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Abstract: Cisplatin-based metal drugs have been widely used clinically as anticancer agents. However,
these drugs also harm ordinary tissues because cisplatin kills cancer cells by attacking genomic DNA.
Therefore, it has been shown that cisplatin-based metal drugs have some serious side effects that cannot
be avoided. In order to replace the target site of genomic DNA, G-quadruplex nucleic acid is considered
to be an alternative and attractive target for anticancer agents because G-quadruplex always folds into
a parallel topology and is, therefore, more important than DNA. This review discussed the recent
advancements in the rational design and the development of metal complexes containing anticancer
drugs to interact and stabilize or cleave the G4 structure selectively. Further, we also highlighted the
G4-interacting transition metal complexes, interacting modes, and their potentials to serve as anticancer
drugs in the medical field. The significance of this survey lies in designing the metallodrugs from the
most fundamental characteristic of electronic structural engineering to an increasingly reasonable
dimension of bio-science.
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1. Introduction

There is a developing eagerness for the utilization of Platinum (Pt) based chelates as
restorative agents. These Pt-based chelates and their analogs were observed to be the most
effective chemotherapeutic potential models in treating tumor treatment [1]. However,
nephrotoxicity, ototoxicity, and other genuine side effects of these compounds hindered their
further use. Several Pt-based compounds can also cooperate with genetic DNA structure,
exhibiting destruction of few inside procedures like transcriptions and translations, which could
be considered the cause of tumor cell demise eventually. Further, it was observed that this sort
of communication of metallo-drugs with receptors can't recognize ordinary and unusual cells,
causing a few genuine detriments as far as a reaction on typical cells tissues [2,3].
Subsequently, there is a need to design some particular potential models that possess different
actions of mechanism and evaluate the cutting-edge synchronous innovation that would firmly
contribute to the advancements here [4,5].

Further, investigations on several potential natural targets instead of genomic DNA can
be considered promising receptors to design particular metallo-drugs. In this way, G-
quadruplex, a nucleic acid, was perceived as an organic focus for the activity of metallo-drugs.
Usually, self-assembly of guanine-rich nucleic corrosive arrangements came about the
development of G-quadruplex. It shows huge organic roles in regulating the quality translation
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in advertiser regions [6-11]. However, the duplex DNA translation is rapidly loosened up to
discharge the G-rich single strand from the integral C-rich strand.

G4-RNA is much more stable than the equivalent G4-DNA sequence and is always
topologically folded in parallel and circulates throughout the cell containing the cytoplasm.
Therefore, it is easier to access centrally than DNA [12-15]. Since the G-quadruplex is a
fascinating structure, it is far from the stacked G-quadruplex's appearance. There are three
kinds of circles and four depressions, where these auxiliary protrusions and double-stranded
body DNA are not exactly the same. In addition, in terms of the number of RNA arrangements,
it is synthetically specific. Moreover, due to the presence of 2'-hydroxyl bundles, it can be
folded into a G-quadruplex structure in vitro [16]. Therefore, in these practical highlights, G-
quadruplex RNA is also considered a potential focus of anticancer metallo-drugs. The recent
literature model meets the inspection requirements, focusing on the design of highly selective
RNA metallo-drugs for target G-quadruplex RNA [17,18]. Recently, studies have suggested
that the development of G-quadruplexes is related to human diseases (such as diseases, HIV,
and diabetes) [19,20], and the grouping of these structures is currently regarded as a recovery
target [21,22]

Interestingly, the G4-ligands can effectively communicate with G-quadruplexes via the
side connection with duplex DNA [23,24]. Thus, G-quadruplex has attracted the scientific
community to utilize this idea to discover novel effective anticancer agents with well-defined
mechanisms. Metal chelates are proficient in framing oxidize guanine nucleic corrosive by
abstracting ribosyl hydrogen that is separate oxidative DNA. On the other hand, Ngs-
macrocyclic complexes were likewise observed to be compelled to assume the real mechanism
of DNA interaction with these compounds and found that this interaction depends on the
substituent on a macrocyclic framework and positive charge on the metal ion [25-28].

This review focused on the basic highlights of various DNA and RNA G-quadruplexes
and outlined the G-quadruplex-ligand partnership. This may give an important reference to
metallo-drug structure and acknowledgment focusing on G-quadruplexes and clarifying the
interaction with the G-quadruplexes. Further, the exact and recent advancements on
macrocyclic complexes as G4-ligands and their coupling modes with the G-quadruplex have
also been highlighted.

2. The Implications of G4-Ligands

G-quadruplex has gotten much interest in recent decades because of its potential role in
DNA replication, transcriptional guideline, and genome stability [29-33]. Small molecular
frameworks which can effectively interact with G-quadruplex over the duplex nucleic acids are
named G4-ligands. The investigations on G4-ligands have received a dynamic and promising
interest in the field of designing metallo-anticancer-drugs [34,35]. For instance, Quarfloxin
(CX3543) drug is the G4-ligands and has been recognized as a stage Il as far as clinical
preliminaries with the end goal of neuroendocrine and carcinoid tumors treatment.

Besides, Ns-macrocyclic complexes and metal chelates as G4-ligands could be
intrigued by their high affinity and specificity for association with quadruplex nucleic acids
[36,37]. The remarkable basic highlights, formal charge on metal ions, and attractive properties
of Ns-macrocyclic complexes are the key focal points and make them a perfect contender to
develop the G4-ligands. Further, their planar, octahedral, tetragonal pyramidal, and so on
geometries can offer various activity modes. For example, a planar macrocycle favors n-nt
stacking mode of association with G-quartets, trailed by end-stacking or intercalations.
https://biointerfaceresearch.com/ 3978
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Furthermore, the elective interaction methods, such as groove official, electrostatic
collaborations, and direct coordination through phosphate spine, were also watched.

3. G-Quadruplex Targeting Metal Complexes

3.1. Cisplatin derivatives-platination of G-quadruplex.

Cisplatin and its derivatives were generally considered the best anticancer metallo-drug
in the clinical phase; however, their few side effects limit their further use. Therefore, it is
necessary to find an alternative class of metallo-drug with high selectivity and activity.
Cisplatin derivatives containing chlorine and water ligands are more likely to interact with G4
DNA nucleobases in co-appointment design as a solitary site. While, the other auxiliaries like
phenyl rings in the structure of these derivatives are truly appropriate for the n-m stacking
interaction with the G-quadruplex by means of non-covalent interaction mode [38].

Bertrand H et al., [39] synthesized novel Pt(I1)-based complexes (Figure 1) and found
that these complexes can interact with the human telomeric G-quadruplex-DNA without much
interface stretch pursued by various interaction modes, for example, covalently and non-
covalent interactions. The terpyridine-platinum-based complex, represented by ‘Pt-tpy’,
showed the covalent interaction with quadruplex-DNA. Another compound, Pt-quinacridine,
represented as ‘Pt-MPQ’, crossovers to cooperate with quadruplex-DNA through a double non-
covalent/covalent interaction mode.
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Figure 1. Molecular Structure of Pt (1) complex.

Qi-Pin Qin et al., [40] reported a Pt(I1) complex with phenanthroline moieties. This
complex showed specific cytotoxicity for tumor cells. This selectivity could be achieved by
interfering with "telomerase movement™ via the "c-myc-quadruplex and caspase initiation™
relationship. In addition, planar and non-planar polydentate macrocyclic complexes are another
class of anticancer drugs, for example, square planar Pt(I1)-phenanthroline types compounds.
In these complexes, phenanthroline moiety can be substituted by bipyridine, phenylpyridine,
dipyridine phenazine, and these ligand moieties incorporated with Pt(I11) showed a significant
role in DNA controlling applications, while their square-planar geometry exhibited the n—n
stacking with G-quartets. In addition, it is reported that the ligands encompassing n surface
support the G4-interaction. For instance, Pt(Il) complexes with bis-phenanthroline and
phenanthroline-ethylenediamine ligands balanced out the G-quadruplex structures, appearing

strong interaction bis-bipyridine and bipyridine—ethylenediamine derivatives. Generally, a full-
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ring n-delocalized surface with aromatic side groups proved that the affinity and selectivity to
G4 interaction were improved significantly [41-47]. Figure 2 showed several Pt(I1) compounds
with bisphenanthroline or phenanthroline-ethylenediamine.
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Figure 2. Molecular Structure of Pt(Il) complex with phenanthroline subordinate.
3.2. Ns-macrocyclic and its derivatives.

Ns-macrocyclic complexes like phthalocyanines and porphyrins have a large aromatic
surface that can encourage the end-stacking interaction with the terminal G-quartets. Membrino
An et al. [48] incorporated a guanidine-modified phthalocyanine (GPcs) framework and used
it as a G4-DNA ligand, and the quality of the modulator was improved. In this investigation,
many cells were absorbed by living cells and suffocated the activity of luciferase. These results
are reliable under the advertisers' inhibition of G-quadruplex intervention and inspire further
research on the anticancer ability of GPcs. L Ren et al. [49] reported octa-cation zinc
phthalocyanine (ZnPc), which is a very good G-quadruplex DNA stabilizer (Figure 3).

Figure 3. Molecular Structure of Octa-cationic/Tetra-cationic phthalocyanines.

On the other hand, Ni'"TMPyP,4 macrocyclic complex was observed to be an intense
inhibitor of telomerase, appearing to restrict affinity for G4 DNA as a contrast with the duplex
DNAs. Likewise, Mn""TMPyP, macrocyclic complex demonstrated the comparative
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telomerase hindrance power to the free TMPyP4 macrocyclic ligand, however, the
Mn""TMPyP4 macrocyclic complex indicated 10-fold better selectivity for the G4-quadruplex
over DNA duplex [50,51]. Further, Mn'""" substitution by Zn'" metal ion in this macrocyclic
framework restrains the selectivity and power for quadruplex just as the telomerase [52] (Fig.
4).

Figure 4. Molecular Structure of TMPyP4 macrocyclic complex.

These strategies showed that the planar macrocyclic complexes and the high charged
side chains are the potential agents to telomerase and increase the G-quadruplex's good effect.
Because of their special geometric structure and electronic structure can effectively regulate
metal ions that change in higher oxidation states. Therefore, corroles are another type of
adaptive porphyrin derivative. In this way, the progress of Cu'' and Mn"" corroles (Fig. 5) is
considered effective G4 ligands. It has been observed that these complexes are strong
telomerase inhibitors [53-55]. Surprisingly, these macrocyclic complexes have a saddle-shaped
geometry that is generally opposite to planar metalloporphyrins.

The Mn'" corrole type macrocyclic compound substituted with methylpyridinium is
another type of skeleton [56, 58] with special geometry and a high degree of electronic
insufficiency, exhibiting high selectivity towards the G4 on double-stranded DNA. As shown
by PCR experiments, these complexes effectively activate and balance Tel and c-myc G-
quadruplex DNA. Further, the Cu"" macrocyclic complex was changed by introducing three
meso-substituted phenyl ring pyridinium or quaternary ammonium groups on its framework
and used as a G4 ligand [59-61].

This change builds the quantity of cationic charges, expanding the electrostatic
cooperation to the already contrarily charged DNA spine. The PCR examinations showed that
these macrocyclic mixtures can settle G4 well in the miniature molar Na* centering reach, and

some of them energize the antiparallel G4 geography.
R
\

Figure 5. Molecular structure of corrole macrocycles.
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4. The Interaction Model of Macrocyclic Complexes-based G4-Ligand with G-
Quadraplex

The advances on the “G-quadruplexes” have recently evidenced that macrocyclic
complexes play a significant role in DNA replication, modulation on transcription, genome
stability [62-65], and cancer cells. Consequently, “G-quadruplexes” were observed to be a
potent anticancer. Considering this fact, scientists have focussed on the development of a small
molecular inducer and “G-quadruplexes” stabilizer [66]. To meet this, the comprehension of
restricting the design of "G-quadruplexes” with the G4-ligands is vital. Until now, the
computational and biochemical investigations indicated the primarily three sorts of proficient
restricting methods of the "G-quadruplexes™ with the G4-ligands (i) stacking on the terminal
G-quadruplicates of a "G-quadruplexes” [67], (ii) intercalation between G-quadruplicates of a
"G-quadruplexes” [68], and (iii) association with the scores/circles/spine of a "G-
quadruplexes™ [69].

4.1. Stacking on the terminal G-quadruplicates.

Macrocyclic complexes with aromatic moieties mostly preferred the n-n interaction
with the G-quadruples [70]. The positively charged metal ions in macrocyclic complexes are
responsible for the interaction with G-quadruple duplex terminally. Therefore, these
macrocyclic complexes' strategies depend on G4-ligand with "G-quadruplexes"” by means of
p—p stacking, electrostatic, hydrophobic, and van der Waals forces. Because of these forces,
the huge aromatic moieties showed high explicitness for G4-DNA over duplex DNA duplex
[71-73]. TMPyP4 is a run-of-the-mill case of macrocyclic complexes based on G4-ligand,
which contain a fragrant focal ring and were generally utilized as "G-quadruplexes” folios.

Also, the four methylated N-coordination in TMPyP4 skeleton gave an advantage in
improving the water solvency and p-stacking capacity. Further investigations demonstrated
that the TMPyP4 porphyrin ring was stacked on one terminal G-quadruplicate of the "G-
quadruplexes™ [74]. TMPyP4 with high solidness demonstrates a more prominent reactivity for
"G-quadruplexes” and poor selectivity for "G-quadruplexes” over duplex DNA [75,76].
Further, Mn(lll) porphyrin analogs were investigated and found that the "stacking of
porphyrin® on the terminal G-quadruplicates and the intercalation of four adaptable arms with
the notches were obligated for both high reactivity and great selectivity for "G-quadruplexes”
[77-81].

This ligand can tie to a "G-quadruplexes" through a relationship of two G-
quadruplicates and embrace round compliance. Further, a chiral cyclic helicene with a folio
was accounted for that displayed enantio-specific ability towards the "G-quadruplexes™ and
associated with a TTA linker. The cyclic helicene displayed strong inhibitory movement
against telomerase and these outcomes confirmed-idea to little particle inhibitors of telomerase
[82].

4.2. Intercalating between G-quadruplicates.

It is a notable thought that macrocyclic complexes can introduce between DNA base
pairs. The hypochromic and bathochromic shift in the UV spectra of the intercalated
macrocyclic complexes was clearer than those of the non-intercalated macrocycles among
ligands and "G-quadruplexes” [83].
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Lubitz et al., reported that without K*, TMPyP4 macrocycle intervened between
neighboring G-quadruplicates of G4-duplex [84], trailed by the association at 1:2 stoichiometry
via pi—pi stacking. While, within sight of K, it cooperated with G-duplex through the side
or/end stacking instead of the intercalation mode, and this is a great concurrence with the
consequences of different gatherings [85,86]. The outcomes recommend that the TMPyP4
molecules embed into every G-quadruplicate layer without making any significant changes for
neighboring systems that are aggressive. However, the end stacking and depression restricting
modes don't exist. Furthermore, the investigations indicated that TMPyP4 cooperated with the
"G-quadruplexes™ of d(T4G4) through intercalation at a low [TMPyP4]/[G-DNA molecule]
ratio [87]. Unless there are other options referenced, papers offered the NMR spectroscopy
information and precious stone structures of the edifices; subsequently, there is no definitive
proof to bolster the intercalation mode emphatically. These remaining studies to further
investigate the conceivable restricting modes between the ligands and the "G-quadruplexes" is
still needed.

5. Concluding Remarks

This review summarized the metal complexes based on G4-ligands, indicating their
applications as DNA groove binder, DNA cleavage, and anticancer agents. G4 nucleic acids
have acquired a lot of attention as strong clinical agents for the development of another class
of anticancer agents. The compounds that can distinguish and interrelate with the G-quadruplex
with higher intercalation tendency and high selectivity are named G4-ligands. These G4-
ligands as G-quadruplex stabilizers, telomerase inhibitors, and DNA cleavage agents were
deliberately analyzed during the most recent couple of years. Likewise, the recent development
on G4-ligands has opened the doors for a malignant growth in chemotherapy. In addition, these
G4-ligands hold the key to development. Usually, different metals connected with similar
ligands can deliver metal edifices within general assorted "G4 ligand" properties. The
interactions between the metal complexes and G-quadruplex have been characterized by
several biophysical methods describing the strength and specificity of these “G4-ligand”
interactions. The comprehension of metal complexes containing "G4-ligands"” reveals three
fundamental parts, G-quadruplex, fragment, and G-quadruplex ring, which are responsible for
the linking with the main active site in DNA duplex (intercalating the coupling mode). The
presence of functional side chains on the framework of metal complexes facilities their
interaction with DNA base pairs via intercalation mode.

In addition, a couple of binding modes can take place at an identical time, however,
groove/ring binding is typically an auxiliary mode of interaction, generally pushed by way of
interacting with the predominant mode of the ultimate stack. Only a few bimetallic Pt (1),
bimetallic Ru (1) and macrocyclic Zn (I1) complexes use grooves and rings as the fundamental
identification methods. This affords a brilliant proposal for the plan of the subsequent era of
G4 ligands, which will be counted much less on the generic G quartet, and greater on unique
groove/loop recognition. Moreover, n-n stacking and groove/ring bonding, steel complexes
containing unstable corporations (Cl, H20, etc.) can additionally coordinate the metallic core
at once with the G4 DNA nucleobase, comparable to cisplatin for double-stranded DNA of
electroplating. This kind of coordination takes place at a single nucleotide, which is guanine in
most cases or leads to cross-linking of two nucleobases, which might also beautify the affinity
and specificity of the steel complicated for G4 DNA.
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However, the development of G4-ligands has been dominated through in vitro

biophysics and biochemical research, and the perception of G4-ligand pastime and selectivity
in the in vivo surroundings stays an important challenge. After so many years, only one
promising in vivo G4-ligand Quarfloxin entered a segment Il scientific trial to treat

neu

roendocrine and carcinoid tumors. This can also open up new approaches to use metal-

containing G4 ligands as eye-catching catalytic markers in biosensing. In short, the
improvement of metal-containing G4-ligands as new anticancer capsules is a swiftly creating
field. Despite some progress, to date, most metal-containing G4-ligands have no practical drug-
like structure, and their utility in vivo is nevertheless very rare. Therefore, in addition,
improvement in this discipline is anticipated to be the center of attention on clinical research,

and

in the subsequent few years, we hope to see a new technology of metal-containing G4

ligands enter medical trials.
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