretreatment
was used. The ROS production experiment utilizing (DCFH-DA) as
the indicator supported this conclusion. Authors observed only
metabolic labelling of Ac;Man-NAz and two-photon irradiation
resulted in bright green emission. At the end they came to

Positive Control
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conclusion that in order to make the photosensitizer tumour selec-
tive, bioorthogonal labelling was highly effective [95] (See Figs. 40
and 41).

Chen et al. justified the complex 45 on the basis of emission
enhancement behavior and photocleavage activity in comparison
to complexes 46, 47 and 48. They found that complex 45 showed
fluorescence from singlet excited state of dppn-based ligand-
centered and also it produced singlet oxygen from triplet excited
state of dppn-based ligand-centered. As a result, complex 45
exhibited both emission enhancement and photocleavage activity
towards DNA at the same time. Complex 47 was discovered to be
the most traditional DNA light switch, but it had poor DNA photo-
cleavage performance, whereas complex 48 was an excellent DNA
photocleaver but could not report DNA binding via luminescence
enhancement. Complex 45 showed a 10-fold increase in cytotoxic-
ity against human lung cancer cells A549 after being exposed to
visible light. The particular combination of the Ru (II) arene and
dppn subunits resulted in these fascinating features [96]. DNA
intercalating six Ru (II) polypyridyl complexes (49 to 54) was syn-
thesized by Mari et al. and employed them in photodynamic ther-
apy (PDT) as potential photosensitizers (PSs). All compounds
exposed promising singlet oxygen production quantum yields
which were well comparable to PSs currently on the market, as
confirmed by DFT calculations. They also intercalated into the
DNA double helix efficiently which was very important for under-
standing the DNA targeting capability of the complexes. Confocal
microscopy and high-resolution continuum source atomic absorp-
tion spectrometry were used to determine the cellular localization
and uptake of complexes 49 to 54. They examined the toxicity of
Ru complexes on cervical cancer (HelLa) and non-cancerous
(MRC-5) cell lines after unveiling the fact that all Ru compounds
produced a high amount of !0, in hydrophobic environments.
When both cell lines were cultured for 48 h in the dark, all com-
plexes were found to be noncytotoxic (ICso > 100 puM). By treating
the HelLa cells with metal complexes for 4 h and then subjected
them to two different light treatments, one for 10 min at 350 nm
and another for 20 min at 420 nm, the effect of light irradiation
on increasing cytotoxicity was investigated. They discovered that
when complexes were exposed to light, they showed a distinct
cytotoxic profile which followed the order as 51~53 < 52 <
54 < 50 < 49. At 350 nm and 420 nm, complexes 51 and 53 were
seen to be nonphototoxic. Complexes 52 and 54 showed almost

Negative Control

f)

Fig. 38. Positive (mitochondria, a-d) and negative (lysosome, e-h) co-localizationstudy of 41. (a, e) 41 treated with HeLa cells (b)Treated with Greenmitochondria marker -
Invitrogen M7514 (f) Treated with Greenlysosome marker - Invitrogen L7526 (c, g) Bright field images; (d, h) Merged images. Yellow dots denoted the overlapping
fluorescent signals from 41 and the organelle probes. [Adopted from ref. 86 with permission from Royal Society of Chemistry].
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Table 5

Summarized iridium-based complexes with their PI value against the particular cell lines with the localization of targeted organelles.
Complex Cell lines Localizedand targeted organelles PI Dose References
96, 97 - Mitochondria, Lysosomes - - [132]
98 A549, A549R, HelLa, U87 Mitochondria 125, 531, 44, 65 450 and 630 nm [133]
100 HeLa, MCF-7, CNE-2, A549 Mitochondria 177.8,93.1, 257.8, 164.3 425 nm [134]
111 HeLa, A549, A549R Lysosome membrane permeabilization 8.4,8.0,4.2 425 nm [137]
112 HeLa, A549, A549R Lysosome membrane permeabilization 63, 24, 9.7 425 nm [137]
113 HeLa, A549, A549R Lysosome membrane permeabilization >200, >137, >83 425 nm [137]
114 HeLa, A549, A549R Lysosome membrane permeabilization >476, >322, >139 425 nm [137]
119 - Cytoplasm - - [139]
120 - Mitochondria - - [140]
125 HeLa Mitochondria 75 12 ] cm™?) [142]
132 Hela Mitochondria 150 405 nm [143]
150 A549, A549R Mitochondria 15.49, 12.29 405 nm (12 J cm™2) [150]

= ~120
220 I cark [ light = [ dark [ light
2 100 100
2 80 2 80
3 3
g 60 s 60
S 40 > 40
? 20 3
(8] o o
9 0 12525 5 10 20 40 0 12525 5 10 20 40

Concentration (uM) Concentration (pM)

MDA-MB-231 cells
light + = + =
AcsManNAz + + - =

%’Qv
&
S

L
@
N
&<

N
g
&

Fig. 39. Photocytotoxicity of 44 (10 mM) towards TNBCs: (a) pretreated with
AcsMan-NAz or (b) Upon two-photon irradiation without Ac;Man-NAz (c) DCFH-
DA staining (scale bar: 20 mm) and calcein AM/EthD-1 dual staining (scale bar:
100 mm). [Adopted from ref. 95 with permission from Royal Society of Chemistry].

negligible or mild activity (47.5 uM) when they were irradiated at
350 nm. Irradiation at 420 nm, on the other hand, resulted in mod-
erate activity for both complexes, with a fivefold increase in cyto-
toxicity. With ICso values of 2.0 and 5.5 puM respectively, the
complexes 49 and 50 displayed a notable phototoxic impact espe-
cially when irradiated at 420 nm. Luminescence microscopy and
HR-CS AAS were used to investigate cellular localization and
uptake in HeLa cells. They also observed that complex 49 and com-
plex 50 displayed a very good cellular absorption comparable to
other Ru complexes investigated with these methodologies abiding
by AAS analysis. It was obvious that DNA photocleavage investiga-
tions supported their theory and demonstrated the critical role of
light-mediated DNA damage in total phototoxicity. At the end they
concluded that due to the better nuclear accumulation, remarkably
good phototoxic index and highly effectual light-induced DNA
breakage, complexes 49 and 50 had a lot of potential as novel
and revolutionary metal-based PDT agents [97]. The rate of cell
death can also be accelerated by targeting the cell’s power house,
the mitochondria. Remembering this fact, Hanzhong Ke et al
synthesized PZn-Ru, (55) an amphiphilic compound in which a
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porphyrin moiety and a polypyridyl Ru(Il) moiety were covalently
connected together via an ethynyl bridge. PZn-Ru (55) had a large
two-photon absorption cross-section and could produce '0, using
both linear as well as two-photon stimulation. It was also cell per-
meable and could be enthused selectively in cellulo with high spa-
tial control using a laser which resulted in high local
concentrations of singlet oxygen and thereby caused enough dam-
age leading to apoptosis. Flow cytometry was used to investigate
the cellular absorption of PZn-Ru (55) by human nasopharyngeal
cancer HK-1 cells. The fluorescence intensity of the HK-1 cells after
6 and 24 h of incubation with PZn-Ru (55) was found to be around
7 and10 times higher than that of the untreated cells respectively.
From this result they depicted that PZn-Ru (55) was rapidly taken
up by the HK-1 cells. The amphiphilic structure of PZn-Ru (55)
which had a proper hydrophobic and hydrophilic balance to facil-
itate cellular uptake, was the main reason for this.They used two
photon and linear fluorescence microscopy to investigate the sub-
cellular localisation of PZn-Ru (55) in HeLa and HK-1 cells. After
40 min of incubation, substantial solid red fluorescence was seen
in the mitochondria of Hela cells when excited at 850 nm. Co-
localization of PZn-Ru (55) (red emission) with a commercial
mitochondria tracker (green emission) was observed having confo-
cal pictures of cells co-stained with PZn-Ru (55) where mitochon-
dria tracker was able to corroborate the observed mitochondrial
localisation. They also performed the photocytotoxicity experi-
ment against HK-1 cells by MTT assay and found that PZn-Ru
(55) exhibited noncytotoxicity in absence of light while high pho-
totoxicity in light condition. At last, they concluded that under vis-
ible and NIR excitation, the molecule exhibited a significant '0,
quantum yield. In presence of PZn-Ru (55), significant cell killing
occurred after appropriate photoexcitation, suggesting that PZn-
Ru (55) could be a good choice for TPA photodynamic treatment
[98]. Poor water solubility, selectivity, and ill-defined intracellular
targets are common problems with light-activated ruthenium
polypyridyl anticancer prodrugs. As a result, Lameijer et al. synthe-
sized two light-activatable  prodrugs, [D-57]°" and
[L-57]*". A thioether ligand was covalently coupled with D- or
L-glucose and bonded to ruthenium via a thermally stable Ru-S
coordination bond and formed this complex. The lipophilicity of
the dppn ligand in the complexes compensated the hydrophilicity
of the glucose moiety, allowing passive uptake. A very strong cyto-
toxic activity was produced after irradiation with a modest dose of
visible light, as measured by submicromolar ECsy values. These
complex’s high phototoxic indices could be the result of at least
two photochemical processes which was taken place in the mito-
chondria. As it interacted with plasmid DNA at a high base pair
and Ru ratio, mitochondrial DNA appeared to be a plausible target
of the achiral photoproduct [56]%*.The two enantiomers exhibited
no difference in absorption or cellular localisation in vitro, and
the addition of sodium azide demonstrated energy-independent
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Fig. 40. (a) Graphical representation in which 41 target the mitochondria and 42 target Golgi apparatus, (b) pictorial representation of the bioorthogonal labelled 44 as a two-

photon photosensitizer.

drug uptake. These findings showed that neither GLUT nor SGLT
were involved in the uptake of these complexes, implying that
other enzyme (such as efflux pumpsor glucosidases) in darkwere
responsible for the twofold increased cytotoxicity of [D-57]"%and
[L-57]"2. Although [D-57]—the complex conjugated to the natural
p-glucose moiety would be expected to be the most intriguing “tar-
geted” enantiomer, [L-57]—the complex attached to the non-
natural L-glucose moiety showed a higher phototoxic index due
to its decreased cytotoxicity in the dark [99]. Simple Ru (II) ter-
pyridyl complexes had low singlet oxygen generation quantum
yields and a limited excited-state lifetime, making them unsuitable
for PDT. Due to this reason Huang et al. synthesized three Ru (II)
terpyridyl complexes (58, 59 and 60) with mixed ligand for photo-
dynamic therapy (PDT) and studied their anticancer activity. Also,
with this complex they investigated dark and photo cytotoxicity,
DNA binding and DNA photocleavage activity, cellular localization
and finally cellular uptake assay. Having considered the [Ru
(bpy)s]** as a standard they examined the !0, quantum yield of
the complexes by quenching the fluorescence intensity of 1,3-dip
henylisobenzofuran (DPBF). They found 0.38, 0.41 and 0.45 quan-
tum yields for complexes 58, 59 and 60 respectively. The non-
fluorescent organic compound, Dichlorodihydrofluorescein (DCFH)
converted into the fluorescent product, DCF upon oxidation by OHe
radical. In absence of Ru (II) complexes, the fluorescence intensity
of DCFH was found to be less within 30 min whereas it was
increased dramatically when complexes 58 to 60 were present.
They found that the intensity of DCFH fluorescence was increased
around 35, 45 and 66-fold for treatment of complexes 58, 59 and
60 respectively. As a result, complexes might produce ROS through
both type I and type Il pathways. Interfering with transcription and
translation by interacting with DNA could lead to cell death. They
also investigated the DNA transcription inhibiting activity of the
complexes. Complex 58 had little effect on DNA transcription even
at a high concentration of 10 M which indicated that it had a low
DNA binding affinity. But with increasing the area of intercalative
ligand, they found decreasing value of CIi' (the concentration of
Ru(Il) complex required to inhibit DNA transcription by 50 %) and
the value was 5.0 pM for complex 59 and 2.0 uM for complex 60.
As a result of the intercalation of complexes 58, 59 and 60 into the
template DNA, the DNA transcription process was blocked. They
investigated both dark and photo cytotoxicity towards Bel7402
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(human hepatocellular carcinoma), HepG2 cells and LO2 (human
normal hepatocyte). Complexes 58 and 59 exhibited nontoxicity
against the cancer cell lines in dark condition with ICso value
>100 pM whereas the complex 60 exhibited slightly toxicity. The
cytotoxicity of Ru (II) complexes was increased considerably after
being exposed to 450 nm LED light. Complex 60 became extremely
toxic to Bel7402 cancer cells with ICso value as low as 0.8 uM (PI
106) [450 nm (10 J/cm?) for 44 h].Untreated cells were also exposed
to the same irradiation process as a PDT control and the light was
determined to be harmless for the cells [100] (See Table 6).

A photosensitizer’s cellular uptake and cellular localisation into
tumour cells is a significant predictor of therapeutic success. They
used a confocal laser scanning microscopy (CLSM) and organelle
specific probes for this study. They discovered that Ru (II) com-
plexes did not overpower the signal of Hoechst 33,342 after incu-
bation with HepG2 cells (Fig. 42). The lysosome-specific
fluorescent probe LysoTracker® Green (LTG) and the mitochon-
dria-specific fluorescent probe MitoTracker® Green (MTG) were
partially overlapped with the Ru (II) complexes’ signals. They also
used ICP-MS to determine the complexes uptake property within
HepG2 cells. The majority of Ru (II) complexes appeared to be in
the cytoplasm rather than the nucleus. Finally, they came to the
conclusion that Ru (II) complexes could penetrate cells but in the
dark complexes were unable to reach the nucleus. Furthermore,
Ru (II) complexes were non-toxic to cells in the dark and thus
the cytoplasm localization of Ru (II) complexes might aid to reduce
dark-cytotoxicity [100] (See Figs. 43-45).

Carbohydrate-modified complexes are an intriguing alternative
because they have been proven to improve the selectivity of bio-
logical probe interactions. Not only that lower toxicity, increased
biocompatibility and the use of the targeting properties of sugar-
specific receptors or metabolic pathways are some of the other
advantages of introducing these groups. As a result, metal com-
plexes containing sugar are being studied more and more. In pres-
ence of irradiation the complexes are able to generate singlet
oxygen and exhibited anticancer effect [101-103]. Gottschaldt
et al. synthesized Ru (I1)-glycoconjugate [Ru(bpy)s;]** type of com-
plexes with combination of p-glucose, p-galactose or p-mannose
thioglycosides (61, 62, 63) and investigated the cellular uptake
property towards HepG2 cells. They found that the glycoconju-
gates had a delayed uptake by cells, requiring 24-hour incubation
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Fig. 41. Structure of complex 40-44.

Table 6

Summarized the rhenium-based complexes with their PI value against the particular cell lines with the localization of targeted organelles.
Complex Cells lines Localized and targeted organelles PI Dose References
165 - Near nuclear membrane - - [181]
171a HeLa - 27.8 365 nm [189]
174,175 A549 Lysosomes 60.8, 41.8 425 nm, (36 ] cm~?) [194]

and the glucose-substituted conjugate had the largest absorption
of the sugars tested with galactose- and mannose-conjugates
having lesser uptake and a distinct cellular staining pattern in
formalin-fixed cells. In vitro research revealed that the kind of
connected carbohydrate determined cellular uptake of congener-
ous substituted ruthenium bipyridyl complexes in terms of size,
hydrophilicity and charge. At the end they hypothesized that the
conjugates were taken up via an endocytosis process rather than
a transporter, but they were unable to conduct studies to establish
this [104].
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6.2. Organelles targeted Ru-Peptide conjugates as PDT agent

There are so many applications of peptide conjugated Ru com-
plexes in Chemical Biology and drug development. Conjugation
can make hydrophobic compounds more water soluble, promote
cellular absorption, help in acting as targeting motifs and improve
biocompatibility to lower toxicity.When light is employed to irra-
diate organo-ruthenium complexes with polypyridyl ligands, they
can display significant anticancer action. Due to the heavy atom
effect, their massive population of the triplet metal-to-ligand
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Fig. 42. Colocalization images of complexes 58-60 with nucleus dye Hoechst 33,342 (Scale bars = 5 um.) [Adopted from ref. 100 with permission from Royal Society of

Chemistry].

charge-transfer state gives substantial '0, yields, while the solubil-
ity of these complexes can be altered by altering the counter ions.
Herein, we have represented some organelle-targeted and cancer
cell-targeted PDT active Ru-polypyridyl complexes with peptide
conjugation.

By combining Ru-complexes on a protein carrier scaffold
adorned with subcellular mitochondria targeting groups, Sabyasa-
chi et al. represented a macromolecular strategy to increase photo-
toxicity and efficacy of the PS (64). They investigated a
macromolecular PS for targeting the mitochondria, the “power
house of the cell” and one of the most important organelles to be
attacked by drug molecule for inhibiting effectual tumour growth
in an acutemyeloid leukemia cell line (AML).They also presented
a bioinspired technique for converting the blood plasma protein
serum albumin (HSA) into an effective nanotransporter for photo-
toxic pharmacological compounds with synergistic properties due
to molecular design (Fig. 46).They discovered that as compared to
the simple Ru complex, the nanotransporter cHSA-PEO-TPP-Ru
had dramatically improved photophysical characteristics and
increased '0, quantum yields as well as superior mitochondria-
specific co-localization. It exhibited lowest ICsy values in various
cancer cell lines and in an AML cell line, effective growth suppres-
sion was reported with preferential death of leukemic cells over
normal bone marrow cells, implying a therapeutic window for this
drug in AML. They also performed the intracellular localization of
cHSA-PEO-TPP-Ru with the help of laser scanning confocal micro-
scopy into Human Cervical Cancer cell lines (HeLa cells, as model
system). The cell was incubated with low concentration of drug
for 4 hr. They gave the excitation 458 nm and fixed the emission
window at 530-710 nm. Authors also discovered a clear colocaliza-
tion (Fig. 47) of cHSA-PEO-TPP-Ru in mitochondria (Pearson’s
coefficient 0.88), where they were mostly located outside the
nuclear region (Pearson’s coefficient 0.07), after staining with
various sub-cellular organelle dyes with selectivity for membranes

(Cell Mask Deep Red Plasma Membrane Stain), the nucleus
(Hoechst 33,342 Solution), mitochondria (Mito Lite Blue FX490.
They also confirmed that cHSA-PEO-TPP-Ru was rapidly trans-
ported across the membrane and accumulated in the cytosol with
no evidence of localization in membranes (Pearson’s coefficient
0.2) or lysosomes (Pearson’s coefficient 0.3) [105].

Wang et al. synthesized Ru-SST (66) by combining with the
exceptional peptide hormone SST and the PS [Ru(bpy)s;]**which
had attractive phototoxicity along with tumor cell selectivity
(Fig. 48). Complex-66 exhibited a number of advantages over Ru-
complexes in terms of antitumor properties including appealing
receptor specific cellular uptake, light-controllable cytotoxicity,
powerful anti-proliferative effects and minimal systemic toxicity.
They inspected the singlet oxygen generation of complexes 65
and 66. They also investigated the emission quenching by measur-
ing emission spectra in both oxygen-free and oxygen-saturated
MilliQ water. They observed there was a 35 % of emission fall off
for complex 66 and 29 % of emission fall off for complex 65. These
quenching values matched with [Ru(bpy)s]** which had a quench-
ing value of 41 % in water. This phenomenon was caused by an
energy transfer from 3MLCT state of the electronically excited
Ruthenium(Il) complex to oxygen in its ground state (30,), this
could lead to the creation of singlet oxygen (ROS). They also
employed the singlet oxygen sensor 9,10-anthracenediyl-bi(methy
lene) dimalonic acid (ABDA) to confirm the formation of '0,. They
mixed complexes 65 and 66 with 20 pM of ABDA in PBS buffer and
then irradiated by a 470 nm LED and found that complexes 65 and
66 exhibited >70 % diminished in ABDA absorptionat 380 nm
which indicated the formation of effective singlet oxygen. They
also investigated the cellular uptake of both the complexes in
human non-small-cell lung cancer (NSCLC) A549 cells. In A549 cell,
they added both the complexes with same amount and studied by
laser scanning confocal microscopy. They took the emission image
from 580 to 707 nm. After incubated with complex 65, only minor
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Fig. 43. Structure of complexes 45 to 55 and synthetic pathway of [D/L-57] *? from [56] *2.

emission was recorded within the cells, whereas complex 66 was
immediately and efficiently transferred across the membrane and
accumulated inside the cells. When they compared to the control
experiment, 100-fold increase in absorption was found which indi-
cated a considerable improvement in cellular transport following
conjugation with SST. They also performed the light and dark cyto-
toxicity in A549 cell with the complexes 65 and 66. In presence of
light irradiation complex 66 exhibited cytotoxic effect with ICsq
value 13.2 + 1.1 pM but not toxic effect was found in dark condi-
tion whereas the complex 65 showed ICsy value 67.5 + 1.1 pM.
From their result we understood that peptide conjugated
complexes have great impact in PDT as well as in cancer treatment
[106]. In the series of peptide conjugated Ru-polypeptide
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complexes, Blackmore et al. also synthesized two Ru (II) complex
(Fig. 50) with formula [Ru(LL),PIC]ClO4 (where, PIC = 2-(4-carboxy
phenyl)-imidazo-[4,5-f][1,10]-phenanthroline and LL = dpp and
bpy) (67, 68). Through a p-alanine bridge linked to the probes’
terminal carboxy units, the complexes were both conjugated to
VQRKRQKLMP-NH,. Here they used nuclear localization Signal
(NLS) peptide VQRKRQKLMP-NH,, which was generated from
transcription factor NF-kB responsible for internalization of
NF-kB in to the nucleus. Authors observed confocal luminescence
images of live CHO cells followed by incubation for 16 h (Fig. 49)
with the help of both the complexes. The dye undoubtedly infused
the cell in both cases. To understand the distribution and localiza-
tion of the conjugates within cells they used nuclear dye DAPI.
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Fig. 45. Structure of complexes from 61 to 63.

Strong colocalization of both two complexes with DAPI was found.
This indicated that the complex-NLS conjugate can pass through
the nuclear envelope [107] (See Figs. 51 and 52).

The mechanisms of cell penetrating peptide uptake are still
being researched, with reports of both energy-independent and
energy-dependent systems. These peptides had previously been
used to carry a variety of molecular cargo into cells including imag-
ing agents, nucleic acids, medicines, and nanoparticles which are
presently being tested with Ru(Il) complexes. In this regard Mar-
célis et al. coupled the TAT peptide with Ru-complexes and found
[Ru(TAP),(phen-TAT)] (69) and [Ru(phen),(phen-TAT)] (70) as
the TAT peptide might influence the behaviour of the complex at
the excited state as well as its photo reactivity with a G-base. They
investigated the effect of the TAT attachment to the complex 69
upon blue-light irradiation in presence and absence of 17-mer
oligodeoxyribonucleotides (ODNs) with no G-base (ODNg) or one

G-base (ODNg). The calculated average luminous lifetime for com-
plex 69 in absence of ODN was longer than that of the correspond-
ing free complex. Thus, the excited state was modestly shielded by
the TAT peptide due to decrease radiationless deactivation by sol-
vent molecules. In presence of ODNy, especially double-stranded
(dsODNp) the span of lifetime was amplified. In presence of ODNg,
average luminescence lifespan was decreased and this effect was
larger with dsODN¢ than with single-stranded (ssODNg). These
shorter luminescence durations indicated quenching by PET reac-
tions with the G-base of ODNg. From the lifetime measurements
they confirmed that Ru-TAT conjugate 69 interacted with ODNs
and that the complex’s photoreactivity was maintained even after
it was attached to the TAT peptide. Authors examined the cytotox-
icity and phototoxicity of complexes 69, 70 as well as free refer-
ence complex with the help of MTT assay. The free complex
exhibited very low phototoxicity and cytotoxicity in dark as well
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Fig. 46. Mitochondria targeted complex 64.
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Fig. 47. Confocal microscopic images of HeLa cells incubated with cHSA-PEO-TPP-Ru and commercial organelle trackers. Overlay images and colocalization analysis of cells
stained with mitochondria (0.88), nucleus (0.07), membrane (0.2) and lysosome (0.3) markers presented that cHSA-PEO-TPP-Ru localized in mitochondria. (a) cHSAPEO-TPP-
Ru emission, (b) Organelle trackers emission, (c) bright field images (d) overlay of three images. [Adopted from ref. 105 with permission from American Chemical Society].
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as in blue-light irradiation. They used the same intracellular con-
centration of these two conjugates in MTT experiments with varied
external incubation concentrations but the same incubation
period. They also found in the dark or under irradiation, both
complexes 69 and 70 had essentially negligible toxicity at
1 Ngry/MEprotein intracellular concentration. But, for complex 70,
a higher intracellular concentration of 25 ngry/Mgprotein had an
influence on this experiment. Conjugate70 had considerably
stronger photo cytotoxic effect on HelLa cells than conjugate-69.
This was because of the fact that the complex 69 did not have
access to the genetic material preventing photoelectron transfer
and the formation of the DNA photo adduct. They also used confo-
cal microscopy on HelLa cells that had been treated with conjugates
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69 and 70 to confirm this idea. To gather information on the local-
ization of the tethered complexes inside the cells, they used a par-
ticular nuclei marker (Drag5) to stain the cell nuclei. Conjugate 70
showed a diffused staining in the cytoplasm with localization
within endosomal and endoplasmic reticulum vesicles indicating
its intracellular distribution. Conjugate 69's intracellular distribu-
tion was substantially comparable to that of 70's. Confocal micro-
scopy revealed that both conjugates 69 and 70 were primarily
found in vesicles and cytoplasm, but not in the nucleus [108].
Martin et al. presented a new ruthenium (II) peptide combina-
tion adorned with the ability of monitoring dynamic changes in
local O, concentrations within living cells. A single mitochondrial
penetrating peptide, FrFKFrFK-CONH, (r = p-arginine), was
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Fig. 49. (A) Nuclear localization of complex 67 and uptake (B) Nuclear localization
and uptake of complex 68 into live CHO cells Live cells for 24 h before addition of
the ruthenium complexes and DAPI. Merged image of the ruthenium complex, DAPI
and the backscatter refection (bottom right), the yellow line denoted the fluores-
cence intensity profile in the graph on the left generated using Image] image
analysis software. [Adopted from ref. 107 with permission from Royal Society of
Chemistry].

VQRKRQKLMP-NH,
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bridged over a luminous dinuclear ruthenium (II) polypyridyl
complex. They also showed that the probe’s capacity to respond
dynamically to changing O, contents within living HeLa cells was
demonstrated using Antimycin A. In a concentration dependent
manner, [(Ru(bpy),phen-Ar),-MPP]”* (71) was taken up by the cell
through rapid and irreversible way. In terms of the balance
between emission intensity and cytotoxicity, 75 uM in the contact-
ing solution was the best concentration for uptake and imaging.
Using confocal laser scanning microscopy, they investigated the
detailed uptake and localization of the complex. The conjugate
penetrated the cells within 5 min of being added to the contacting
solution, which was a quick uptake. It appeared to accumulate
inside the cytoplasm after 1 h of incubation, then localized firmly
in the mitochondria, and localization was completed at 37 °C after
2 h of incubation, both in the presence and absence of light.
Although luminescence imaging demonstrated that some com-
plexes stayed in the cytoplasm, it was clear that the dye highly pre-
concentrated inside the mitochondria; additionally, the conjugate
was nuclear excluding. To confirm the localization of the complex
in mitochondria, they used Mito Tracker Deep Red. They found that
the conjugate [(Ru(bpy),phen-Ar),-MPP]|”*demonstrated substan-
tial colocalization with the MitoTracker. MitoTracker was red;
the complex was green and the colocalization was found to be yel-
low. This research emphasized on the significance of combining
luminous metal complexes with MPPs’ (mitochondrial penetrating
peptide) targeting capability in guiding metal complexes to the
mitochondria as well as the importance of peptides in metal com-
plex targeted imaging. Authors also investigated the phototoxicity
of complex 71 in HelLa cells by measuring the uptake of DRAQ 7 in
complex 71 under visible irradiation as shown in (Fig. 53A-D).
After 20 min of irradiation on complex 71 loaded cells at
488 nm, the cell death was found. There was consistent of photo-
toxicity of the complex rather than cytotoxicity. As a control, a sec-
tion of the same sample that had not been exposed to light was
investigated, and no damage to the cells was found (Fig. 53, E, F),
suggesting that irradiation did indeed promote DRAQ 7 uptake,
that rendered cytotoxicity [109].

6.3. Mixed metallic Ru-complex as a PDT agent

After discussion the PDT activity and organelle targeting ability
of some monometallic ruthenium complexes, our focus came

+6 0. VORKRQKLMP-NH,

NH

Fig. 50. Structure of complex-67 and 68.
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Fig. 51. Structure of complex 69 and 70 with TAT peptide.
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Fig. 52. Pictorial representation of mitochondria targated complex-71.

towards the discussion of some bimetallic ruthenium complexes in
this field. Here we have represented some examples.

Ru-polipyridyl compound demonstrated specific attributes in
one and two photon luminescence. In this regard, Chao et al. devel-
oped binucler Ru(Il) polypyridyl complexes with the formulla,
[(phen),Ru(L;_7)Ru(phen),]** (72-78) which had greater pi-
conjugated systems, good water solubility and pH resistance, high
photostability and had been used as single and two-photon lumi-
nous cellular imaging probes. For biological applications, high cell
viability is necessary. Due to this authors had used MTT assays to
conduct cell viability studies using HeLa cells. Over the period of
24-hour incubation, all of the complexes exhibited high cell viabil-
ity at several concentrations (5 pM to 20 uM). Among all the com-
plexes they selected complex 75 for other study. Authors used two-
photon fluorescence microscopy (TPM) imaging (Fig. 54) to deter-
mine the benefit of employing complexes 72-78 as two-photon
luminescence cellular dyes for living cells. TPM images of HeLa
cells stained with complex 75 was resembled as OPM (one photon
fluorescence microscopy) images, demonstrating that the dye had
penetrated into the cytoplasm. They also observed two photon flu-
orescence microscopic image of Hela cells co-stained with com-
plex 75 and DAPI or MitoTracker Green independently (Fig. 55)
which revealed that complex 75 was localized in the cells similar
to, but not identical to that of MitoTracker Green. Author also used
ICP-MS analysis to confirm the amount of complex present in
either nucleus or in cytoplasm and thus they visualised that>90 %
ruthenium was accumulated in cytoplasm of the cells [110] (See
Fig. 56).
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The increase of cellular uptake of molecules can be made possi-
ble by enhancing their lipophilicity. It has also been discovered
that it opens up the possibility of binding to various targets, such
as hydrophobic nooks in proteins and cell membranes. Gill and
coworkers clarified these two significant aspects. Gill et al. first
reported dinuclear Ruthenium complex [(Ru(phen),),(tpphz)]**
(79a) and later they reported [(Ru (DIP),),(tpphz)]** (79b) (where,
DIP = 4,7-diphenyl-1,10-phenanthroline). To make it even easier to
produce an MLCT active luminous molecule, the core tpphz bridg-
ing ligand was maintained. They incorporated DIP as an ancillary
ligand to improve the lipophilicity and they found the calculated
octanol-water partition coefficient, logP, for complex 79b was
1.52 + 0.13 compared to —0.93 for complex 79a. For extensive
co-localization study in which the overlap of emissions with exist-
ing cellular fluorescent labeling techniques were carried out to bet-
ter investigate intracellular targeting. They incubated MCF-7 cells
with complex 79b and the nuclear dye DAPI at the same time. They
found that two luminescence signals had little overlap in cellular
co-localization analyses indicating that Ru (II) complex did not sig-
nificantly co-localize with the DNA dye. From that result they con-
cluded that the bulky DIP ligand of complex 79b was impeded into
cellulo groove binding interactions with DNA. They performed the
co-localization studies for two especially lipid-dense organelles, ER
and Golgi apparatus for recognizing the nature of the intracellular
localization and emission of complex 79b. They also used immune
fluorescent co-staining methods in which MCF-7 cells was stained
with complex 79b were probed with particular antibodies for pro-
teins that located in either the ER or the Golgi apparatus. Author
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Fig. 53. Phototoxicity of complex in HeLa cells. Row 1 presented both channels for
complex and DRAQ 7, and row 2 presented the DRAQ 7 channel only to record
toxicity. (A) Immediate uptake of complex evident in images collected after 5 min
exposure. (B) No toxicity to cells was observed. After 20 min somewhat toxicity was
observed. (C) After 25 min, DRAQ 7 had entered the nucleus of all the cells
indicating cell death. (D) After 35 min of exposure to complex in a new location of
the same sample that had not been exposed to the laser no entry of DRAQ 7. (E)
HelLa cells were incubated with complex for 2 h in dark condition, washed, and
DRAQ7 was added. (F) Cells were exposed to continuous irradiation and DRAQ 7
entered the nucleus after 20 min scanning [Adopted from ref. 109 with permission
from American Chemical Society].

used FITC (fluorescein isothiocyanate)- conjugated secondary anti-
bodies to visualize each antibody’s cellular location. The complex’s
imaging compatibility with the commonly used FITC fluorophore
was further established by the complex’s considerably red-
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shifted emission wavelength of complex 79b. Again, immuno-
fluorescent co-stained with complex 79b and a calcium-binding
protein, calnexin found in Er-membrane reveals a clear overlap
within MCF-7 cells. From the result at the end, they concluded that
a significant amount of complex 79b localized and targeted the ER-
organelles [111].

Metal ion mediated self-assembly had been widely utilized to
create a broad range of macrocycles and cages [112,113]. In this
regard Thomas et al. introduced kinetically inert, water soluble,
self-assembled metallomacrocycles (79c¢). These macrocycles con-
tained polypyridyl Ru (II) and Re (I) units which was relevant to
PDT sensitizers under investigation. They discovered that complex
79 was efficiently internalised by cells where it acted as a potent
photosensitizer by generating reactive oxygen species (ROS) which
damaged the plasma membrane. Authors investigated the cellular
localization by confocal laser scanning microscopy (Fig. 57) in
presence of human breast cancer cells MCF-7 and they found that
complex was localized in MCF-7 cell. The cellular reactions were
seemed to be typical of oncosis/necrosis processes which was
likely to be the result of '0, production in cellulo.The alterations
had been occurred only when the treated cells were exposed to
light indicating a phototoxic response.When cells were exposed
with almost the same concentration of complex 79c, their mor-
phology remained normal under the dark condition. They also
investigated the cell viability by MTT assay. Author measured com-
plex 79c¢’s photo-cytotoxicity against A2780cis after confirming
that it was phototoxic to MCF7 cells and caused damage to biomo-
lecules via singlet oxygen generation. Author picked this second
cell line due to its extremely resistant nature to the commonly
used Pt (II)-based therapeutic cisplatin. Complex 79¢ exhibited sig-
nificant impact on cell viability under the light condition. The pho-
totoxic index was found to be 206 for the complex 79¢ which
indicated that complex 79c exhibited nanomolar cytotoxicity
against cisplatin resistant cells [114] (See Fig. 58).

On the basis of disadvantage of Ru-dinuclear complex like [(Ru-
(phen),),(tpphz)]** it was thought that rather high incubation con-
centrations (>200 mm) was required to get acceptable nuclear
staining for confocal laser scanning microscopy. Thomas et al. syn-
thesized binuclear Ir (III) Ru(Il) complex [(bhq)lr(tpphz)Ru
(phen),]** (80). Following cell-free investigations they observed
that the complex interacted with bovine serum albumin (BSA) with
a comparable rise in emission and DNA binding affinity in Sudlow’s

Merged

Fig. 54. (a) OPM and (b) TPM images of HeLa cells incubated with complex 75 (10 uM) for 2 h at 37 °C under 458 and 830 nm One- and two-photon excitation. [Adopted from

ref. 110 with permission from Royal Society of Chemistry].
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Bright-field DAPI Merged

Bright-field Mitotracker-green Merged

Fig. 55. OPM images of living HeLa cells incubated with 10 M 75 for 2 hat 37 °C and also incubated with DAPI (a) and MitoTracker Green (b). [Adopted from ref. 110 with
permission from Royal Society of Chemistry].
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: R=C(CH3);
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Fig. 56. Structure of complex from 72 to 79b.

Fig. 57. (A) CLSM images of MCF7 cells stained with complex 79¢ at 640-700 nm emission. (B) Phase Contrast image at 485 nm and (C) Merged image. [Adopted from ref. 114
with permission from Wiley-VCH].

Site L. In contrast, the complex was rapidly absorbed by live cells in 6.4. Ru-based nanoparticle:

serum-free environments where it was bound specifically to cell

nuclei and worked as a DNA imaging agent. Author also confirmed Nanoparticle research is a rapidly expanding field, with parti-
that the cytotoxicity of the complex was also significantly changed cles ranging in size from ultrafine (1-100 nm) through fine (100-
in the absence of serum proteins. Due to the higher degree of cel- 2500 nm) to coarse (2500-10 000 nm). Because of their small size
lular uptake, an elevated amount of oncosis/necrosis was found and the leaky vasculature of tumours, ultrafine nanoparticles have
[115]. long been considered for anti-cancer therapeutics. This leads to an
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Fig. 58. Structure of complex- 79¢ and 80.

increased permeation and retention rate (EPR) within tumours,
resulting in the accumulation of nanomaterials at these sites,
allowing for more direct targeting of tumours. Researchers have
shown a great deal of interest in conjugating Ru-complexes to
nanomaterials of different compositions in order to develop novel
types of probes and drugs [116,117]. Here we have represented
some nano complexes with their anticancer properties under PDT
condition.

Karges et al. presented MSNs (mesoporous silica nanoparticles)
functionalized Ru (II)-polypyridine complex for cancer-targeted
PDT agent. Author involved two tumour targeting methodology,
one was MSNs where the nanoparticles were accumulated in
tumour tissues due to the EPR effect and the another one was folic
acid, most of which absorbed via folate receptors being overex-
pressed in a number of malignancies. In their report, they deriva-
tized incredibly effective PS [Ru(bphen)2(4,4’-dimethyl-2,2'-
bipyridine)]-[PFs], (Fig. 59) with carboxylic acid (81) and aldehyde
(82) and ultimately connected the PS with MSN through amide or
imine bond formation. A modified solgel approach was used to pre-
pair mesoporous silica nanoparticles (G-MSN) from tetraethyl
orthosilicate in presence of CTAB. After that they functionalized
the particle on the surface and inside the holes with the help of
polyamino linker-DETATMS and ultimately, they formed G-MSN-
DETATMS. Authors created G-MSN-DETATMS-FA via covalently
attachment of Folic acid (FA). They also connected the complexes
81 and 82 with MSN particle through amine bond and imine bond
formation and they obtained G-complex-81 with FA, G-complex-
83 without FA, G-complex-82 with FA and G-complex-84 without
FA respectively. The particles were studied with SEM and TEM. In
the experiment they found that Ru-functionalized particle exhib-
ited high luminescent property and generated singlet oxygen spe-
cies upon light irradiation but the particle did not show any toxic
effect in dark condition. Upon irradiation at 480 or 540 nm in
low nanomolar range the particle without FA demonstrated photo-
toxic effect but they were unable to differentiate the cancer and
non-cancer cells. Upon irradiation particle with FA did not target
non-cancerous human normal lung fibroblast cells but cancerous
human ovarian carcinoma cells were targeted in low nanomolar
range [118]. As another example, complex-85-CDs (Fig. 61; a)
was synthesized by Mao et al. employing CDs modified with a Ru
(II) complex (85) enabling lysosome-targeted imaging and photo-
dynamic therapy (PDT). The ligand part of the complex had proto-
nated and deprotonated sites. The advantages of the complex 85
was the ability of emission of pH-sensitive light which was
required for various lysosome-targeted imaging and photodynamic
therapy. They calculated the singlet oxygen species quantum yield
of complex 85, CDs, and complex 85-CDs under 450 nm light irra-
diation with ABDA as the !0, indicator and [Ru(bpy)s]Cl, as the
standard in aerated buffer solutions. From this result they found
that complex 85-CDs exhibited quantum yield value of 0.18 and
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0.48 at pH 7.4 and 5.0 respectively. This result suggested that in
acidic condition complex 85-CDs generated '0, more adequately
than in neutral condition. They investigated cellular uptake prop-
erty of complex 85 and complex 85-CDs by confocal laser micro-
scopy in human lung cancer cell A549 (Fig. 60). The increasing
nature of time-dependent emission intensity demonstrated that
complex 85 and complex 85-CDs penetrated the A549 cell and
retained in cytoplasm. Colocalization experiment also revealed
that they could image lysosomes selectively. Authors also declared
that complex 85 and complex 85-CDs penetrated into cancer cell
with both energy-dependent mechanism and endocytosis path-
way. Complexes also exhibited photodamage under one photon
at 450 nm and under two photon at 810 nm excitation. Under
two photon excitation complex 85-CDs exhibited good penetration
ability, inhibitory effect against the cancer cell growth [119]. Ghad-
dar et al. also prepared nanoparticles of magnetite-silicon-titanium
that were treated with a polypyridyl ruthenium dye (Fig. 61; b). In
presence of white or green light the dyed-NPs (86) exhibited better
ROS generation. The authors investigated the photodynamic effect
of the excited NPs against A549 cell. They also proved that under
light excitation there was an increased amount of ROS production
in A549 NP-loaded cells than the control cell [120] (Fig. 62).
Graphitic-phase carbon nitride (g-CsN4) nanosheets have
gained attention as two-dimensional (2D) semiconductor materi-
als in recent years. This nanosheets have already been constructed
as targeted drug delivery carriers and their photochemical as well
as electrocatalytic characteristics have been demonstrated. When
semiconductor photosensitizers are triggered by light, pairs of
electrons and holes are created simultaneously. In this regard Chao
et al. designed multifunctional photosensitizer, in which they coor-
dinated [Ru(bpy),]** with g-C3N,4 nanosheets through Ru-N bond-
ing. In presence of visible light, Ru-CsN4 (87) was induced the
formation of O, from H,0, or H,O in a hypoxic tumor and at that
time it produced ROS (eOH, ¢0,, and '0,). Authors investigated
the cellular uptake property of this species with the help of confo-
cal laser scanning microscopy (CLSM). They incubated A375 cell
with the nano for 24 h and observed red fluorescence during
hypoxic conditions. They further investigated intracellular
catalase-like activity of Ru-g-C3N4 with the help of peroxide assay
kit under 1 % O,. When they treated with 1 mM H,0, for 30 min
they observed significant green fluorescence in A375 cell which
indicated high H,0, level in A375 cell. They also confirmed that
the nano decomposed the intracellular H,O, levels. Due to the
oxidative stress, the cancer cell was imbalanced. Authors also
investigated apoptosis through flow cytometry and live-death
staining experiment in A375 cell. They observed the apoptosis after
PDT. Mitochondrial dysfunction and cell damage was observed to
be caused by ROS. The authors also observed the mitochondrial
dysfunction and change in mitochondrial membrane potential by
this nanomaterial with the help of probe JC-1. At the end the
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Fig. 59. Karges et al. synthesized nano Ru complexes.

authors concluded that numerous ROS generated by Ru-g-C3Ng4
during irradiation, devastated the mitochondria [121].

6.5. Some other miscllenious Ru-based complexes as PDT agent

After through discussion in the above section, here also we have
glued some other polypyridyl complexes which was derivatized by
some functional group, amino acid and also cyclometalated ruthe-
nium complex which exhibited PDT effect as well as anticancer
property. For example, Hess et al. synthesized two [Ru(phen),-
dppz]?* derivatives with different functional groups on the dppz
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ligand[dppz-7,8-(0OMe), (88), dppz-7,8-(OH), (89)] and studied as
photosensitizers (PSs) for photodynamic therapy (PDT) against dif-
ferent cancer cells. In acetonitrile both the complexes exhibited red
phosphorescence and their singlet oxygen quantum yields for (88)
is 75 % and for (89) is 54 % respectively. Cellular uptake andanti-
cancer efficiency are also depended on lipophilicity of a compound
and it can be estimated by the determinationof logPq, value (Po
is the partition coefficient between octanol and water). From the
result they found that complex 89 exhibited high lipophilic nature
with logP,wvalue (-0.20) than the complex 88 with logP,value
(-0.52). In dark condition on HeLa cells monolayer complex 88
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Fig. 60. (A) Confocal microscopy image after A549 cells were incubated with complex 85 (20 pM) for 2 h, CDs (200 pig/mL) or complex 85-CDs (20 uM) for 4 h. (complex 85
and complex 85-CDs: OPM: rex = 405 nm, TPM: 2ex = 810 nm, 2em = 660 + 20 nm; CDs: OPM: Aex = 405 nm, TPM: rex = 710 nm, em = 470 + 30 nm; MTDR and LTDR:
ex = 633 nm, Aem = 665 + 20 nm (MTDR) and 668 + 20 nm (LTDR). (B) pH-dependent phosphorescentimages of complex 85 or complex 85-CDs-labelled A549 cells. (C)
Intracellular phosphorescence intensityof complex 85 or complex 85-CDs in the attendance of nigericin at different values of pH. Data are expressed as the mean + standard
deviations (SD). Number of cells:10. Scale bars: 10 um. [Adopted from ref. 119 with permission from Royal Society of Chemistry].

demonstrated more toxic with ICsq value of 36.2 pM than the com-
plex 89 (IC50>100 pM). But both the complexes exhibited non-toxic
towards multicellular Hela spheroids with 1C50>100 pM. Upon
one-photon irradiation, complex 88 with ICsgvalue of 3.1 pM,
exhibited high phototoxicity than complex 89 towards HeLa cell
monolayers with ICso value of16.7 pM. Complex 88 was found to
be active toward HeLa spheroids with ICsq value of 9.5 pM when
two-photon irradiation (800 nm) was applied only on complex
88. Authors also interested to investigate the differences between
the OP and TP cell imaging properties of complexes 88 and 89 on
cancer cell spheroids. Due to the lower cell penetration property
of compounds, the cellular absorption efficiency of cancer cell
spheroids and cancer cell monolayers might differ significantly.
Under the same experimental conditions, the MCTS penetration
ability of complex 88 (50 pM, 12 h) was substantially higher than
that of complex 89 (50 uM, 12 h), as shown in (Figs. 63 and 64). As
shown in (Fig. 63, B) complex 88 was capable of reaching deep into
the core of HeLa spheroids (up to 300 pm). Z-scan images revealed
that complex 89 exclusively stained the outer sphere of the HeLa
spheroid (Fig. 64, B). There was no signal to be observed from
the center of HeLa MCTSs. Because of minimal penetration prop-
erty of complex 89 into MCTSs and its apparent preferential loca-
tion on cell membranes, complex 89 was a poor choice for TP-
PDT. So, under TP laser excitation, complex 88 showed a greater
and clearer phosphorescence in the deeper portions of the spher-
oids than under OP laser excitation, supporting the deeper tissue
penetration and increased PDT efficacy of TP light over OP light.
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Finally, they concluded that in case of cellular localization and anti-
cancer activity, the functional group on the intercalative ligand had
a great impact [122] (Fig. 65).

Two Ru (II)-polypyridyl complexes with two different amino
acids viz. tyrosine and tryptophan were synthesized by Ramu
et al. (90, 91,). From isothermal titrationcalorimetry (ITC) studies,
they found that these complexes were bound with ct-DNA through
an entropically driven process. Viscosity studies also revealed that
complexes 90 and 91 bound with ct-DNA through groove binding.
The most important character of the complexes was at lower expo-
sure time and they exhibited photo-induced cytotoxic activity in
presence of visible light [123].

Zhuang Lv et al. synthesized type-I PS based on cyclometalated
Ru(Il) complexes (92, 93) (Where,2,4-difluophenylpyridine was
used ascyclometalated ligand). A coumarin moiety which had an
excellent chromophore due to its electron-donating and light-
harvestingabilities was introduced into cyclometalated ligand to
enhance the light-absorption ability and modulated the energy
level of cyclometalated Ru (II) complex. Actually, they developed
effective PS that exhibited excellent therapeutic effect under
hypoxia condition. In visible region complex 93 exhibited lower
oxidation potential and stronger absorption than the coumarin-
free counter part. Authors investigated the phototoxicity of com-
plexes 92 and 93 to HelLa cell by MTT assay under hypoxia condi-
tion. As in (Fig. 66, a) the ratio of PDT cell viability to dark cell
viability was found to be 0.94 for complex 92 and 0.22 for complex
93. The findings suggested that complex 93 demonstrated signifi-
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Fig. 61. (a) Complex-85-CDs and (b) dyed-NPs (86).

Fig. 62. Mitochondria targeted Ru-g-C3N4 nano.
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Fig. 63. (A) One Photon and Two Photon images of complex 88 (50 uM) after incubation with HeLa spheroids for 12 h. (B) Z-stack images of the same HeLa spheroids captured
every 5 um along the Z-axis. [Adopted from ref. 122 with permission from Wiley-VCH].
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Fig. 64. (A) One Photon and Two Photonimages of complex 89 (50 uM) after incubation with HeLa spheroids for 12 h. (B) Z-stack images of the same HeLa spheroids captured

every 5 um along the Z-axis. [Adopted from ref. 122 with permission from Wiley-VCH].

cantly higher phototoxicity in Hela cells under hypoxia than com-
plex 92. As in (Fig. 66b, c) under hypoxia, the percentages of apop-
totic cells of each Ru (II) complex were calculated to be 2.83 % for
complex 92 and 54.0 % for complex 93. From the result authors
came in conclusion that under hypoxia complex 93 demonstrated
better PDT effect as a result of type-I photochemical process and
there was direct charge transfer between the excited PS and an
adjacent substrate which formed highly-oxidative hydroxyl radi-
cals to damage tumor cells [124] (Figs. 67-69).

In case of two photon photodynamic therapy Zeng et al. synthe-
sized GSH-activated dinuclear Ru(II) complex [(DIP),Ru(azobpy)Ru
(DIP),]Cl4 (Ru-azo) as aphotosensitizer for two-photon photody-
namic therapy. The ligand 4, 4'-azobis (2, 2'-bipyridine) (azobpy)
had strongly electron-withdrawing property and acted as a lock
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that was switched off the luminescence of the Ru(Il) complex pho-
tosensitizer. GSH played an important role in that case. It could
improve the optical properties of the photosensitizer by reducing
the azo ligand and due to this the luminescence property of the
Ru (II) complex was increased. The complex had a great ability to
accumulate in the mitochondria of cancer cells and produced effec-
tual photocytotoxicity under two-photon irradiation. The complex
effectively inhibited the growth of cancer cell and killed cancer
cells effectively [125].

Cyclometallated complexes also played an important role in the
field of PDT. Two cyclometallated Ru complexes (94, 95) were syn-
thesized and characterized by Palmer et al. ‘phpy’ presented in the
complex which gave the red shift due to Ru — phen and Ru - bpy,
metal-to-ligand charge transfer. As a result, light penetrated the
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Fig. 65. Structure of complexes 88 and 89 are two [Ru(phen),dppz]?** derivatives and complexes 90 and 91 are two Ru (II)- polypyridyl complexes with two different amino
acids.
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Fig. 66. (a) PDT cell viability and dark cell viability ratios underhypoxia condition. Flow cytometric analysis of cell death encouraged by (b) blank, (c) complex 92 and (d)
complex 93 (5 pM) mediated PDT under hypoxia condition. [Adopted from ref. 124 with permission from Royal Society of Chemistry].
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Fig. 67. Structure of complex 92 and complex 93 where complex 93 used as an efficient type I photosensitizer forphotodynamic therapy.

Apoptosis
L J

=]

Fig. 68. GSH activation and phototoxicity of Ru-azo complex.

tissue more effectively while preserving the efficient photo-
induced ligand exchange essential for DNA binding. Photo-
aquation was responsible for the 14-fold increase in OVCAR-5 cell
mortality that was occurred when cells were exposed to 690 nm
light.The author also demonstrated that intracellular GSH might
have a role in boosting ligand substitution in the dark and after
implying the irradiation that increased the phototoxicity as a result
of a combination of photo-induced ligand exchange and GSH reac-
tivity [126].
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7. Iridium based complex as a PDT agent

Because of distinct property of cyclometalated iridium (III)
complexes like DNA binding, protein—protein interaction inhibi-
tion, catalytic oxidation, protein kinase activity inhibition etc., it
gave a great impact in anticancer field [127-131]. Recently some
complexes were investigated for damaging cancer cell through
paraptotic, autophagy pathway. Here in this section, we have dis-
cussed some iridium-based PDT active anticancer complexes.
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94

Fig. 69. Structure of complexes 94 and 95.

Two photosensitizers based on iridium (III) complexes Ir-P(ph)s;
(96) and Ir-alkyl (97), were synthesized by Huang et al. These com-
plexes targeted mitochondria and lysosomes respectively. Authors
performed the colocalization experiment with the help of Mito-
Tracker Green and Lyso Green. From this result they confirmed that
complex 96 specifically targeted the mitochondria and complex 97
targeted the lysosomes. The luminescence intensity of complexes
96 and 97 were somewhat reduced after strong absorption at
488 nm light irradiation. The luminescence of MTG and LysoGreen,
on the other hand, was virtually totally quenched confirming the
better photostability of two complexes. Low concentration of oxy-
gen level in cancer cell reduced the PDT effect. They observed the
PDT effect of the complex under hypoxic condition because treat-
ment with complex 96 resulted in relatively greater oxygen con-
centrations in the mitochondria. They used Annexin V-FITCand PI
as an indicator for apoptotic and dead cells. They observed that
the early apoptosis was stained with green luminescent Annexin
V-FITC on cell membrane, on the other hand, cell was further

Ir-Piph),

2h

4 h
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stained with red luminescent of PI in the nucleus. This observation
indicated the apoptosis and cell death. They investigated the PDT
effect with the help of flow cytometry (Fig. 70). With increasing
the irradiation time, the cell death was also increased. In compar-
ison to irradiation in hypoxia, irradiation in normoxia resulted in a
larger percentage of killed cells. When they treated the complex 96
with cell for 12 h at 475 nm irradiation under hypoxia condition for
15 min, they found 3.0 % death cell, but when they used complex
97, the percentage was reduced to 0.15 %. At the end of their all
experiments, they came to the conclusion that under hypoxia,
the mitochondria-targeted complex 96 had a better PDT effect than
the lysosome-specific complex 97. With the help of MTT assay
authors investigated the PDT effect of the complex (Fig. 71) under
normoxia and hypoxia condition. Cell incubated with complex 96
maintained 87 % cell viability for 12 h and that was reduced to
7.6 % after light irradiation and again 2.3 % under normoxia condi-
tion. But 3.3 % cell viability was observed under hypoxia condition
in presence of light irradiation. It was also observed that the cell
viability of complex 97 and untreated cells remained in high per-
centage under both hypoxia and normoxia condition. Therefore,
it can be depicted that mitochondria targeted complex 96 demon-
strated good PDT effect under hypoxia condition [132] (See
Fig. 72-75).

Mitochondria targeted another two complexes were synthe-
sized and characterized by Yi Li et al. In this phosphorescent
cyclometalated iridium (III) complexes (98, 99) having different
bis (NHC) ligands (Fig. 73-a). Authors investigated intracellular dis-
tribution with the help of confocal microscopy. They co-stained
A549 cell with the complexes and commercial mitochondrial
specific dye MTDR (Fig. 73-b). The Pearson’s coefficient was found
to be 0.89 and 0.85 for complexes 98 and 99 respectively. From the

I-Pip H),

0.15%
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5% O
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5%.0, w1

Fig. 70. Confocal microscopy images as well as flow cytometry quantificationof annexin V-FITC- and Pl-labeled HeLa cells. [Adopted from ref. 132 with permission from

Wiley-VCH].
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Fig. 71. Hela cells in vitro viability [Adopted from ref. 132 with permission from Wiley-VCH].
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Fig. 72. Mitochondria and Lysosome targeted PDT effect of complexes 96 and 97.

result they clearly understood that the complexes were localized
mainly in mitochondria of A549 cell. From the ICP-MS study the
author also confirmed the mitochondrial localization. Both the
complexes enhanced intracellular ROS levels and exhibited strong
absorption around 450 nm and weak absorption around 630 nm.
The ICso value was found to be 0.012 + 0.004 and 0.037 + 0.004 p
M in presence of light that was lower than the value in dark con-
dition. They also obtained the PI values of 125, 531, 44 and 65,
against A549, A549R, HeLa and U87 cells. As compared to the con-
trol and dark, the intracellular ROS level of complex 98-treated
A549 cells exhibited a considerable increase after irradiating at
630 nm for 10 min. Hence, from all studies it was understood that
complex 98 acted as a potent PDT agent [133].

Three Ir (III) complexes (100, 101, 102) were synthesized by Sun
et al. incorporating guanidinium groups as ligands (Fig. 74a). The
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Fig. 73a. Chemical structure of complex-98 and 99.
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Fig. 73b. A) Intercellular localization of complexes 98 and 99 (10 uM) by confocal microscopy. B) By ICP-MS determination of complexes 98 and 99 in cellular compartments

of A549 cells. [Adopted from ref. 133 with permission from Elsevier].

singlet oxygen species is the most important factor in case of PDT.
In presence of visible light at 425 nm the singlet oxygen quantum
yield was found to be 0.68, 0.56 and 0.51 for complexes 100, 101,
102 respectively. From this result the authors depicted that all the
complexes generated singlet oxygen under visible light condition.
The phototoxicity test was performed with various cancer cell
lines. Complex 100 exhibited high phototoxic index (PI) against
HepG2 (425 nm) cells and the value was found to be >387. Authors
also observed that among the three complexes, complex 100
demonstrated more significant and selective anticancer effect
against various cancer cell lines. Flow cytometry and confocal
imaging were used to confirm the mitochondrial localization of
complex 100. The decrease in red (JC-1 aggregates) to green (JC-1
monomers) fluorescence intensity ratio indicated the mitochon-
drial depolarization. When they tested the complex 100 in the cell
under both light and dark conditions, a significant loss of MMP was
found as indicated from the enormous shift in red to green fluores-
cence (Fig. 74-b (A)) and they also investigated the red to green
fluorescence ratio with the help of flow cytometry (Fig. 74b (B)).
Under dark condition the intensity ratio was found to be control:
40.6 = 2.1, 20 uM complex 100: 30.7 = 1.3, 50 uM complex 100:
22.8 £2.1,100 uM complex 100: 12.9 + 0.8 and under light condi-
tion the value was control: 374 + 1.9, 1 pM complex 100:
30.5 £ 1.4, 2 uM complex 100: 17.0 =+ 0.8, 5 M complex 100:
6.9 + 1.3. This result revealed that complex 100 affected the mito-
chondrial integrity in presence of light than in the dark condition
[134].

Because of their advantageous photophysical characteristics,
transition-metal complexes were capable of light-triggered toxic-
ity had gotten a lot of attention in PDT research. In this regard Chao

NH

N
NH
me
NH,

102

et al. synthesized mitochondria targeted Ir (III) cyclometalated co-
drugs (103-106). In that study authors used 0, scavenger 1, 3-
diphenylisobenzofuran (DPBF) to determine the ability to gener-
ated ROS. The quantum yield was found to be 0.68, 0.74, 0.70
and 0.53 respectively. To investigate the intracellular distribution
of the complexes, the authors performed the co-localization study
by using MitoTracker green with the help of confocal laser scan-
ning microscopy (CLSM) on HelLa cell. High colocalization coeffi-
cient ranging from 0.82 to 0.86 was observed from that
experiment. For better investigation the author also performed
the ICP-MS study under the same condition. From this both exper-
iments the authors detected that the complexes were appeared to
be able to traverse through mitochondria and assisted the trans-
port of a DCA moiety to the organelles. So, form the overall obser-
vation based on all the complexes they came to conclude that
complex 103 in particular showed the greatest efficacy in both
monolayer cells and in hypoxic MCSs, making it a suitable candi-
date for cancer-specific TP PDT [135].

The use of two-photon at near-infrared light excitation in pho-
todynamic treatment (PDT) is a very effective approach to avoid
the use of shor twavelength UV or visible light, which cannot pen-
etrate into biological tissues and is, therefore, detrimental to
healthy cells. In this regard Gao et al. synthesized four cyclometa-
lated Ir (III) complexes (107-110) (Fig. 76a) for two photon photo-
dynamic therapy. Authors investigated the quantum yield of '0,
generation for all the complexes and they found that the quantum
yield values of complexes 107 and 109 were 0.85 and 0.95 respec-
tively. Due to the presence of electron withdrawing methoxy group
present on the complex 109, the quantum yield value was higher
in case of this complex than complex 107. Very low quantum yield

NH
NH,

(PFg)2

(PFg)2

Fig. 74a. Structure of complexes 100, 101, and 102.
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Fig. 74b. (A) Confocal microscopy for visualizing JC-1-stained cells. (B) Flow cytometry and JC-1 staining were used toinvestigated the role of complex 100 in MMP. HepG2
cells were treated with different concentrations of complex 100 for 6 h. 488 nm was the JC-1 excitation wavelength. [Adopted from ref. 134 with permission from Elsevier].

Fig. 75. Structure of complexes 103 to 106.
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BF Merged

Fig. 76. (a) Structure of complexes 107 to 110 (b) Cellular localization of complexes 107-110 by two-photon confocal laser scanning microscopy on human cancer cells A549
in PBS containing 0.1 % (v/v) DMSO: MTG; Ir(Ill) complexes(107-110), red channel; DAPI, nucleus (DNA) dye,blue channel; BF, bright field; Merged, overlay of the four
channels onthe left side. [Adopted from ref. 136 with permission from American Chemical Society].
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Fig. 77. Structure of complex from 111 to 114.

value was found in case of complex 110 due to presence of electron
donating group. This result indicated that singlet oxygen produc-
tion could be modified by changing the substitution on ligand side
and also the high quantum yield values of the complexes 107 and
109 made them good cell imaging as well as also PDT agent.
Authors also used the RB as a standard for examined the two-
photon absorption cross section. The two-photon absorption cross
section was found to be 113-168 GM. They also investigated the
cellular localization of the complexes on A549 cell with the help
of confocal lasers canning microscopy (CLSM). All the complexes
exhibited red luminescence in the cell under two-photon excita-
tion (Fig. 76b). The signal from the complexes was well overlapped
with the commercial mitochondrion-specific dye MTG. But when
they used DAPI, poor correlation coefficient was found in such case.
The research suggested that the complexes would be used as a
mitochondrion-specific dye in cell biology and not only that they
could be also used as a photosensitizer for TP-PDT in medicine
[136] (See Fig 77).

In case of lysosomes damage Mao et al. designed and synthe-
sized four cyclometalated Ir (III) complexes (111 to 114) with ben-
zimidazolederivatives as ligands. Author investigated the cell
apoptosis with the help of annexin V — fluoresceinisothiocyanate
(FITC) assay. They incubated the HeLa cells with the four com-
plexes for 24 h in presence of both light and dark condition. They
observed that in dark condition small portion of complex-treated
cells was annexin V positive but when they increased the light irra-
diation, the percentage of cells in apoptotic phase was increased
(Fig. 78a). They also investigated the induced apoptosis through
the lysosomal damage by the release of cathepsin B. The main
function of cathepsin B was to cause apoptosis, when lysosomes
were damaged through the release of cathepsin B and other hydro-
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lases which triggered the release of cytosol. They detected cathep-
sin B by Magic Red MR-(RR), staining. Also, they observed that
after incubation with the complexes for 12 h in dark, the fluores-
cence of Magic Red MR-(RR), was punctated in HeLa cells
(Fig. 78b). But, upon irradiation of light, Magic Red MR-(RR),
exhibited dispersive pattern in cytoplasm. From the result authors
confirmed that cathepsin B was released from lysosomes and after
PDT treatment, lysosomal membrane permeabilization took place
[137] (See Fig 79).

Mao et al. synthesized another lysosomes targeted four Ir(IIl)
cyclometalated complexes (115 to 118) with B-carboline ligand.
Authors investigated that in presence of visible light irradiation
the complexes exhibited phototoxicity against cancer cell lines.
Among all the complexes, comlex-116 exhibited PI > 833
[425 nm LED light for 15 min (36 J cm~2)] against A549 cell. Author
also demonstrated that through lysosomal destruction and the
release of cathepsin B, 2-mediated PDT primarily promoted
caspase- and ROS-dependent apoptotic cell death [138].

Another Ir (III) complex was synthesized by Yang et al. by incor-
porated the iridium center into donor-m-donor ligand (119).
Author investigated the cytotoxicity of this complex by MTT assay
with the help of HelLa cell. After incubation with different concen-
trations of the complex, no change in cell viability of HeLa cell was
observed in Fig. 80a. Author used flow cytometry to quantify the
endocytosis of complex by HelLa cells. From (Fig. 80b) it was indi-
cated that>90 % of the HeLa cells incubated with 20 uM concentra-
tion for 2 h., which indicated significant uptake of complex by live
cells. After that they incubated the HeLa cell with the complex for
2 h and then observed luminescence in cells (Fig. 80c) at 405 nm of
excitation. From the overlay image in bright field and lumines-
cence image, they confirmed that complex 119 was mostly found
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Fig. 78. (a) HeLa cells labeled with annexin V — FITC after incubation with complexes 111-114 (1 uM) for 24 h in both, absence or presence of light. (b) Changes in cathepsin
B positionencouraged by complexes 111-114 (1 uM) for 12 h in both absence orpresence of light. Magic Red MR-(RR), was excited at 543 nm, and the emission was noted at
630 + 20 nm. Light condition: 425 nm LED lightarray, 1.2 ] cm~2. [Adopted from ref. 137 with permission from American Chemical Society].
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Fig. 79. Structure of complexes from 115 to 118.

in the cytoplasm, with no evidence of nuclear uptake. After that At the end of experiment, they concluded that the complex dam-
author also intratumorally injected the complex on Hela tumor aged the cancer cell in presence of 730 nm CW laser [139] (See
bearing mice and irradiated by a 730 nm CW laser for 10 min in Figs. 81-84).

every 2 days interval for control experiment. After 14 days of this Mitochondria targeted another Ir(Ill) complex NIR-Ir-XE (120)
experiment, they used H&E staining for investigation of the affect- was synthesized by Wong et al. In that case they conjugated the
edtumor tissues. From the result they found that high level of dam- Ir-complex with xanthene dye. Author performed the cytotoxicity
aged tissues were found when the cell was treated with complex by MTT assay. Under the dark condition, not only the complex
under incident of laser than the complex without incident of laser. exhibited very low cytotoxicity towards MCF-7 cell, but also exhib-
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Fig. 80. (a) HeLa Cell viabilitymeasured using an MTT assay after the incubation of different concentrations of complex 119 for 12 and 24 h, respectively. (b) Flow cytometry
study of HelLa cells incubated with complex 119 (20 uM) for 2 h. (c) Left indicated bright field, middle indicatedconfocal luminescenc, andright indicated overlayimages of
Hela cells incubated with complex 119 (20 uM) for 2 h. (d) pictorial representation of 730 nm CV laser on HeLa cell model. [Adopted from ref. 139 with permission from

American Chemical Society].
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Fig. 81. Confocal images of MCF-7 cells incubatedwith complex 120 (5 pM) for 30 min followed by co-staining with Mito-TrackerGreen FM (a) green channel of MTG; (b)
redchannel of NIR-Ir-XE; (c) overlaid green and red channels; (d) brightfield;(e) overlaid green, red, and bright-field channels; (f) Pearson’s correlationcoefficients of green
and red channels. [Adopted from ref. 140 with permission from Royal Society of Chemistry].

ited dose dependent cytotoxicity under light irradiation. Author
also investigated the intracellular localization of the complex and
for this they used Mito-Tracker Green (MTG). Confocal microscopic
image exhibited that most of the complexes were localized in the
mitochondria. For better understanding, they observed the co-
localization image between NIR-Ir-XE and MTG inMCF-7 cells.
They clearly observed the red fluorescence of NIR-Ir-XE which
was nicely overlapped with the green fluorescence of MTG and
got the Pearson’s correlation coefficient of 0.935. For detecting
ROS as by-products of singlet oxygen generation, authors also used
the indicator non-fluorescent agent dichlorofluorescein diacetate
(DCF-DA). A strong fluorescence from the oxidized DCF-DA in the
green channel was observed after addition of NIR-Ir-XE in pres-
ence of light irradiation. But when they used MCF-7 without
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NIR-Ir-XE as a control group, there was no discernible increase
in fluorescence. This result specified that NIR-Ir-XE generated
ROS in MCF-7 cell [140].

Another important organelle is endoplasmic Reticulum. Nam
et al. presented four Ir(Ill) complexes (121 to 124) that were cre-
ated using a logical technique to examine protein changes caused
by ROS. Among the four complexes, 123 and 124 exhibited cyto-
toxic activity through ROS generation and localized in the ER in
low concentration and weak energy condition. Authors also dis-
closed that by using two-photon irradiation, complex 123 was able
to effectively trigger cancer cell death. They also described the
routes of action for Ir (IIl) complexes for both protein cross-
linking and protein oxidation by using MS. The considerable dam-
age was mostly observed in proteins around the ER as well as in
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Fig. 82. Confocallaser scanning microscopy images indicated the ROS generation in
MCF-7 cells with light irradiation (0, 1, 3, and 6 min) after treatment with DCF-DA.
The green fluorescence came from DCF-DA. [Adopted from ref. 140 with permission
from Royal Society of Chemistry].
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Fig. 83. Confocal images indicated the ROS generation in MCF-7 cellsin presence of
light irradiation (100mW cm™2, 5 min) after treatment with DCF-DA. The green
fluorescence is from DCF-DA. [Adopted from ref. 140 with permission from Royal
Society of Chemistry].
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mitochondria in live cells, with a strong linking to cell death path-
ways [141].

Mitochondria targeted one or two photon PDT activated iridium
complexes were synthesized by Chao et al. In that case they repre-
sented the biological activity of three Ir complexes (125-127) as
mitochondria targeted AIE-active TPA-PDT agents. Authors investi-
gated intracellular distribution of all the complexes with the help
of confocal laser scanningmicroscopy (CLSM) on HelLa cells and
for this they used MitoTracker Green (MTG). From this result they
confirmed that the complexes selectively accumulated in the mito-
chondria. The ICP-MS results also suggested that the concentration
of Ir in mitochondria was extremely high, with mitochondria
accounting for over 80 % of the complexes. To quantify TPA-
induced ROS production by all the complexes, they utilized 2,7-
dichlorofluorescein diacetate (DCFH-DA) as an in vitro ROS indica-
tor.There was a significant increase in the intensity of fluorescence
for cells treated with complex 125 after irradiation with a moder-
ate light dose of two-photon laser but as the irradiation time
increased, the intensity decreased. But other two complexes exhib-
ited weak intensity of fluorescence. Author further investigated
TPA phototherapy and due to this they co-stained HeLa cells with
annexin V-FITC (AV)/propidium iodide (PI). After two photon irra-
diations, the most of the cells were treated with complex 125
which exhibited strong AV and PI signal. This specified that maxi-
mum cells were undergone in necrosis or late apoptosis. From their
experiment, we understood that complex 125 was a real candidate
for TPA-PDT since it displayed the largest TPA cross sections, high-
est ROS producing ability and most dramatic mortality at low con-
centration upon aggregated in mitochondria [142]. Chao group also
synthesized another five mitochondria targeted Ir (Ill) complexes
(128-132). Authors investigated singlet oxygen quantum yield
with the help of methylene blue (MB) as the standard and they
found the quantum yield values were 0.17, 0.21, 0.28, 0.51, 0.52,
and 0.59 for complexes 128, 130, 129, 131, MB, and 132 respec-
tively at 405 nm light irradiation. Colocalization study was also
performed for all the complexes with MitoTrackerRed (MTR) in
HelLa cells and this result demonstrated that the complexes were
accumulated in mitochondria with high colocalizationcoefficients
(Fig. 85a). The ICP-MS study confirmed that the most of the com-
plexes were accumulated in mitochondria than in nucleus and in
lysosomes (Fig. 85b). So, among all the complex, complex 132
demonstrated its potency. Author also inspected the change in
mitochondrial membrane potential by using JC-1 as a probe with
the help of fluorescence microscope. When they treated the HeLa
cell with complex 132 in presence of light irradiation, red to green
color change was found that indicated the loss of MMP (Fig. 85c).
From all the experimental results authors concluded that complex
132 triggered apoptosis in HeLa cells through a mitochondrial-
mediated mechanism [143] (See Fig 86).

Due to inhibitory potency and PDT activity of histone deacety-
lases (HDAC) Mao et al. synthesized theranostic Ir (III)-HDAC
hybrid complexes with synergistic inhibition effects on cancercells.
In this seris they synthesized four cyclometalated complexes (133-
136). Author determined the singlet oxygen quantum yield with
the help of methylene blue (MB) as a standard. Under UV light irra-
diation the quantum yield values were 0.21, 0.38, 0.45, 0.52 and
0.75 for complexes 135, 134, 133, MB, and 136 respectively. The
most important property of the complexes was that they all pro-
duced singlet oxygen under visible light irradiation. Author inves-
tigated the cytotoxicity towards HeLa, A549, A549R, and LO2 cell
lines in presence and absence of visible light. They found that in
dark condition all the complexes exhibited moderate cytotoxicity,
but the cytotoxic activity increased under irradiation. Against HeLa
cell, the PI was found to be 17.3, 16.2, 4.4, and 2.7 for complexes
133, 134, 135, and 136 respectively. They also noted that negligible
cytotoxicity was found against LO2 cell for all the complexes.
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Fig. 85. (a) Colocalization images of Ir (IlI) complexes with MTR. (b) Distribution analysis of complexes 128-132 in HeLa cells with the help of ICP-MS. (c) Impression of
complex 132 on mitochondrial integrity. [Adopted from ref. 143 with permission from Wiley-VCH].
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Fig. 86. Structure of mitochondria targeted complex from 125 to132.

Author also investigated the HDAC inhibitory activity of all the
complexes. 134> SAHA>135>133>134 order was found in the case
of inhibitory effects of compounds on HDAC activity [144]. Another
cyclometalated Ir (III) complex (137) was designed and synthe-
sized by Natrajan et al. At 740 nm, the 2PA cross-section was found
to be 45 GM. In vitro tests with C6 Glioma cells demonstrated effi-
cient cell damage when cells were treated with the complex and

A Compound 1 Merge Mitotracker

4 hour

24 hour

Compound 1 Merge Lysotracker

4 hour

24 hour

Fig. 87. Subcellular localisation of complex 146. U20S cells incubated with
complex 146 (green) for 4 or 24 h, co-localised with: A) Mitotracker orange (red),
B) Lysotracker (red). Zoomed sections has been shown as insets. Scale bars = 20 pm.
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irradiated under two-photon with 740 nm fs pulsed light, but cells
remained unaltered when they were irradiated without complex
[145]. Other six cyclometalated Ir(Ill) complexes (138-143) were
designed, synthesized and studied by Sun et al. Author calculated
the ECsq value and PI value for all the complexes in both light

1 uM 146 0 uM

MW 0¢ MW G| Mw 0} Mw 0

Mw G2

Fig. 88. PS activity of complex 146 generated by two photons. HeLa cells were
treated with complex 146 or DMSO for 2 h before being irradiated with a 760 nm
multiphoton laser on a central square. Apoptosis (Annexin V - red) and cell death
(propidium iodide - green) markers were used to label cells after 24 h. [Adopted
from ref. 148 with permission from Wiley-VCH].
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Fig. 89. Structure of complexes from 133 to 145.

and dark condition towards SK-MEL-28 and HL60 cell lines. They _

also suggested that all the complexes demonstrated photodynamic
therapeutic effect in presence of visible or red-light irradiation.
Among all the complexes, complex 143 exhibited highest PI value

/

o

N

PFG

PFs
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nostic agents [146]. Jing et al. designed and synthesized two mito- N N.

chondria targeted Ir (Ill)-nitroxide conjugates as photosensitizers O \ _

(144, 145). They investigated singlet oxygen quantum yield with = -

the help of MB as a standard and the values were 0.25 and 0.50 146 147
for complex 144 and complex 145 respectively. The photo cytotox-
icity of two complexes was examined towards HeLa, A549, A549R

=

Fig. 90a. Structure of complex 146 and 147.
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Fig. 90b. Chemical structures of complexes IrL1 and MitoIrL2, and the illustration of cell death pathways induced by IrL1 and MitolIrL2 upon photoirradiation under hypoxia.
[Adopted from ref. 150b with permission from Wiley-VCH].
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Fig. 91. Structure of complexes 148 and 149.

and human normal liver LO2 cells. They observed that all the com-
plexes exhibited moderate cytotoxicity for all the cell lines in dark
condition, but in presence of irradiation cytotoxicity was increased.
By using confocal microscopy authors also investigated the cellular
uptake and distribution in presence of one and two photon. Effec-
tive penetration of A549 cell and specifically targeted mitochon-
dria was observed by the experiment. They understood PDT

o) R
fo s
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efficacy of the complexes by phosphorescence intensities and life-
time distributions in cancer cells during PDT [147]. Lysosomes and
mitochondria targeted two low molecular weight, photostable
cyclometalated Ir(Il) complexes (146, 147) were synthesized by
Bryant et al. Authors performed the co-localization experiment
with the help of organelle specific fluorescent dyes which exhib-
ited localization of mitochondria and lysosome. In (Fig. 87A) mito-
chondrial localization was observed with 0.547 Pearson’s
coefficient value. In (Fig. 87B), it was observed that by 24 h, lysoso-
mal localization of complex 146 had taken over, with Pearson’s
coefficients 0.387 associated to 0.19 for mitochondrial staining.
They also investigated the cytotoxicity in both light and dark con-
dition. In the presence of HelLa cell 146 and 147 exhibited light
cytotoxicity with LDsg value 0.3 and 0.5 pM. But in the case of dark
cytotoxicity, 146 demonstrated very low dark cytotoxicity value
with LDso>100 pM whereas 147 exhibited high dark cytotoxicity
value with ECsy 6.2 pM. They also observed PI value >333
(405 nm, 3.6 ] cm2) of complex 146 and 12.4 for complex 147.
The lowest PI value of complex 147 was due to high dark cytotox-
icity value. Under TPE with 760 nm light they also investigated the
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N
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Fig. 92. Structure of complexes 150 to 153.
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photosensitizing activity of complex 146 (Fig. 88). Apoptosis with
green and cell death with red was observed by TPE photosensitiza-
tion. Apoptosis or cell death was clearly observed in complex 146
exposed cells within the irradiated area, but not in the surrounding
non-irradiated cells. They also clearly explained that after light
irradiation cell death was observed by localization of photosensi-
tizer in lysosomes and mitochondria [148] (See Figs. 89-93).
Cyclometalated two Ir (IIl) complexes (148, 149) were intro-
duced by Huang et al. Both the complexes demonstrated green
and red photoluminescence with 0.90 and 1.10 ps emission life-
times. The overlay of confocal luminescence and brightfield image
exhibited that the luminescence was visible in the cytoplasm over
the nucleus and membrane. This data explained that complexes
internalized in to the cell. Due to their cell membrane permeabil-
ity, moderate luminescence efficiencies in buffers solution gave
the special advantage of the complexes as a phosphorescence
bioimaging agents [149]. Mitochondria targeted four complexes
(150-153) cyclometalated Ir (III) complexes were synthesized by
Chao et al. Authors investigated the cytotoxicity of the complexes.
Among the four complexes, complex 150 exhibited high phototox-
icity with ICsg value 0.53 £ 0.04 and 0.83 + 0.10 uM for A549 and
A549R cell respectively and also 15.49 and 12.29 values of PI was

Coordination Chemistry Reviews 474 (2023) 214860

found for A549 and A549R cell lines. They also noted that complex
150 separated the normal and cancer cell in dark and also in light
condition. With the help of ICP-MS they observed the distribution
of complex 150 against cancer cell. An outstanding superimposi-
tion pattern was observed between Mitotracker deep red, MDR
and 150. With 0.87 correlation coefficient value a yellow phospho-
rescence was observed from complex 150 in mitochondria of living
A549R cells. So, complex 150 was a good mitochondria targeted
PDT agent [150a] Another two benzothiophenylisoquinoline
(btiq)-derived cyclometalated Ir (IlI) complexes, IrL1 and
MitoIrL2 were synthesized by Guo et al. for mitochondria
accumulation (Fig. 90b). Under hypoxia, both complexes
triggered photoinduced ferroptosis in tumor cells and exhibited a
type I PDT mechanism. Confocal image revealed the fluorescence
increases under normoxia condition, demonstrating the
photoinduced intracellular singlet oxygen production capability
of the two complexes. But both complexes produced very little
intracellular singlet oxygen when exposed to light in a hypoxic
environment. Confocal image also exhibited that after
photoirradiation in normoxia, both complexes could effectively
produced ‘03 in MCF-7 cells. Both complexes maintained their
‘03 production capacity under hypoxia, albeit at a lower rate. In
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[Adapted from ref. 158 with permission from American Chemical Society].
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Fig. 96. CLSM was used to study the intracellular distribution of Ir@ MOF/P NPs in HeLa cells in the absence and presence of daylight. Use of DAPI (blue) to staincell nucleus:
lex = 402 nm and lem = 461 nm; Use of Lyso-tracker (green) to stain endo/lysosomes: lex = 504 nm and lem = 511 nm. Scale bars:50 mm. [Adapted from ref. 167 with

permission from Royal Society of Chemistry].

hypoxia condition the abiity of “OH generation ability was also
conformed by stained the cell with help of mitochondrial
hydroxyl radical probe OH580. From this author understood that
both complexes facilitated type I photochemical processes in
MCF-7 cells to produce ‘0z and ‘OH even in hypoxic conditions,
despite the fact that type Il photochemical processes to produce
singlet oxygen were nearly completely prevented (Fig. 90c) [150b].

7.1. Iridium based nano complex act as PDT in cancer therapy:

In the field of nano conjugated Ir complex in cancer therapy,
Gou et al. designed and synthesized iridium based photosensitizer
(154) which exhibited high range singlet oxygen (10,) generation
at 460 nm irradiation than the model Ir (III) complex (155).
Because of the weak absorption in the near-infrared range of irid-
ium (III) complexes, which was known as the primary barrier, their
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utilization for treatment of tumor tissue in depth was limited
[151]. An impressive property of Lanthanide-doped up conversion-
nanoparticles (UCNPs) is conversion of NIR light to high energy vis-
ible light [152-157]. Due to this reason authors covalently
conjugated the complex on the surface of UCNPs. Effective HIF-
1o inhibitor, 1-benzyl-3-(5’-hydroxymethyl-2’-furyl) indazole
(YC-1) was absorbed at surface of UCNPs into the hydrophobic
layer. The preparation and application of the nano was very inter-
esting. First, they conjugated complex 154 to the surface of UCNPs
named UCNP@Ir. After that the increase in biocompatibility of the
nanoparticles, UCNP@ Ir was coated with F127 (biodegradable
copolymer Pluronic) named UCNP@IrF127. For targeting the
hypoxia tumor cells they also incorporated YC-1 in UCNP@IrF127
and denoted as UCNP@IrYCF127. With the help of MTT assay
authors investigated the photocytotoxicity against MBA-MD-231
cells under both normoxic and hypoxic conditions (Fig. 94A-D).
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the dark and in the presence of daylight irradiation were analyzed for cytotoxicity.
[Adopted from ref. 167 with permission from Royal Society of Chemistry].

Very negligible cytotoxicity was found in normoxic and hypoxic
conditions for both UCNP@IrF127 and UCNP@IrYCF127 under
the absence of NIR irradiation but cytotoxicity was found with
ICso values of 7.23 and 6.77 pg/mL for UCNP@IrF127 and UCN-
P@IrYCF127 respectively at 980 nm laser irradiation under nor-
moxia condition. They also observed UCNP@IrF127 which
revealed ICso value of 31.63 pg/mL under hypoxia condition which
was 4.4-fold higher than normoxic conditions. Very impressive
phototoxicity was found in the case of UCNP@IrYCF127 in hypoxia
than normoxia conditions. From this result they confirmed that YC-
1 gave an impressive impact to improve the PDT of UCNP@IrF127
under hypoxia condition. From the flow cytometry study (Fig. 94E-
L), it was clearly observed that without laser irradiation, UCN-
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P@IrF127 and UCNP@IrYCF127 exhibited minimal cell death
under normoxia condition. Under 980 laser irradiation the rate of
cell death was induced to 46.2 % and 45.9 % for UCNP@IrF127
and UCNP@IrYCF127 respectively. But in hypoxia condition UCN-
P@IrF127 exhibited low rate of cell death (24.9 %) than the nor-
moxia condition (46.2 %). High rate of cell death in hypoxia
condition (56.1 %) was found in the case of UCNP@IrYCF127 than
the normoxia condition (45.9 %). This result also demonstrated that
YC-1 increased the PDT effect of UCNP@IrYCF127 in hypoxia con-
dition. Authors also investigated the HIF-1a protein expression by
Western blot analysis in MBA-MD-231 cell with UCNP@IrF127 and
UCNP@IrYCF127 in different irradiation time period under slight
hypoxia condition (10 % O,). After 30 min irradiation HIF-1a was
detected for UCNP@IrF127 (Fig. 94 M). This suggested that PDT
can aggravate hypoxia in tumors and, as a result, boosted HIF-1oa
expression. The expression of HIF-1a subsequently decreased with
increasing nanoparticle concentration, as shown in (Fig. 94N, O)
demonstrated that UCNP@IrYCF127 could effectively block
hypoxia or PDT-induced HIF-1a accumulated in MBA-MD-231 cells
[158] (See Fig. 95).

As the concentration of glutathione (GSH) available in tumor
cells is 100-1000 times higher than in the extracellular microenvi-
ronment, this reducing microenvironment gives a suitable chance
to accomplish selective intracellular drug release in tumor cells
[159-161]. Thus, it was highly desirable to improve the therapeu-
tic efficacy and selectivity of anticancer medications by cleverly
designing GSH-activatable prodrugs containing disulfide bond con-
nections. In this regard, Xiang et al. reported two GSH activated Ir
(III) complexes 156 and 157. For organelle specific imaging, PDT,
and chemotherapy they encapsulated amphiphilic surfactant
(Pluronic F127-FA) micelles (F156, F157). Actually, GSH-
responsive photosensitizers 156 and 157 were created by cova-
lently conjugating the chemotherapeutic agent camptothecin
(CPT) with Ir(Ill) complexes via disulfide linkers. Due to poor water
solubility of Ir (IlI) complex in biological environment authors
encapsulated the Ir(Ill) complex with Pluronic F127-FA which pro-
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Fig. 98. Schematic representation of the assembly process of multifunctional Ir@MOF/P NPs and the putative mechanism for intracellularmetabolism and ROS-induced

tumor inhibition processes.
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Fig. 99. (a) Co-localizing study after incubating MCF-7 cells with Ir(tiq)2ppy NPs for 24 h with MitoTracker, LysoTracker and ERTracker. Scale bar: 20 um (b) Line series
investigation of Ir(tiq)2ppy NPs with MitoTracker, LysoTracker and ERTracker. The colours exhibited in the images like red represents Ir(tiq)2ppy NPs, green represents
MitoTracker and ERTracker, blue represents LysoTracker used to stain cells. [Adopted from ref. 171 with permission from Royal Society of Chemistry].
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Society].

duced useful micelles F156 and F157. The release of the anticancer
drug CPT in the tumor microenvironment by GSH-provoked and
PDT under visible light gave an important impact in cancer ther-
apy. Actually, high GSH concentration cleaved the disulfide bond
and released the anticancer drug CPT. Additionally, as compared
to normal cells, these micelles containing FA targeting ligands
showed significantly greater cellular uptake in HeLa cells, resulting
in a selective cancer cell killing action. Author also mentioned that
micelles containing tailored combinational chemotherapy and PDT
had greater potency and efficacy in killing tumor cells at low doses
[162].

MOFs exhibited substantial potential in the domains of drug
delivery and cancer treatment due to their enormous surface area,
rich compositional variety, structural variation, and customizable
pore diameters. Because of its excellent stability and low cytotox-
icity, zirconium (Zr)-based MOF (UiO-66) has been widely used in
biomedical research [163-166]. Keeping these in mind Gao et al.
designed an antitumor delivery nanoplatform (Ir@MOF/PNPs)
with Zr-MOF (UiO-66), a biscyclometalated Ir(Ill) complex and a
dual-responsive BP-PDM-PG for PDT and cell imaging. Ir complex
was released from Ir@MOF/PNPs in different pH values. They
found that at pH 5.4 Ir complex released from Ir@MOF/PNPs than
pH 7.4. Not only that they also observed that Ir@ MOF/PNPs pro-
duced ROS after day light irradiation. From this observation they
said that in day light condition and acidic condition was acceler-
ated the released of Ir complex from Ir@ MOF/PNPs. Authors mea-
sured the degree of co-localization between NPs (red) and endo/
lysosomes (green) (Fig. 96) for investigated the escape ability of
Ir@MOF/P NPs. Only when exposed to daylight could the isolated
distribution of red and green fluorescence be identified, showing
that Ir@ MOF/P NPs successfully escaped from endo/lysosomes. A
red fluorescence was observed in nucleus, these findings suggested
that daylight-induced ROS generation could cause the endosomal
membrane to break, allowing the endosome to escape. From the
MTT assay (Fig. 97) they also observed that in absence of daylight
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Ir@MOF/P NPs exhibited very low cytotoxicity but, for 30 min of
daylight exposure Ir@ MOF/P NPs showed considerable ROS photo-
toxicity [167] (See Fig. 98).

Poly (ethylene glycol) (PEG) on cyclometalated Ir(IIl) complexes
have been successfully employed as non-cytotoxic water-soluble
bioimaging reagents as well as PDT agents. PEG chains on Ir(III)
complexes can also improve the uptake property towards mito-
chondria, not only that also shield photosensitizers from nonspeci-
fic interactions with proteins [168-170]. For this reason, Yuguo Ma
et al. selected polystyrene grafted with carboxyl terminated poly
(ethylene glycol) (PS-PEG-COOH), as an amphiphilic polymer to
prepare Ir(tiq),ppy NPs with the help of co-precipitation method.
The Ir(tiq),ppy NPs were predominantly distributed in mitochon-
dria after being encapsulated by PS-PEG-COOH, which increased
their water solubility and photoluminescence in aqueous solution.
Authors investigated the ROS generation ability of Ir(tiq),ppy NPs
by 2’,7'-dichlorodihydrofluorescein diacetate (DCFH) probe in
presence of white light irradiation. Actually, DCFH oxidized by
ROS and product 2',7’-dichlorofluorescein (DCF) exhibited strong
fluorescence. They recorded the fluorescence intensity at 528 nm
and observed that the intensity increased in Ir(tiq),ppy NPs than
Ir(tiq),ppy and DCFH itself. This result indicated that nanoparticles
had strong tendency to generate ROS. Authors also observed intra-
cellular distribution and co-localization with the help of specific
organelle dyes under confocal laser scanning microscope. From
(Fig. 99a) it is clearly observed that Ir(tiq),ppy NPs overlapped
with Mito tracker but not with LysoTracker or ERTracker. The
observation revealed that Ir(tiq),ppy NPs specifically targeted
mitochondria in MCF-7 cells, and this was due to presence of
PEG units outside the NPs [171] (See Fig. 100 and 101).

As the capabilities of high spatial resolution ultrasound and
high sensitivity optical imaging, photoacoustic (PA) imaging has
gained considerable attention in the field of biological applications.
The PA influence of endogenous or exogenous contrast agents is
responsible for these benefits. From some literature [172-175].
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Fig. 102. (a) The diagonal (xy) and longitudinal view (yz) of the mouse for quantitative analysis of different organs. The letters of H, L, K, B, and S represented heart, liver,
kidney, bladder, and spleen, respectively. The time-dependent change of the relative PAimaging signals in kidney (b), bladder (d) liver (f), and spleen (h) after injected of the
complex (20 mg/kg IrCy) through the tail vein. In the ROIs drawn around the (c) kidney (pink line), (e) bladder (brown line), (g) liver (yellow line), and (i) spleen (blue line),
the signal of IrCy NPs was measured as a function of time [Adopted from ref. 178 with permission from American Chemical Society].

we found that, small molecule organic dyes, polymer-based nano-
materials, and metallic or semi metallic nanomaterials are the
three types of exogenous PA contrast agents (CAs). Because
ofstrong absorption in the near-infrared region, great biocompati-
bility, biodegradability, cyanine dyes are one of the most widely
used small molecule PA probes [176,177]. Due to all the character-
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istics Yang et al. incorporated iridium center with cyanine dye and
established Ir(Ill)-cyanine complex (158) with intense NIR absorp-
tion. They showed a significant PA signal due to the immense NIR
absorption, which may be used to investigate the pharmacokinet-
ics, tumor targeting, and biodistribution of IrCy NPs in real time, as
well as the effective creation of singlet oxygen ('0,) for PDT of
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Fig. 104. (a). CLSM was used to quantify the endocytosis of NPs in HeLa cells. Control group (A), CLSM of HeLa cells treated with 159 NPs for 0.5 and 6 h (B, C), CLSM result for
160 NPs (D, E). (b) To detect ROS in cells, DCFH-DA probes were utilized. Control group (A, D), Treated with 159 NPs (B, E), Treated with 160 NPs (C, F), Light was used to
irradiate the groups (D-F), Groups that was not exposed to light (A-C). (c) HeLa cell staining (live/dead) in various conditions. Control group (A, D), Treated with 159 NPs (B, E),
Treated with 160 NPs (C, F), without light cultured (A-C), with irradiation (D-F). [Adopted from ref. 179a with permission from American Chemical Society].
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tumors using an 808 nm laser. The biodistribution in the 4 T1
xenograft model was rigorously investigated by the authors
through real-time PA imaging following injection to study the
clearance pathway of IrCy NPs in vivo (Fig. 102a). They observed
that in the case of kidney the relative PA intensity was found to
be around 4.1 at 30 h after injection and then it gradually declined
to around 2.0 at 48 h after injection (Fig. 102b, c). Similarly, the rel-
ative PA intensity in the bladder at 84 h was nearly 12.6 times that
of before injection (Fig. 102d, e). From this observation of PA signal
change in the kidney and bladder they said that IrCy NPs should be
eliminated partially from the urine system. Authors also observed
that in the case of liver the relative PA intensity increased from 4.3
to 12.5 (Fig. 102f, g) and increased from 4.6 to 28.8 in the spleen
from 3 to 24 h (Fig. 102h, i) but, the relative PA intensity of the liver
and spleen diminished to 2.8 and 9.4 after 150 h. So, it was found
that the partial hepatic metabolic pathway was highlighted by
these biodistributions of IrCy NPs in the liver and spleen. The
authors also reported that IrCy NPs had outstanding tumor abla-
tion capabilities due to their effective creation of '0, and targeting
effect [178].

Xie et al. synthesized two Ir(Ill) complexes (159, 160) and this
complexes formed nano (159 NPs, 160 NPs) by self-assemble in
aqueous media. Authors investigated the photodynamic effect
and due to this they dissolved the complex in DMF. They observed
that at low concentration 159 NPs exhibited stronger photody-
namic effect than 160 NPs (103, a). But when they increased the
concentration there was no difference found in photodynamic
activity. In (Fig. 103b) it was clearly observed that 159 NPs, 160
NPs took 5 mints to reduce the absorption whereas complexes
159, 160 took 20 mints. This was due to the self-assembly of mole-
cules into NPs causes fluorescence self-quenching and light trans-
fer energy to ROS. From this observation it was clear that nano
exhibited good photodynamic activity than complexes 159, 160
itself. Authors also investigated the cytotoxicity of nano particle
toward HeLa and HepG2 cells. In (Fig. 104a) the time-dependent
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Fig. 108. DNA photo-cleavage by Electrophoresis experiment of pcDNA3 plasmid treated with various concentrations of the complex Re-NLS. [Adopted from ref. 180 with

permission from Royal Society of Chemistry].

Fig. 109. Confocal microscopy images of HeLa cells incubated with complex 165 (20 mm) for 2 h: a. Staining of DAPI; b. cellular distribution of 165; c. overlay. [Adopted from

ref. 181 with permission from Wiley-VCH].
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Fig. 110. Structure of complexes 165 and 166.
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Fig. 111. Antiproliferative action against HeLa cells caused by visible light. MTT
assay was used to assess cytotoxicity after an additional 22 h. The standard
deviations are based on the results of two separate tests with a total of 18 data
points for each component concentration. [Adopted from ref. 182 with permission
from Wiley-VCH].
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Fig. 112. Structure of complexes 167, 168, 169.

internalisation of 159 NPs, 160 NPs was observed. They also used
DCFH-DA as a ROS detector. As we know in presence of ROS, DCFH-
DA changed to DCF. By CLSM image they observed that without
light irradiation very less ROS generation observed but after irradi-
ation ROS production was high (Fig. 104b). They also performed
the MTT assay for scrutinized the PDT effects in different cancer
cells. They detected that in presence of light irradiation most of
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all cells were died by 159 NPs but 160 NPs exhibited inferior tox-
icity under the same condition (Fig. 104c) [179a] (Figs. 105-106).

Very recent Chao et al. developed mitochondria localized Ir (III)
endoperoxide prodrug 2-0-IrAn. In presence of two photon irradi-
ation in NIR region 2-0-IrAn generated Ir (IIl) complex 2-IrAn with
high cytotoxic effect, an alkoxy radical, and singlet oxygen. Authors
observed that in hypoxic tumor cells and multicellular tumor
spheroids (MCTS), 2-O-IrAn exhibited greate phototoxic effect.
From detailed analysis of the mechanism of action authors under-
stood that the complex mainly accumulated in the mitochondria,
which results in the loss of the mitochondrial membrane potential.
To improve the tumor selectivity uptake authors encapsulated the
complex with biotin-functionalized phospholipid and finally
formed DSPE-PEG-Biotin@ 2-0-IrAn nanoparticles. They observed
that upon two-photon irradiation in the NIR region the nanoparti-
cle entirely eliminated tumor inside the mouse model in just one
treatment [179b].

8. Rhenium based complexes as a PDT agent

In comparison to other PSs, tricarbonyl rhenium complexes
exhibited attractive and interesting property due to their excep-
tional photophysical and photochemical properties, less heavy
metal toxicity, organelle targeting ability and so on. So, the tricar-
bonyl rhenium-based PSs came under profound research in order
to be used in cancer therapy.

8.1. Tricarbonyl rhenium complexes with different conjugates:

In this regard, Gasser et al. developed two tricarbonyl rhenium
(I) derivatives, re-NH; (161), re-COOH (162) as a PS in PDT. They
observed that in lipophilic environment both the complexes pro-
duced singlet oxygen with about 75 % of quantum yield. To develop
the selectivity of complex 162, authors conjugated two types of
peptides and produced re-NLS (163), re-Bombesin (164). From flu-
orescent microscopic image (Fig. 107) of Hela cell, authors
observed the improvement of cellular accumulation inside the cell
nucleus, specifically in nucleoli. The complexes were not so much
cytotoxic in dark, but in presence of light irradiation the complexes
as well as the conjugates exhibited their keen cytotoxicity. After
light irradiation 20-fold more cytotoxicity was found in case of
re-Bombesin (164). Authors also investigated the DNA photocleav-
age with the help of closed circular plasmid DNA (pcDNA3)
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Fig. 113. Discovery of oxidative stress using CelIROX™ Deep Red. (a) 365 nm irradiation (b) absence of irradiation at 365 nm (c) Irradiated at 365 nm in untreated HeLa cells
were (d) As positive control HelLa cells were treatedwith H,0, (e) As a negative control untreated HeLa cell without irradiation were used. [Adopted from ref. 189 with

permission from Wiley-VCH].
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(Fig. 108). They incubated pcDNA3 with different concentration of
compounds and were irradiated by light. They observed all the
compounds changes supercoiled DNA form to circular or nicked
forms. In between all the complexes, complex 163 damaged DNA
in very low concentration. But in presence of dark not a single com-
pound exhibited this kind of effect [180].

Gianferrara et al. developed water-soluble porphyrin conju-
gated rhenium complexes with diethylenetriamine (165) and
bipyridyl ligand (166). Authors investigated the cytotoxicity
against Hela cell and found the ICsq values were 1.9 uM and
4.0 uM for complex 165 and complex 166 respectively. But the
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negligible cytotoxicity was found in dark condition. They also
found the singlet oxygen quantum yield 0.36 and 0.62 for com-
plexes 165 and 166 respectively and it was quite similar with
the parent porphyrin moiety indicating that rhenium complexes
did not generate singlet oxygen, but its phototoxicity was
increased after conjugation with porphyrin moiety. Authors also
observed the cellular localization by confocal fluorescence micro-
scopy in Hela cells. It was clearly observed that complex 165 accu-
mulated in the vicinity of nuclear membrane and exhibited
cytoplasmic fluorescence with formation of a ring (Fig. 109b) like
structure [181] (See Figs. 110-112).

8.2. Tri-carbonyl rhenium complex with N—N chelating ligand:

By increasing the light absorption profiles of the complexes, the
phototoxicity and PDT effect of the rhenium complexes can be
increased. Keeping this work in mind Meggers et al. developed tri-
carbonyl Re (I) indolato complexes (167, 168, 169). The potent
complex 167 exhibited no phototoxicity under dark condition
against HeLa cell but in presence of visible light irradiation it
exhibited phototoxicity with ICso value 0.1 pM. The more lipophi-
lic, easy penetration property through cell membrane and high
phototoxicity effect against HeLa cell of complex 167 was assumed
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Fig. 116. (a) Confocal images of A549 cells co-localized with complex 174 (20 uM, 1 h), complex 175 (5 puM, 1 h) and LysoTracker Green DND-26 (LTG). (b) CLSM images of
A549 cells co-labeled with 174 (20 pM, 1 h), 175(5 uM, 1 h) and MitoTracker Green FM (MTG). All images in scale bar: 20 um [Adopted from ref. 194 with permission from

Royal Society of Chemistry].

due to the oxygen and nitrogen substituted five-member ring
[182].

perylene diimide (PDI) and benzoperylene monoimide (BPMI)
exhibited their promising impact in case of supramolecular sys-
tem. The fluorogenic responses of a PDI-polyetheramine molecule
towards live cells had been discovered to be quite fascinating
[183], also multi cationic fluorescent and amphiphilic PDI com-
pound had also used as an imaging agent [184,185]. It was also
found that water soluble PDI and BPMI complexes were also used
for DNA intercalation [186]. Scientist modified the PDI with some
metal center, which was exhibited photocytotoxicity and also
acted as a photocatalyst for water oxidation [187-188]. Due to this
property Alex et al. developed luminescent tricarbonyl Re(I) com-
plexes with PDI (170) and BPMI (171(a), 171(b) 171(c)). Authors
investigated the phototoxicity of the complexes against HelLa cell
in presence of 365 nm UV-A irradiation. They observed the ICsq val-
ues were 18.21 pM, 0.27 uM, 2.21 pM, and 1.51 uM for complexes
170, 171(a), 171(b), 171(c) respectively. Complex 171(a) was
found to be the most potent among the other four. Authors also
investigated the photoinduced cell death (Fig. 113) by using
CellROX™ (Deep Red as an oxidative stress indicator) with the help
of confocal imaging studies. The highest phototoxicity index (PI)
27.8 was found for the complex 171(a) [189] (See Figs. 114 and
115).
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Frin et al. synthesized two tricarbonyl rhenium(l) complexes
fac-[Re(ampy)(CO)3(NN)]PFs (Where, NN = 1,10-phenanthroline
(phen), 2,2’-bipyridine (bpy), and ampy = 2-aminomethylpyridine)
(172, 173). Authors exhibited two absorption band, one for IL (in-
traligand transition) and another for MLCT. Both the complexes
generated singlet oxygen quantum yield with the range of 0.59
to 0.28 [190].

8.3. Di-nuclear rhenium complex

Like mono nuclear complexes, di nuclear complex also exhib-
ited photodynamic therapy as well as organelle specificity. Many
anticancer drugs, including cisplatin have been demonstrated to
be resistant to lysosomes after investigation. Effective LMP (lysoso-
mal membrane permeabilization) induction techniques can be
employed for effective anticancer treatment [190-193]. Liang
et al. developed two di-nuclear tricarbonyl rhenium complexes
(174, 175) and investigated their ROS production, cellular uptake
property, lysosomes targeting ability and cell death outline.
Authors studied the cytotoxicity towards different cell lines like
A549, A549R, HeLa, and MCF-7. The ICs, values ranging from 2.2
to 15.8 uM was found in case of complexes 174 and 175 against
different cancer cell lines and that was lower than the cisplatin
value under the same condition against the same cancer cell lines.
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Fig. 117. (a) Intracellular ROS were detected using confocal microscopy and H,DCF
DA. A549 cells were incubated with different concentrations of complex 175 for 4 h.
DCF: (green). All images in the same scale bar. (b) Cell viability after a 24-hour
treatment with complex 175 (4 M) in the absence or presence of different ROS
inhibitors in A549 cells. [Adopted from ref. 194 with permission from Royal Society
of Chemistry].

In case of A549, complex 175 showed 4 times more activity than
cisplatin. They also observed the ICso value of complex 175 which
was lower than the complex174. Actually complex 175 exhibited
3.4 times more anticancer activity against A549 cell than complex
174. Authors investigated the cellular uptake property by confocal
laser scanning microscopy in A549 cell. In (Fig. 116) it was clearly
observed that there was nice overlapped between the cellular flu-
orescence of complexes and LysoTracker Green, but very feeble
overlapped was found in case of MitoTracker Green FM(MTG). To
study the intracellular ROS levels in A549 cells after exposure of
complex 175, authors used ROS-sensitive fluorescent probe
(H,DCF-DA). H,DCF-DA was oxidized by ROS to DCF with green flu-
orescence and it had been clearly observed in (Fig. 117a). So, com-
plex 175 increased the intracellular ROS levels [194] (See Fig. 118).
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8.4. Carbonic anhydrase IX (CAIX)-Anchored Rhenium(I)
photosensitizer

Su et al had been designed a carbonic anhydrase IX (CAIX)-
anchored rhenium(I) photosensitizer, named CA-Re (Fig. 119), that
not only accomplishes type-I and type-II photodynamic therapy
(PDT) with high efficiency under hypoxic environment
(nanomolar-level phototoxicity), but also induces gasdermin D
(GSDMD) mediated pyroptotic cell death to effectively stimulate
tumor immunogenicity and it could also self-report the loss of
membrane integrity simultaneously [195]. This promoted the mat-
uration and antigen-presenting ability of dendritic cells (DCs), and
fully activated T cells dependent adaptive immune response
in vivo, eventually eliminating distant tumors at the same time
as destroying primary tumors.

9. Conclusion

Coming to the brink of thorough discussion, it can be depicted
that in current context photodynamic therapy (PDT) is very rele-
vant and serves as a selective tool for cancer therapy where dif-
ferent types of ruthenium (II), iridium (III) and rhenium (I)
complexes are very much susceptible to undergo PDT, acting as
adroit photosensitizers and hence they are recently being well-
studied by the scientists to be appeared as PDT active highly
potent anticancer agents. As the PDT can be accomplished only
under the irradiation of localised light at affected portion partic-
ularly, this therapy can be used safely in cancer-riddled patient
without damaging the healthy cells. The detailed mechanism of
PDT along with the notion of good photosensitizing agents will
help to provide the knowledge of designing the ample PDT active
molecules in near future. Not only that the concept of Forster res-
onance energy transfer (FRET), fluorescence resonance energy
transfer (FRET), resonance energy transfer (RET) and electronic
energytransfer (EET) will help to modify the absorption efficiency
of the photosensitisers. It's a matter of great pleasure that we
have been able to accumulate a galore of organelle specific PDT
active ruthenium (II), iridium (III) and rhenium (I) complexes in
this article mentioning their specific targets and mechanism of
action as these complexes are really noticible to damage cancer
cells selectively under PDT condition where it has been observed
that these complexes are very much efficient to emerge the sin-
glet oxygen or other reactive oxygen species (ROS) at particular
organelle such as cell membrane, nucleus, mitochondria, lyso-
some, endoplasmic reticulum etc. upon irradiation with visible
or NIR light and thereby exterminate the cancer cells in body.
Moreover, the conjugation of these complexes with nanomaterials
or peptides and the formation of molecular organic framework
(MOF) are also very sensitive under irradiation of light and exhi-
bit high phototoxicity selectively towards cancer cells. Although
the ascending fame in extensive uses of PDT has drawn the atten-
tion of the researchers, several challenges with currently devel-
oped photosensitizers such as poor water solubility, synthetic
and purification difficulties, very short life time of ROS, absence
of tumour-targeting moiety, metal complexation in cavity are
needed to be improved in near future so as to develop very effec-
tive and selective anticancer treatment strategy. Therefore, it can
be evidently predicted that the pace of recent advancement of
organelle specific ruthenium (II), iridium (IlI) and rhenium (I)
complexes in photodynamic therapy for healing cancer may
quench the thirst of the researchers or may open the new door
of anticancer research in imminent future.
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Fig. 119. Structure of CA-Re.
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