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Despite the extensive and rapid discovery of modern drugs for treatment of cancer, microbial infections,
and viral illnesses; these diseases are still among major global health concerns. To take inspiration from
natural nucleases and also the therapeutic potential of metallopeptide antibiotics such as the bleomycin
family, artificial metallonucleases with the ability of promoting DNA/RNA cleavage and eventually affect-
ing cellular biological processes can be introduced as a new class of therapeutic candidates. Metal com-
plexes can be considered as one of the main categories of artificial metalloscissors, which can prompt
nucleic acid strand scission. Accordingly, biologists, inorganic chemists, and medicinal inorganic chemists
worldwide have been designing, synthesizing and evaluating the biological properties of metal com-
plexes as artificial metalloscissors. In this review, we try to highlight the recent studies conducted on
the nuclease-like metalloscissors and their potential therapeutic applications. Under the light of the con-
current Covid-19 pandemic, the human need for new therapeutics was highlighted much more than ever
before. The nuclease-like metalloscissors with the potential of RNA cleavage of invading viral pathogens
hence deserve prime attention.
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Nomenclature

Abbreviations
ABLM Activated bleomycin
ac Acridine
AFM Atomic force microscopy
AGE Agarose gel electrophoresis
AIDS Acquired immunodeficiency syndrome
Ala/A Alanine
AMNs Artificial metallonucleases
AMSs Artificial metalloscissors
ApA Adenylyl-30,50-adenosine
ApU Adenylyl-30,50-uridine
Arg/R Arginine
Asn/N Asparagine
Asp/D Aspartic acid
ATCUN Amino terminal Cu2+- and Ni2+-binding
BDNPP Bis-(2,4-dinitrophenyl) phosphate
BLMs Bleomycins
BNPP Bis(4-nitrophenyl) phosphate
BODIPY Boron-dipyrromethene
bpy 2,20-Bipyridine
bt-tpy 40-(Benzylthiazolyl)-terpyridine
btp-tpy 40-(benzothiophene)-terpyridine
Cl-7-IVQ 5-chloro-7-(2-(1,3,3-trimethyl-3H-indol-1-ium-2-yl)

vinyl) quinolin-8-olate
COVID-19 Coronavirus disease 2019
CPDT Cancer photodynamic therapy
CpA Cytidylyl-30,50-adenosine
Cys/C Cysteine
dach (1R,2R)-dichloro(cyclohexane-1,2-diamine)
DFT Density functional theory
dimethoxybpy 4,4ʹ-dimethoxy-2,2ʹ-bipyridine
dimethylbpy 4,4ʹ-dimethyl-2,2ʹ-bipyridine
dipp 2,6-diisopropylphenyl phosphate
DLS Dynamic light scattering
DMPO 5,5-Dimethyl-1-pyrroline N-oxide
DNA Deoxyribonucleic acid
DNase Deoxyribonucleases
dsDNA Double-stranded deoxyribonucleic acid
dpa Dipicolylamine
dppn Benzo[i]dipyrido[3,2-a:20,30-c]phenazine
dppz Dipyrido[3,2-a:20,30-c] phenazine
dpq Dipyridoquinoxaline
dt-dpq 2,3-bis(thiophen-2-yl)pyrazino[2,3–f] [1,10]phenan-

othroline
EPR Electron paramagnetic resonance
ESI-MS Electrospray ionization-mass spectrometry
Fc-tpy Ferrocenylterpyridine
G- Gram-negative
G+ Gram-positive
G4 G-quadruplex
Gln/Q Glutamine
Glu/E Glutamic acid
Gly/G Glycine
GpA Guanylyl-30,50- adenosine
GpU Guanylyl-30,50-uridine
HC Hydrolytic cleavage
HCV Hepatitis C virus
His/H Histidin
HIV Human immunodeficiency virus
HPBM 5-methyl-2-(20-pyridyl) benzimidazole
HPLC High performance liquid chromatography
HPNPP 2-Hydroxypropyl 4-nitrophenyl phosphate

IRES Internal ribosome entry site
Iso/I Isolucine
L Linear
Leu/L leucine
LF Ligand field
LMCT Ligand-to-metal charge transfer
Lys/K Lysine
MALDI-TOF MS Matrix-assisted laser desorption/ionization-time

of flight mass spectrometry
Met/M Methionine
MIC Minimum inhibitory concentration
MLCT Metal-to-ligand charge transfer
MPDT Microbial photodynamic therapy
mRNA Messenger ribonucleic acid
NAL Nalidixic acid
Nic Nicotinamide neutral linker
NMR Nuclear magnetic resonance
NP 4-Nitrophenolate ion
NPP 4-Nitrophenyl phosphate
NSAIDs Non-steroidal anti-inflammatory drugs
OC Open circular
OHPh-tpy 40-(4-hydroxyphenyl)-2,20,60,200-terpyridine
OxC Oxidative cleavage
PAGE Polyacrylamide gel electrophoresis
PC Photocleavage
PDT Photodynamic therapy
Phe/F Phenylalanine
phen 1,10-Phenanthroline
(php)2van 3-Methoxy-4-(hydroxyphenyl) diphenanthropy-

rromethane
PI Photocytotoxicity index
Pro/P Proline
PS photosensitizer
Me2PyTACN 1,4-dimethyl-7-(2-pyridylmethyl)-1,4,7-triazacyclo

nonane
py-tpy 40-(4-pyridyl)-2,20:6ꞌ,2ꞌꞌ-terpyridine
RNA Ribonucleic acid
RNase Ribonucleases
ROS Reactive oxygen species
RRE Rev response element
RRMs RNA recognition motifs
rRNA Rib NAL osomal RNA
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SC Supercoiled circular
Ser/S Serine
SLIV Stem-loop IV
SOD Superoxide dismutase
(S,S0)-BPBP (2S,2S0)-1,10-bis(pyrid-2-ylmethyl)-2,20-bipyrroli

dine)
tap 1,4,5,8-tetraazaphenanthrene
TBZ 2-(40-thiazolyl)benzimidazole
TD-DFT Time-dependent density functional theory
Thr/T Theronine
tpy 2,20:60,200-Terpyridine
tRNA Transfer ribonucleic acid
Trp/W Tryptophan
Tyr/Y Tyrosine
UpA Uridylyl-30,50-adenosine
UpU Uridylyl-30,50-uridine
5ʹ UTR 5ʹ-untranslated region
Val/V Valine
WHO World Health Organization
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1. Introduction

Cancer as well as bacterial and viral infections are among major
global diseases which threat human health. While, situations
related to these health problems used to be frequently referred
to as an ‘‘epidemic”, the emergence of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) pandemic raised the flag higher
than ever before. SARS-CoV-2 is a positive-sense single stranded
RNA virus responsible for causing the coronavirus disease 2019
(COVID-19) [1]. COVID-19 disease has rapidly spread all over the
world and has become one of the most global health concerns in
the 20th century with 194 million of confirmed cases and more
than 4 million of deaths up to 27 July 2021 [2]. One of the most
serious challenges in the treatment of these diseases is no suffi-
cient efficacy of current drugs due to their resistance and muta-
tions. Therefore, the discovery of novel therapeutic agents with
different action mechanisms is critically needed.

Inspired by the utility of deoxyribonucleases (DNases) and
ribonucleases (RNases) which have been widely used in various
therapeutic studies [3–12], the scientific community has made
intensive efforts to develop metallonuclease mimics. These biomi-
metic candidates as remarkable weapons against challenging dis-
eases [13–15] are literally called ‘‘artificial metallonucleases”
(AMNs) or more illustratively ‘‘artificial metalloscissors” (AMSs).
DNases are enzymes which are capable to hydrolyze the phospho-
diester bonds of DNA. Cleavage of DNA, if left unrepaired, can
adversely interfere with replication, transcription, cell proliferation
cycle, and ultimately trigger cell death via apoptosis [3]. RNases, on
the other hand, catalytically cleave the cellular RNA and conse-
quently lead to the perturbation of structural and functional activ-
ities of RNA, e.g. selective inhibition of gene expression at mRNA
level [6–7].

Over four decades after the nuclease activity of a Cu(II) complex
was reported [16], the concept of metal complexes as an extremely
promising platform in the construction of AMSs is still enjoying a
high level of interest as evidenced by many reviews [13–15,17–
26]. Nevertheless, therapeutic potentials of AMSs have not
received a substantially deep attention, we therefore try here to
highlight the recent progress conducted on the metal complexes
employed in mimetic cleavage studies of nucleic acids and shed
a light on their potential therapeutic applications. Metal complexes
possess rich structural and electronic properties as well as redox-
active centers which enable them to cleave nucleic acids through
3

hydrolysis [27–28] and/or by generating reactive oxygen species
(ROS) (oxidative cleavage and photocleavage) [29–33]. A rich
library of DNA/RNA–cleaving metal complexes have been prepared
and submitted to pharma studies as novel therapeutic candidates
for the treatment of diseases such as cancer [13–14,34–39], bacte-
rial [13–14,39–45] and viral infections [13–14,46–49], and gene
therapy [50–51]. Moreover, metal complexes are considered as
suitable photosensitizers for photodynamic therapy (PDT) of can-
cer and microbial infections due to their efficient in vitro DNA pho-
tocleavage [52–55]. Meaningful examples will be further discussed
in Section 5.

Bioinorganic chemists have applied a series of rational strate-
gies to improve nuclease-like activity of metal complexes. We
opted to categorize these creative approaches based on the main
reasons and points of views behind the applied methodologies.
Of course, the ultimate goal of this diversity lies in the enhance-
ment of the AMSs’ biological activity. Accordingly, these actively
ongoing techniques are categorized as follow: i) Preparation of
multinuclear complexes wherein the metal cores cooperate to pro-
vides an efficient active binding site for biomolecules [56–65]. ii)
Variation of the first coordination sphere towards synthesis of
homoleptic and hetroleptic complexes [66–71]. iii) Modification
of the second coordination sphere via addition of the functional
groups or by using the supramolecular hosts such as cyclodextrins
(CDs) [56–57,72–83]. iv) Development of supramolecular systems
by the self-assembly of metal complexes and organic building
units [84–88]. v) Construction of metallomicell catalysts from the
self-assembly of amphiphilic metal complexes [89–91]. vi) Conju-
gation of metal complexes with bioactive molecules such as pep-
tides, nucleotides, and vitamins as well as DNA binders to
recognize specific targets and promote highly efficient catalytic
reaction [92–99]. vii) Nanoformulation of metal complexes with
nanoparticles (nano-nucleases) to obtain cooperative systems with
enhanced nuclease-like activity [41,90,100–107].

In continuation of our investigations to provide further insights
into the therapeutic properties of metal-based compounds [108–
118], we herein highlight the recent progress conducted on the
potential therapeutic applications of AMSs. This review begins
with mechanistic concepts of AMS-catalyzed nucleic acids cleavage
(Section 2), followed by model substrates and instrumentations
employed in cleavage studies (Section 3). The fourth section sum-
marizes the application of AMSs as DNA/RNA–targeting therapeu-
tics. The recent outstanding reports on designing and development
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of novel AMSs as well as their pharma studies are elaborated in
Section 5. The review ends by conclusion and future perspectives
section (Section 6). Authors are well aware of the fact that the sub-
ject of artificial metalloscissors is a fast-expanding field; Authors
hope that a universal and comprehensive review of this subject
at the moment would motivate scientists with novel subtopics
and visions to improve new research opportunities. This fact
should not be ignored that any review is prone to be considered
a snapshot in a longer time frame. Bearing in mind the numerous
and fast growing AMS-related publications, it is very likely that
some possibly important research groups have been unawares
overseen, and apologies are therefore offered in advance to the
authors of the probable missing citations.
2. Mechanism of nucleic acids cleavage

Generally, AMSs can promote cleavage reactions by targeting
various parts of nucleic acids: the phosphodiester bond, sugar moi-
ety, and nucleobases [119]. Mechanistically, two major types of
DNA cleavage can be distinguished, namely i) hydrolytic and ii)
ROS-induced cleavage. The latter itself can be categorized into
oxidative cleavage and photocleavage [120]. In the hydrolytic path-
way, DNA is degraded by hydrolysis of its phosphodiester bond via a
reversible reaction, while in the oxidative pathway; DNA is cleaved
by oxidation of the sugar and/or base moieties through generation
of DNA damaging ROS, an irreversible reaction [68,120].
2.1. Hydrolytic cleavage

Hydrolysis of nucleic acids can be defined as a method that in
the presence of water, phosphodiester bonds are cleaved to gener-
ate nucleic acid fragments and is a vigorous process in all living
systems. According to its generally accepted mechanism of DNA
hydrolysis as represented in Fig. 1 (A), first a water-derived nucle-
ophile (OH�) attacks to the phosphorus atom of the phosphate
Fig. 1. Mechanism of hydrolytic cleavage of (A) DNA via the 30-PO scissi

4

group to form a five–coordinated transition state. Finally, by proto-
nation of the leaving group, P–O bond is cleaved via either the 30 P–
O (most frequent in enzymatic systems) or the 50 P–O and results
in a strand scission occurs and scission unites are separated
[26,121–122].

As seen in Fig. 1 (B), in the RNA hydrolysis initially an
intramolecular transesterification takes place which is followed
by the cleavage of the strained cyclic phosphate intermediate. The
hydrolysis rate of RNA is greater than of DNA due to the presence
of a 20-OH group that acts as an intramolecular nucleophile, depro-
tonation of which is facilitated by the metal ions in enzymes [122].

Metallonucleases are able to powerfully catalyze the hydrolysis
of P–O bonds in the nucleic acids backbone in vivo. Therefore in the
presence of such metal catalysts, hydrolysis of the phosphate back-
bone is accelerated at least to 17 orders of magnitude [26]. Inter-
estingly, crystallographic studies indicate that one to three metal
ions sit in the natural nuclease active sites; this can promote
research to increase the efficiency and effectiveness of artificial
multinuclear complexes [23]. Accordingly, AMSs provide a metal
center with Lewis acidity that can hydrolytically cleave nucleic
acids [27–28,123].
2.2. ROS-induced cleavage

In ROS- induced cleavage, the AMSs’ metal core is involved as a
redox-active center or photosensitizer that can generate DNA dam-
aging ROS (Fig. 2 (A) and (B)). The generated ROS include free rad-
icals as well as nonradical molecules that can damage the
nucleobases or the sugar moiety (Fig. 2 (C)). To generate ROS
in situ, this pathway is usually initiated by the addition of oxidiz-
ing or reducing reagents (oxidative cleavage) or light exposure
(photocleavage) [124]. Although many metal complexes require
the addition of external agents to produce ROS, some metal com-
plexes oxidatively cleave DNA without any type of activator, hence
called ‘‘self-activating” systems [29,125–126].
on and (B) RNA via intramolecular transesterification [26,121–122].



Fig. 2. (A) The AMSs’ metal core in the presence of oxidizing or reducing reagents as a redox-active center in generation of ROS to cause oxidative cleavage. (B) The AMSs as a
photosensitizer in generation of ROS (a simplified Jablonski diagram) involved in DNA photocleavage. (C) ROS-induced cleavage of the sugar and/or base moieties.
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2.2.1. Oxidative cleavage
In this pathway, the stepwise reduction of O2 molecules by

electron-transfer reactions causes production of damaging ROSs
(Fig. 2 (A)). In this case, metal ions play a pivotal role in the redox
cycle by donating their electrons [72,124]. Oxidative cleavage is in-
turn divided into two sub-categories:

i) Oxidation at the pentose sugar ring (C–O cleavage): abstrac-
tion of one hydrogen atom of the ring resulting in the forma-
tion of radical species can trigger the process. Generally, this
process involves three steps: Step 1) One H atom of the ring
is abstracted via a radical process and leaving a sugar radi-
cal; Step 2) An �OH or �O2

� attacks to the sugar radical; and
Step 3) Strand scission takes place, followed by a series of
elimination reactions which ultimately result in the forma-
tion of a variety of characteristic small molecule byproducts
and DNA fragments. In each type of H─C abstraction, one or
two particular products are produced. Therefore, specific
products can be utilized as indicators to investigate the
action mechanism of synthetic complexes [121,124,127].

ii) Oxidation at the nucleobase ring: both purine and pyrim-
idine nitrogenous bases of nucleic acids are electron-rich
heterocycles and can react with electrophiles ultimately
ending with strand scission. Although ROS species can
oxidatively damage all four DNA nucleobases, guanine is
the prime target of oxidative damage owing its lowest oxi-
dation potential among the DNA nucleobases [121,124]. Var-
ious types of base lesions have been identified as products of
oxidative damage of nucleobases including base fragments,
ring-opened forms, and oxidized aromatic derivatives [128].
5

2.2.2. Photocleavage
DNA photocleavage involves production of ROS through acti-

vation of a photosensitizer (PS) by visible or near-infrared light
[52–53]. Fig. 2 (B) depicts the photophysical processes involved
in DNA photocleavage. When irradiated at a precise wavelength,
the PS from its singlet ground state (1S0) is excited electroni-
cally to a first singlet excited state (1S*) (Step 1). The 1S* state
is relatively unstable and can undergo two different processes:
emit the absorbed energy and return to the 1S0 state (step 2)
in a process called fluorescence or alternatively, turn into the
more stable excited triplet state via intersystem crossing (3T*)
(Step 3). At 3T* stage, the compound can emit its energy as
phosphorescence and return to the 1S0 state (step 4) or can take
part in different types of photosensitized reactions. Here, PS-
mediated reactions generally fall into three categories: Type I
and Type II photoprocesses which absolutely depend on molec-
ular oxygen and type III, independent of O2. The Type I involves
electron transfer to O2 in solution which eventually leads to the
formation of oxygen-containing radicals like superoxide anion
(�O2

�), hydroxyl (�OH) (step 5). In the Type II, energy transfer
occurs from 3T* state of the PS to the triplet ground state of
O2 and results in generation of the highly reactive singlet oxy-
gen (1O2) (step 6) [129–131]. Both photochemical pathways
(Type I and Type II) can take place simultaneously, but it is
the chemical properties of PS (especially its redox characteris-
tics) and the concentration of O2 that determine the balance
between them [132]. A less common photoreaction that PS
can undertake is the Type III involving photocleavage DNA
through direct electron abstraction from DNA bases (step 7)
[131].
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3. Models substrates and instrumentations employed

3.1. Substrates models

Before reviewing DNA/RNA-cleaving metal complexes in sec-
tion 5, it is useful to first elaborate on the typical nucleic acids
models used in various in vitro cleavage experiments. Inevitably,
to smoothly realize mechanistic or applicative features, these
experimental substrates have to be easy to study - easy to obtain
DNA/RNA models. There are two main points of bisection in the
backbone of nucleic acids, the phosphate and the sugar moieties,
the latter being either ribose or deoxyribose. Consequently, the
Fig. 3. (A) Typical activated phosphoester models: NPP, BNPP, BDNPP, and HPNPP. (B) D
structure of G4 (PDB: 1KF1) and structure of guanine quartet). (C) RNA models: The stru
RRE RNA complex (PDB ID: 4PMI) and HCV IRES pseudoknot domain (PDB ID: 3T4B).
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types of substrates can be addressed in three main classes as
follows:
3.1.1. Activated phosphoester models
To probe the phosphoesterase-like activity of the AMSs, syn-

thetic phosphate ester models are employed as the substrate.
Fig. 3 (A) depicts the most commonly used phosphoester models.
The representative phosphomonoester mimic 4-nitrophenyl phos-
phate (NPP) [67,84–85] and phosphodiester mimics bis(4-
nitrophenyl) phosphate (BNPP) [60,69,74,79] and bis-(2,4-
dinitrophenyl) phosphate (BDNPP) [57,75–76,78] are used for
mimicking the nature of various phosphoester bonds. While all
NA models: Plasmid DNA and the human telomeric G-quadruplex DNA (the crystal
cture of diribonucleoside 30 ,50-monophosphates as well as the crystal structures of
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the above play a typical deoxynucleotide role, 2-hydroxypropyl 4-
nitrophenyl phosphate (HPNPP) has a hydroxyl group on the side
chain displaying an RNA analogue. This internal nucleophile is
employed to play the role of RNA’s 20-OH which is involved in a
transesterification reaction in hydrolytic cleavage [63,74,83].

3.1.2. DNA models
3.1.2.1. Plasmid DNA. Plasmids are extrachromosomal, circular, and
double-stranded DNA (so called supercoiled form) which fre-
quently used in DNA cleavage studies (Fig. 3 (B)). These inheritable
small DNA molecules are routinely found in prokaryotes and typi-
cally carry genes of secondary metabolism. Plasmids have a wide
range of lengths, roughly from 1 to 100 kbp [96,99,108,115].

3.1.2.2. G-quadruplex DNA. Arms of the human chromosomes end
with telomeres, which contain multiple repeats of the unique
sequence d(TTAGGG). Telomeres have a vital role in cell proliffera-
tion and the protection of the chromosomes from damage. Human
telomeric DNA has the tendency to form intramolecular G-
quadruplex (G4) structures that is a four-stranded DNA secondary
structure usually formed in guanine-rich regions [133–134]. Fig. 3
(B) represents the top view of crystal structure of the human
telomeric quadruplex (PDB ID: 1KF1) [134] as well as a G-
quartets structure which involves a very stable planar orientation
of the four guanine bases that are tied by Hoogsteen hydrogen
bonds and further stabilized by monovalent metal cations (com-
monly K+) [133–134].

One of the most important hallmarks of cancer cells is harbor-
ing a mutation resulting in the overexpression of telomerase, the
enzyme responsible for the production of telomeric sequences.
This allows the cancerous cells to circumvent natural telomere
shortening and divide endlessly or ‘‘live forever”. Today, telomeric
sequences are targets for anticancer therapeutics [36–38]. In the
literature G4 oligonucleotides of human telomeric DNA is used as
a substrate model for G4 DNA–binding and –cleavage studies
[36–38,135–138].

3.1.3. RNA models
3.1.3.1. Oligoribonucleotides. In some studies diribonucleoside 30,50-
monophosphates viz. guanylyl-30,50-uridine (GpU), uridylyl-30,50-u
ridine (UpU), adenylyl-30,50-uridine (ApU), uridylyl-30,50-adenosine
(UpA), adenylyl-30,50-adenosine (ApA), cytidylyl-30,50-adenosine
(CpA), and guanylyl-30,50- adenosine (GpA) have been used as
RNA models for cleavage activity studies (Fig. 3 (C)) [81–82].

3.1.3.2. Viral RNAs. Human immunodeficiency virus (HIV) and hep-
atitis C virus (HCV) have also been subjected to AMS-induced RNA
cleavage studies. The Rev response element (RRE) of HIV RNA and
internal ribosome entry site (IRES) of HCV RNA have been
employed as a model for RNA cleavage studies [46–49]. Fig. 3 (C)
depict the crystal structures of HIV RRE (PDB ID: 1CSL) and HCV
IRES (PDB ID: 3T4B).

RRE has been exploited in numerous studies involving AMSs
due to its critical role in viral mRNA export and HIV replication.
RRE is an approximately 350 nucleotide stretch of the viral RNA,
a highly conserved and structured region and a cis-acting RNA ele-
ment which located in the env gene. RRE folds into a secondary
RNA structure characterized by five distinct stem-loops (I–V)
[139–142]. The Rev is a virally-encoded and conserved protein that
has 116-amino acids and can penetrate the cell nucleus and recog-
nize the RRE. Indeed, this small regulatory protein is essential for
virus viability [142].

IRES of HCV RNA is a highly structured 5ʹ-untranslated region
(5ʹ UTR), consists of 341 nucleotides. IRES folds into a secondary
structure that consisting of four distinct stem-loops (I– IV). HCV
translation is started by a cap-independent mechanism from IRES
7

which contains the sequence and structural elements responsible
for this process [143–145].

3.2. Instrumentations

Efficient investigation of nuclease activity of a compound would
definitely depend on techniques applicable to the determination of
active intermediates, scission products, the reaction mechanism
and kinetics. In this section, the methodologies utilized in the field
of cleavage activity are discussed.

3.2.1. UV–Visible spectroscopy
The catalytic scission of phosphate ester models by the AMSs at

particular pH can be monitored spectrophotometrically by tracking
the changes in absorbance at 400 nm. As seen in Fig. S1 (A) (in sup-
plementary file), when the DNA phosphate ester models undergo
hydrolysis, the scission product 4-nitrophenolate ion (NP) is pro-
duced. The chromophore NP has a characteristic band around
400 nm in UV–Vis spectra, whilst the absorbance of the intact ester
substrate at 400 nm is negligible [69,75–76]. Thus, the hydrolysis
rate can be measured by UV–Vis spectrophotometry probing the
formation of NP, usually measured at regular intervals. As shown
in Fig. S1 (B) (in supplementary file), also HPNPP (RNA model)
undergoes intramolecular transesterification and finally releases
the NP ion [83] making the progress suitable for UV–Vis
monitoring.

3.2.2. Gel electrophoresis
Agarose gel electrophoresis (AGE) is the most commonly used

method for the investigation of the cleavage activity of AMSs.
AGE provides a straightforward, low-cost, and relatively accurate
tool to separate plasmid conformations for quantification assay.
All isoforms of a typical plasmid DNA have the same size and
charge but they conform to different shapes. Plasmid DNA is natu-
rally found in a compact supercoiled (SC, or form I), so its hydrody-
namic size is much smaller and its electrophoretic mobility is
greater than the other two isoforms. When a nick occurs within
one of the strands of the supercoiled plasmid and this phenomenon
converts SC to a semi-relaxed form, open circular form (OC, or form
II). The electrophoretic mobility of this isoform is smaller than
other forms and can be readily separated from the supercoiled spe-
cies which is more compact. When the second scission happens in
close proximity (12 bp distance) to the first, linear form (L, or form
III) of the plasmid is produced that has an intermediate mobility
between the SC and OC forms [23]. These phenomena are clearly
presented in the electrophoretic image shown in Fig. 4. Thus, the
cleavage activity of artificial nucleases is their practical ability to
convert the SC form into OC and/or L forms [23,127]. In order to
gain further insight and identify possible ROS into the cleavage
mechanism, reactions performed with ROS-specific scavengers/
quenchers for example potassium iodide (KI) as a H2O2 scavenger,
DMSO and EtOH as hydroxyl radical scavengers, sodium azide
(NaN3) as a singlet oxygen quencher, superoxide dismutase
(SOD) as the superoxide anion radical scavenger, and pyruvate as
a hydrogen peroxide scavenger [27–31].

While agarose gel is routinely used to separate different confor-
mations of plasmid DNA, polyacrylamide gel electrophoresis
(PAGE) is applied to separate shorter nucleic acid oligos such as
G4 DNA [36–37,135–138].

3.2.3. Nuclear magnetic resonance (NMR)
The hydrolysis reaction of phosphate ester models catalyzed by

AMSs can also be monitored by 1H NMR and 31P NMR spectroscopy
[63,146–148]. For example, when 1H NMR of NPP hydrolysis reac-
tion is recorded at certain time intervals, it initially indicates two
doublets which gradually disappear as the reaction proceeds.



Fig. 4. The cleavage process of the supercoiled plasmid DNA into open circular and/or linear forms and corresponding gel electrophoresis images [23,127].
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Instead, two new doublets assignable to the newly formed hydrol-
ysis product NP appear. Moreover, upfield shifts of the NP reso-
nances to higher energy zone (right side) of the NMR spectrum is
observed which can be assigned to the presence of the hydroxyl
group rather than the phosphate group in NPP [146].
3.2.4. Electron paramagnetic resonance (EPR)
EPR spectroscopy is an analytical technique relying on singlet

electrons of free radicals for the detection of paramagnetic species
through spin trapping. This provides a powerful procedure to iden-
tify the nature of ROS species in the nucleic acid cleavage process
[149–150]. Since transient ROS generated in cleavage reactions
are at too low quantity and also too short-lived to be directly
detected, spin trapping compounds are employed to react with
them and produce more stable and long-lived radical adducts
enabling easy detection by EPR. One of the most commonly utilized
spin traps is 5,5-dimethyl-1-pyrroline N-oxide (DMPO). Interest-
ingly, DMPO is diamagnetic and does not signal in EPR, while after
addition of free radical to its C = N bond and formation DMPO-
adduct shows a characteristic EPR signal. An advantage of employ-
ing spin trapping is that not only quantifies the amount of radicals
produced but also identify nature various radicals formed by pro-
filing their spin adduct spectra (e.g., number of characteristic sig-
nals, intensities, and/or hyperfine splitting constants) [151–153].
3.2.5. Electrospray ionization-mass spectrometry (ESI-MS)
The hydrolysis reaction of phosphate ester models catalyzed by

AMSs can also be monitored by ESI-MS [63,136,154]. Matrix-
assisted laser desorption/ionization-time of flight mass spectrom-
etry (MALDI-TOF MS) is an efficient technique for the elucidation
of the NA-cleavage sites and products. Cowan and co-workers
studied RNA cleavage by matrix-assisted laser desorption/
ionization-time of flight mass spectrometry (MALDI-TOF MS) to
8

determine products of RNA cleavage and the kinetics of the reac-
tion [155].

3.2.6. Other techniques applied
In addition to the methodologies enlisted above, many other

techniques have been utilized to evidence the process of nucleic
acid cleavage promoted by various metal complexes. These include
High performance liquid chromatography (HPLC) [69,156], fluores-
cence assay [157–158], atomic force microscopy (AFM) [159–160],
dynamic light scattering (DLS) [161], linear dichroism [162], and
electrochemical methods [163].

3.2.7. Theoretical methods
Despite extensive experimental studies concerning the NA-

cleavage catalyzed by AMS’s, theoretical methods have also been
developed to systematically investigate these processes. Such the-
oretical methods on DNA cleavage activity of metal complexes
have been performed using quantum mechanics calculations,
density functional theory (DFT), molecular docking, and dynamic
simulation methods. These methodologies are able to probe the
mechanism of cleavage reaction through analysis of all the
involved intermediates and transition states throughout the cat-
alytic process. These methods are able to predict the effective fac-
tors on the nuclease activity of AMSs [164–174]. Moreover, the
photophysical properties of metal complexes suitable for the use
in PDT have been investigated by DFT and time-dependent DFT
(TD-DFT) approaches [175].

4. Therapeutic applications of metalloscissors

This section addresses the applications of AMSs as DNA– and
RNA–targeting therapeutics that have been proposed for the cure
of some human diseases and/or are currently under in vivo investi-
gation by the research community.
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4.1. Cancer therapy

One the most typical examples of catalytic metallodrugs is the
anticancer bleomycins (BLMs) family; a group of glycopeptide-
derived ‘‘antitumor antibiotics’’ produced by several Streptomyces
species. BLM displays significant intrinsic anticancer activity, and
is in clinical use for the treatment of various cancers. In bleomycin
structure, metal ions tightly coordinate to donor atoms and form
the complex, hence the name metalloantibiotics. BLMs rely on
metal ions to properly interact with biomolecules and perform
their biological activities so that removal of metal ions causes
Fig. 5. (A) Structure of activated bleomycin and its functional domains: The metal-bindin
disaccharide domain (green). (B) Formation of activated bleomycin (ABLM) and cleavag
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BLM deactivation and/or structure changes [176]. The bleomycin
family congeners share a core structure but differ in their sugars
and positively charged region on bithiazole tails. As seen in Fig. 5
(A), the general structure of BLM contains four functional domains:
(i) A metal-binding domain which contains nitrogen atoms that
can be coordinated to metal ions. (ii) A DNA-binding domain con-
sisting of peptidyl bithiazole tail and C-terminal amine tail. (iii) A
linker peptide domain connecting the metal-binding and DNA-
binding domains. (iv) A disaccharide domain consisting of glucose
and mannose sugars [176–177]. However, similarly to many other
natural products, BLMs exist as a mixture of several congeners. For
g domain (pink), the linker domain (black), the DNA binding domain (blue), and the
e of interacellular DNA [176].
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instance, Blenoxane� which is the commercial form of BLM con-
sists mainly of bleomycins A2 and B2, differing solely in the struc-
ture of the C-terminal tail [177].

Functionally, oxygen activation and site-specific DNA cleavage
is assigned to the BLM’s metal binding domain. According to BLM
crystal structures, this domain acts as a five-coordinated ligand
with affinity to bind metal ions (Fig. 5 (A)). The metal-BLM coordi-
nation involves four equatorial N atoms; these include an imida-
zole nitrogen, a deprotonated amide, a pyrimidine nitrogen, and
the secondary amine of the b-aminoalanine. The fifth, an axial
ligand, also comes from the primary amine of the b-
aminoalanine [176–177]. BLM can coordinate to a variety of metal
ions such as copper, manganese, vanadium, iron and cobalt to form
metal-BLM complex, but in vivo the Fe(II)∙BLM complex is report-
edly the most dominant [178]. In addition, BLM’s interaction with
DNA via intercalation or fitting into the minor groove has been
assigned to the DNA binding domain, where the presence of the
positive charge on the bithiazole tail enhances the electrostatic
binding between bleomycin and DNA. Finally, the sugar domain
plays the key role for selective uptake of BLM by tumour cells
[176].

The mechanism of BLM activation cycle by Fe(II) and O2 and
oxidative DNA cleavage have been extensively reported [176–
178]. To execute DNA cleavage, BLM requires being activated by
a redox-active metal ion such as Fe(II) in presence of a molecular
oxygen, both functioning as cofactors in DNA cleavage. Fig. 5 (B)
depicts a detailed BLM activation cycle by Fe(II) ion and O2 mole-
cule. Accordingly, BLM-Fe(II)–O2 is first formed from the reaction
of BLM-Fe(II) with O2. Then, the ‘‘activated bleomycin” (ABLM),
BLM-Fe(III)–OOH, is generated via an electron transfer from Fe(II)
to oxygen followed by addition of a H+. The ABLM is the DNA cleav-
ing/binding species. The ABLM causes oxidative cleavage of both
single-stranded and double-stranded DNA. Strand scission by the
ABLM is initiated through H atom abstraction from C40 of the
deoxyribose moiety to form intermediate sugar radical. Depending
on oxygen availability, the intermediate cleavage reaction can pro-
ceed via two separate pathways and different scission products are
generated [177–178].

Inspired by the vast therapeutic application of antibiotics such
as antibacterial, antifungal, antiviral, and anticancer, which has
made them very powerful and promising medical tools, enormous
effort has been put in the preparation of AMSs as remarkable
weapons against cancer and other challenging health issues, to
be discussed in section 5.

AMSs as metal complexes are considered as ideal PS in PDT due
to their in vitro effective DNA photocleavage [52–53]. The most
important reason is that despite of organic PSs that just the pp*
transitions lead to PDT effects, in the electronic spectrum of metal
complexes four types of transitions may be observed which
depend on the type of metal and ligands. These transitions include:
(i) a single metal-centered (d � d transitions or ligand field (LF)
states). (ii) a single ligand-centered (intraligand pp* transitions).
(iii) Both the metal and the ligand(s) in charge-transfer states.
The latter involves either metal-to-ligand charge transfer (MLCT)
or ligand-to-metal charge transfer (LMCT) [130].

PDT non-invasively and selectively acts over the target tumor
and consequently reduces systemic toxicity and the undesired
side-effects of conventional therapeutic drugs [129–132,179]. Can-
cer photodynamic therapy (CPDT) is a promising, emerging, and
successful alternative treatment for many cancers. Mechanistically,
CPDT is a light-assisted chemotherapeutic treatment that actually
comprises a synergic action of three individually less- or nontoxic
components: light, oxygen and PS and eventually production of
highly toxic species. The clinical process for CPDT initiates with
an intravenous injection of an appropriate PS. The tumor is later
irradiated with light at a specific wavelength window (600–
10
900 nm). Through this, PS is excited and photoactivated [129–
132]. The fate of this activated species and how it exerts its biolog-
ical activity has already been discussed in the section 2.2.2. There-
fore, metal complexes possess many ideal features as PS and have
received considerable attention. Promising examples of application
of metal complexes as ideal PS agents for CPDT is going to be dis-
cussed in section 5.

4.2. Bacterial infections therapy

Infectious diseases are a significant cause of illness and mortal-
ity all over the world. Antibacterial drugs either belong to natural
antibiotics (penicillins, cephalosporins, aminoglycosides, tetracy-
clines, and glyco- or lipo-peptides) or synthetic drugs (sulfon-
amides and quinolones). Antibacterial drugs exert their activity
either by killing (bactericidal) or inhibition of the growth of bacte-
ria (bacteriostatic) [180]. The most common mechanisms of action
of antibacterial drugs embrace inhibition of cell-wall, protein, and
essential metabolites biosynthesis as well as nucleic acid replica-
tion and transcription [180–182]. Antimicrobial agents, especially
peptide antibiotics, have potent activity against many pathogens,
including bacteria, fungi, parasites, and enveloped viruses [181].
Generally, bacteria are classified in two main types, Gram-
positive (G+) and Gram-negative (G-), which mainly differ in mem-
brane permeability. G- bacteria have a cell-wall constructed from
an inner plasma membrane, a thin layer of peptidoglycan, and an
outer membrane, while a typical G+ bacterial cell possesses a thick
cell wall with many peptidoglycan layers. Consequently, it is this
structural diversity that is mostly responsible for the different
antimicrobial activity seen for medicines on these two G+ and G-

bacteria [183].
However, the use of antibacterial drugs for treatment of patients

is limited because the bacterial resistance [180,182] which is devel-
oped and spread more quickly than the antibacterial drug develop-
ment. Many antibiotics like members of tetracyclines have already
been exhausted to a high extent. Consequently, it is vital to focus on
discovery of new antibacterial drugs that destroy pathogens
through novel modes of action with minimal damage to the host.
AMSs have been investigated as promising new drug leads against
bacterial infections through DNA cleavage [39–45,184–185].

Currently, PDT is attracting special attention as a promising and
novel strategy to treat cancers or inactivate pathogenic microor-
ganisms (bacteria, viruses, fungi, and parasites), where it earns
another name, microbial infections photodynamic therapy (MPDT).
According to increasing number of pathogens resistant towards
commonly used antibiotics, MPDT seems to be a very hopeful sub-
stitute to conventional antibiotics [186–189]. Metal complexes due
to their effective DNA photocleavage ability are suitable candidates
as PS in MPDT. This indeed envisions the presence of AMSs as
antibacterial agents on the market in near future. Other examples
of AMSs will be discussed in section 5.

4.3. Viral infections therapy

HIV and HCV are human pathogens that belong to retroviruses
and carry their genetic material as RNA instead of DNA. HIV causes
acquired immunodeficiency syndrome (AIDS) in humans, a disease
that destroys the immune system and can eventually lead to death
of the infected persons [140]. HCV, in turn, is a major causative
agent of chronic liver disease, a condition which can eventually
lead to hepatocellular carcinoma or outright liver failure if left
untreated [144]. Although these viral diseases are managed with
current antiretroviral therapies, but their retrovirus nature and
also high rate of replication and mutation have placed them in
the forefront worldwide epidemic diseases and make their treat-
ment even more challenging. Therefore, new drugs with different
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modes of action are needed. A novel therapeutic strategy involves
development of RNA-targeting catalytic metallodrugs that could
promote cleavage of RNA and consequently inhibit its replication
[46–49]. More examples of application of metal complexes as
antiviral agents is going to be discussed in section 5.

With the growing number of viruses resistant towards com-
monly used antiviral drugs, similar to antibiotic resistance, is also
a present cause of concern. Therefore, the PDT of viruses can be
considered as an alternative and promising tool in antiviral treat-
ments [190].

5. AMSs in pharma studies

Inspired by natural metallonucleases, a great deal of metal com-
plexes have been designed and submitted to vigorous studies as
AMSs aimed to scissor cellular nucleic acids. Chemically the
Fig. 6. The molecular structures of polypyridyl ligan

Fig. 7. (A) The molecular structures and proposed mechanism of anticancer activity of [Cu
of [Pd(OHPh-tpy)Cl]+ (3-Pd) [192].
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ligands employed for this purpose contain multidentate N–donor
and/or O–donor atoms and have shown potential efficacies for
preparation of artificial metalloscissors with medical application
outlook. This section of our review is divided into three subsections
based on the nature of ligands frequently exploited. These include
polypyridyl ligands, peptide ligands, and ligands derived from
known antibacterial and non-steroidal anti-inflammatory drugs.

5.1. Polypyridyl ligands

Ligands containing polypyridyl moieties are heterocyclic
uncharged species with N–donor atoms resembling pyridine and
able to coordinate transition metals. Examples of simple polypyri-
dyl ligands extensively used as metal chelating ligands include
2,20-bipyridine (bpy), 1,10-phenanthroline (phen), and 2,20:60,200-t
erpyridine (tpy) (Fig. 6). A notable illustration is phen-copper(I)
ds (bpy, phen, and tpy); and [Cu(phen)2] + [19].

(L1)(acdppz)]+ (1-Cu) and [Cu(L1)(dppz)]+ (2-Cu) [191]. (B) The molecular structure
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complex, [Cu(phen)2]+ (Fig. 6), which is the first AMS with ability of
DNA cleavage through oxidation of deoxyribose ring [19].
5.1.1. Mononuclear polypyridyl complexes
In 2016, the biological properties of Cu(II) complexes containing

photoactive acridine-dppz (ac-dppz) moiety were investigated by
Nandi and Chakravarty et al. [191]. They prepared Cu(II) complexes
coordinated to the dppz-based ligands and a vitamin B6-derived
Schiff base (L1), [Cu(L1)(ac-dppz)]+ (1-Cu) and [Cu(L1)(dppz)]+

(2-Cu), where dppz is dipyrido[3,2-a:20,30-c] phenazine, Fig. 7 (A).
Their compounds were efficient photo-cleavers of pUC19 DNA in
UV-A light (365 nm). Significant photocytotoxicity imposed to
the human cervical (HeLa) and breast (MCF-7) cancer cells by 1-
Cu and 2-Cu upon visible light exposure with IC50 values ranging
from 0.36 to 5.3 lM, while being relatively less toxic in the dark.
Nonetheless, both complexes performed less cytotoxic in non-
transformed human epithelial lung cells (HPL1D). In terms of
mechanisms, their results indicated that 1-Cu generates intracellu-
lar ROS in HeLa cells and promotes cell death mainly through
apoptotic pathway upon irradiation. Finally, 1-Cu was found to
be a better PDT agent than 2-Cu with PI values, [photocytotoxicity
index (PI) = IC50 (dark) / IC50 (light)] of 39 and 14 in HeLa and MCF-
7 cells, respectively. In addition, the complexes illustrated more
selectivity towards cancer cells putatively owing having vitamin-
B6 moiety.

In the same year, Hadadzadeh and co-workers [192] investi-
gated a water-soluble Pd(II) complex coordinated to a terpyridine
derivative, [Pd(OHPh-tpy)Cl]Cl (3-Pd), where OHPh-tpy is 40-(4-h
ydroxyphenyl)-2,20,60,200-terpyridine, Fig. 7 (B). Their results indi-
cated that the complex has potential to effectively scissor pUC57
DNA through a hydrolytic mechanism. Also, 3-Pd exhibited signif-
icant in vitro cytotoxicity against MCF-7, lung (A549), colorectal
Fig. 8. The molecular structures and proposed mechanism of antibacterial activity of [Ru
Ru) and [Ru(bpy)(dppz)(anthracenyl-modified bpy)]2+ (6-Ru) [55].
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(HT-29), erythroleukemic (K-562), and hepatocellular (HepG2)
cancer cells with IC50 values less than 9.5 lM. They suggested that
this Pd(II) complex can be introduced as a new anticancer agent.

In 2017, in order to introduce an ideal PS with a strong absorp-
tion capability in the phototherapeutic window, Zhou and Wang
et al. [193] prepared a ruthenium(II) complex, [Ru(bpy)2(Cl-7-
IVQ)]2+ (4-Ru), in which Cl-7-IVQ is 5-chloro-7-(2-(1,3,3-trime
thyl-3H-indol-1-ium-2-yl)vinyl)quinolin-8-olate, Fig. 8. The com-
plex exhibited an efficient �OH-mediated DNA scission when expo-
sure to light above 600 nm, and no cleavage in the dark.
Interestingly, whilst 4-Ru selectively and efficiently showed pho-
toinactivation toward E. coli, it did not affect HeLa cells, projecting
a selective photo-induced antimicrobial activity required for
potential application as MPDT agents.

In the same year, new PDT agents with high target selectivity
and ROS photogeneration capabilities were prepared by Silva Sou-
sa’s group [55]. They synthesized two Ru(II) complexes coordi-
nated to dppz as an efficient DNA binding motif along with
naphthyl- and anthracenyl-modified bipyridines as strong ROS
generators, [Ru(bpy)(dppz)(naphthyl-modified bpy)](PF6)2 (5-Ru)
and [Ru(bpy)(dppz)(anthracenyl-modified bpy)](PF6)2 (6-Ru),
Fig. 8. These complexes demonstrated moderate selectivity toward
G4 DNA but rather higher binding affinity to the DNA minor
groove. The pendants of naphthalene and anthracene strongly
influenced on the 1O2 generation with high quantum yield result
in the complexes exhibited DNA photocleavage activity even under
yellow LED irradiation that supports their favorable use as PS
agents in PDT. Moreover, the complexes exhibited strong antibac-
terial activity against G+ bacteria (S. aureus and S. epidermidis) with
MIC values (Minimum inhibitory concentration) in the range of 6.4
to 25.6 lg mL�1, when coupled with a blue LED irradiation, sup-
porting the introduction of these complexes as MPDT agents.
(bpy)2(Cl-7-IVQ)]2+ (4-Ru) [193] and [Ru(bpy)(dppz)(naphthyl-modified bpy)]2+ (5-
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In the same year, two Cu(II) complexes with terpyridine deriva-
tives were studied by Manikandamathavan et al. [194]. They pre-
pared [Cu(btp-tpy)(ClO4](ClO4) (7-Cu) and [Cu(bt-tpy)(ClO4)]
(ClO4) (8-Cu), where btp-tpy is 40-(benzothiophene)-terpyridine
and bt-tpy is 40-(Benzylthiazolyl)-terpyridine, Fig. 9 (A). The com-
plexes 7-Cu and 8-Cu cleaved DNA differently via oxidative and
hydrolytic pathway, respectively. According to them, both com-
plexes exhibited significant cytotoxicity against triple negative
human breast (CAL-51) and HepG2 cancer cells, while they were
non–toxic towards normal liver cells. The complexes induced
ROS generation and oxidative stress in cancer cells but not in
Fig. 9. (A) The molecular structures of [Cu(btp-tpy)(ClO4)]+ (7-Cu) and [Cu(bt-tpy)(ClO4)
activity of [Pt(carboxyphenyl-tpy)Cl]+ (9-Pt), [Ru(bpy)2(carboxyl-methyl-bpy)]2+ (10-Ru

13
normal cells. Furthermore, cell cycle analyses exhibited that the
two complexes induce apoptosis by growth phase cell cycle arrest.

Functionalization of ligands with reactive substitutions biocon-
jugate with active protein-vectors is a novel strategy for the tar-
geted drug delivery to carcinoma cells. These protein-vectors can
recognize specific receptors on the surface of cancer cells. This
strategy was published in 2017 by Martinez and co–workers
[159], who investigated the effect of carboxyl group on the tpy
and bpy ligands in Pt(II) and Ru(II) complexes, [Pt
(carboxyphenyl-tpy)Cl]Cl (9-Pt), [Ru(bpy)2(carboxyl-methyl-bpy)]
(PF6)2 (10-Ru) and [Ru(tpy)(carboxyphenyl-tpy)](PF6)2 (11-Ru),
]+ (8-Cu) [194]. (B) The molecular structures and proposed mechanism of anticancer
), and [Ru(tpy)(carboxyphenyl-tpy)]2+ (11-Ru) [159].
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for conjugation to a carrier peptide, see Fig. 9 (B). The complexes 9-
Pt and 11-Ru interacted with DNA via intercalation possibly due to
the presence of the p-extended ligand carboxyphenyl-tpy, but
complex 10-Ru did not show any interaction. The results of AGE
and AFM experiments indicated that the complexes are able to effi-
ciently photocleave pUC18 DNA when irradiated at k = 447 nm.
Strikingly, the complex 9-Pt caused significant dark cytotoxicity
in MCF-7, pancreatic cancer (CAPAN-1), prostate cancer (PC-3),
and colon adenocarcinoma (CACO-2) cells, but photocytotoxicity
was not observed when irradiated. Also, the complex 9-Pt induced
apoptosis in PC-3 cells. Remarkable DNA photocleavage along with
a noticeable increase in photocytotoxic activity was observed only
for 10-Ru, which supports its potential use as a PDT agent.

In 2019, our group [115] investigated structure–activity rela-
tionships of two Ni(II) complexes with substituted bipyridine
ligand, [Ni(dimethylbpy)3](ClO4)2 (12-Ni) and [Ni
(dimethoxybpy)3](ClO4)2 (13-Ni), where dimethylbpy is 4,4ʹ-dime
thyl-2,2ʹ-bipyridine and dimethoxybpy is 4,4ʹ-dimethoxy-2,2ʹ-bip
yridine, Fig. 10 (A). The complexes 12-Ni and 13-Ni indicated dif-
ferent biological activities, probably due to the different functional
groups on their ligand being either a CH3– or a CH3O– group. The
complexes oxidatively cleaved pET28a DNA in the presence of
H2O2. The complex 12-Ni exhibited more efficient DNA scission
than 13-Ni and hence represented a stronger chemical nuclease.
The complexes 12-Ni and 13-Ni indicated cytotoxicity activity
against MCF-7, HT-29, and glioblastoma (U-87) cells. The findings
displayed a strong correlation between their cytotoxicity activity
and DNA-binding affinity.

In the same year, Wang and co-workers investigated the role of
the thiophenyl group in CPDT Figs. 1–28 [195]. They prepared a
dithiophenyl-containing dpq-based mixed-ligand complex of
Ru(II), [Ru(bpy)2(dt-dpq)](ClO4)2 (14-Ru), where dt-dpq is
2,3-bis(thiophen-2-yl)pyrazino[2,3–f] [1,10]phenanothroline,
Fig. 10 (B). This complex was able to scissor DNA by a photoin-
duced process through 1O2 and �O2

� radical mediated pathway.
14-Ru demonstrated 1O2 generation in aqueous solution under
Fig. 10. (A) The molecular structures of [Ni(dimethylbpy)3]2+ (12-Ni) and [Ni(dimethox
anticancer activity of [Ru(bpy)2(dt-dpq)]2+ (14-Ru) [195].
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irradiation with high quantum yields. It also showed high cellular
uptake and quickly and selectively targeted mitochondria. Conse-
quently, 14-Ru indicated significant phototoxic effect against HeLa,
MCF-7, and A549 cells upon irradiation with visible light, while
was noncytotoxic in the dark. Their findings indicated that high
phototoxic effect of 14-Ru can be due to its ability in efficient gen-
eration of 1O2 that cause induction of apoptosis in cells.

In 2020, Kondaiah and Chakravarty’s group investigated tumor
targeting of the biotin-conjugated complexes as photosensitizers
for PDT applications [196]. Biotin belongs to the B vitamins (B7)
and is known to be more efficiently uptaken by certain cancer cells.
The group prepared two mixed-ligand ruthenium(II) complexes
(15-Ru and 16-Ru) containing a dipicolylamine (dpa) having
PEGylated-BODIPY (boron-dipyrromethene) moiety and a phenan-
throline derivative appended to the biotin unit, Fig. 11. The com-
plex 16-Ru showed significant pUC19 DNA cleavage under red
light (660 nm) via 1O2 generation as ROS, while no detectable
cleavage in the dark. Even though the toxicity caused by these
complexes in A549 was very low in the dark, while PI values of
2500 and 5000 were observed for 15-Ru and 16-Ru, respectively
upon light exposure. The significant photocytotoxicity of these
complexes may be due to high cellular uptake which in turn can
be attributed to the PEGylated-BODIPY and biotin units. Thus, the
complex 16-Ru has all the essential properties of a PS agent and
is therefore suitable for further studies aimed toward potential
therapeutic applications.

In the same year, a reasonable strategy for design of a tris-
heteroleptic Ru(II) complex containing polypyridyl ligands as
promising PS for CPDT was investigated by Zhao and Gou’ group
[197]. They prepared a Ru(II) complex with dppn ligand (17-Ru),
to achieve the strong absorption into the PDT window (600–
850 nm), where dppn is benzo[i]dipyrido[3,2-a:20,30-c]phenazine,
Fig. 12 (A). They investigated DNA photocleavage ability of 17-Ru
in comparison with its parent complex (18-Ru) under blue-
(465 nm) and red-light (650 nm) irradiation. Their results indi-
cated that 18-Ru did not display any noticeable DNA photocleav-
ybpy)3]2+ (13-Ni) [115]. (B) The molecular structure and proposed mechanism of



Fig. 12. The molecular structures of (A) 17-Ru and 18-Ru [197] and (B) 19-Ru [198].

Fig. 11. The molecular structures of 15-Ru and 16-Ru [196].
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age, while 17-Ru demonstrated significant DNA photocleavage
activity when exposed to blue- and red-light irradiation. They
deduced that the remarkable photocleavage activity of 17-Ru
may be due to its strong DNA binding affinity and generation of
1O2. The complex 17-Ru indicated considerable photocytotoxic
15
effect against A549 and HepG2 cancer cells under both light irradi-
ation, while photocytotoxicity of 18-Ru was modest in blue-light
irradiation. Results showed both complexes can induce apoptosis
in A549 under blue- and red-light irradiation. In another report
[198], they prepared a DNA targeting Ru(II)-polypyridyl complex
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(19-Ru) by modification through linking of pyrenyl group on the
dppz ligand, Fig. 12 (B). The complex exhibited considerable
pBR322 DNA cleavage when exposed to light (460 nm). Their
results demonstrated that 19-Ru has a significant photocytotoxic
effect in A549 and MCF-7 cells with IC50 values of 10 and 4 nM
as well as large PI values of 1030 and 3004, respectively. Cellular
ROS measurements demonstrated that 19-Ru has the ability to
induce ROS in MCF-7 cells upon light exposure. Their flow cytom-
etry results also indicated that 19-Ru induces apoptosis in MCF-7
cells when exposed to light.

5.1.2. Multinuclear polypyridyl complexes
In 2016, Wang’s group investigated dinuclear Ru(II) complexes

with varying lengths of bridging alkyl linkers [199]. They prepared
Ru(II) complexes comprising the general formula of [(bpy)2Ru(L1)
Ru(bpy)2]4+, where L1 is 1,6-bis(3-(1H-imidazo[4,5–f] [1,10]phe
Fig. 13. The molecular structures of [(bpy)2Ru(L1)R

Fig. 14. The molecular struct
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nanthrolin-2-yl)-9H-carbazol-9-yl)alkyl, structures 20-Ru2, 21-
Ru2, and 22-Ru2, Fig. 13. The complexes effectively cleaved
pUC18 DNA upon irradiation at 360 nm with efficiency order of
21-Ru2 > 20-Ru2 � 22-Ru2. Interestingly, the cytotoxicity results
indicated that 20-Ru2 is more effective against the cancer cells
than 21-Ru2 and 22-Ru2 under the same conditions. All of the com-
plexes exhibited high cellular uptake and accumulated into the
lysosomes. The cell cycle analyses revealed that these complexes
induce the antiproliferative effect in HeLa cells through G0/G1
phase and in S phase arrest. Also, their findings indicated that
20-Ru2 and 22-Ru2 effectively induce apoptosis in HeLa cells.

In the same year, Smythe and Thomas’ group [200] studied first
water-soluble metallomacrocycles including Ru(II)– and Re(I)–
polypyridyl units (23-Ru2Re2) as an intracellular 1O2 photosensi-
tizer, Fig. 14. The complex indicated significant cleavage of
pBR322 DNA under illuminated condition (476 nm, 100 mW,
u(bpy)2]4+ (20-Ru2, 21-Ru2, and 22-Ru2) [199].

ure of 23-Ru2Re2 [200].
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10 min exposure), while in the dark no significant cleavage was
observed, confirming necessity of light for nuclease activity. The
in vitro cytotoxicity data showed that the complex 23-Ru2Re2
has lower cytotoxicity towards the cisplatin-resistant ovarian can-
cer cells (A2780cis) in the dark with IC50 value of 61.7 lM as com-
pared to the dramatic photocytotoxicity with IC50 value of 0.3 lM
when exposed to the higher light dose of 48 Jcm�2. Therefore, PI
value for 23-Ru2Re2 was 206. These findings support the potential
of complex as a PS for CPDT.

Kondaiah and Chakravarty’s group in 2016 investigated tumor
targeting of the biotin-conjugated complexes [54]. They prepared
biotinylated platinum(II) complexes with ferrocenylterpyridine
(Fc-tpy), [Pt(Fc-tpy)(R)]Cl (24-PtFe) and [Pt(Fc-tpy)(R)]Cl (25-
PtFe), and [Pt(Fc-tpy)(R)]Cl (26-PtFe), where R is biotinylated acet-
ylide ligands or N-(prop-2-yn-1-yl)acetamide, Fig. 15. The com-
plexes indicated photocleavage ability of pUC19 DNA upon
irradiation at red light (647 nm) via the formation of hydroxyl rad-
icals. The complexes could not cleave pUC19 DNA in the dark.
Moreover, the complex 24-PtFe exhibited higher photocytotoxicity
in human breast carcinoma cancer cells (BT474) with IC50 of 7 lM
than in the normal breast cells (HBL-100), while being essentially
nontoxic in the dark (IC50 > 50 lM). The complexes 25-PtFe and
26-PtFe showed less photocytotoxicity with IC50 values of
16 lM. The authors concluded that better cellular uptake of 24-
PtFe due to the presence of a spacer moiety can be correlated with
its improved cellular toxicity. All of the complexes showed ROS
generation in BT474 cells only upon light exposure but not in the
dark. The results indicated the key role of light irradiation in
observed apoptotic cell death (65, 50, and 46% of early apoptosis
for the complexes, respectively).

In 2017, Fernandes and Fernandez’ s group [201] investigated
dinuclear Ru(II) complexes with formula of [{Ru(bipy)2}2(l-
C12H8N6][CF3SO3]4 (27-Ru2), [{Ru(bipy)2Cl}2{l-Ph2P(CH2)2AsPh2}]
[CF3SO3]2 (28-Ru2), [{Ru(bipy)2Cl}2{l-Ph2P(CH2)4PPh2}][CF3SO3]2
(29-Ru2), and [{Ru(bipy)2Cl}2{l-Fe(g5-C5H4PPh2)2}][CF3SO3]2 (30-
Ru2Fe), Fig. 16. The complexes interacted with CT-DNA through
an intercalative mode, in particular, 28-Ru2, 29-Ru2, and 30-
Fig. 15. The molecular structures of [Pt(Fc-tpy)(L1)]+ (24-PtFe), [P
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Ru2Fe and also induced some extent of pUC18 DNA degradation.
The in vitro data indicated that the complexes have high cytotoxi-
city in human ovarian carcinoma (A2780) and MCF-7 cells. Their
findings proved that the complexes have more selective and effec-
tive cytotoxic effect than cisplatin. Additionally, all the Ru(II) com-
plexes could induce apoptotic cell death in A2780 cells. Cellular
ROS measurements demonstrated that 28-Ru2, 29-Ru2, and 30-
Ru2Fe have the capability to induce ROS in A2780 cells. Finally,
in vivo toxicity assessments on zebrafish embryos indicated 27-
Ru2 seems to be the safest compound (see Fig. 16.

In 2017, Murugavel’s group [202] synthesized a novel class of
bimetallic copper(II) phosphate complexes, [Cu(X-dipp)(py-tpy)]2
[X = H (31-Cu2) and Br (32-Cu2)] where X-dipp is 2,6-
diisopropylphenyl phosphate and py-tpy is 40-(4-pyridyl)-
2,20:60,20 0-terpyridine. These complexes can themselves act as
metalloligands via the free pyridinic moieties present in their
ligands (Fig. 17 (A)). Their DNA cleavage studies revealed that both
complexes are effective in scission of DNA, but the activity of 31-
Cu2 was more significant than 32-Cu2, as it converted � 90% of
SC form into L form. Also, both complexes indicated cytotoxicity
against human colon cancer (HCT-116) and MCF-7 cells and induce
apoptosis in HCT-116 cells but again the activity of 31-Cu2 as an
antitumor agent was superior to 32-Cu2.

In 2019, Conti and Giorgi et al. [203] reported two novel Ru(II)
and Ru(II)/Cu(II) polypyridyl complexes containing a polyaaza-
macrocyclic unit, [Ru(phen)2L]2+ (33-Ru) and [Ru(phen)2LCu]4+

(34-RuCu), where L is 4,40-(2,5,8,11,14-pentaaza[15]-2,20-bipyridi
lophane, Fig. 17 (B). These complexes are highly water soluble
because of the presence of 5 nitrogen atoms in L, which can readily
undergo protonation in water. The complexes indicated high pho-
tocleavage activity with different mechanisms of action. The com-
plex 33-Ru exhibited single-strand nicks on the pUC19 plasmid
DNA by generation of singlet oxygen, while 34-RuCu caused dou-
ble strand breaks via formation of ROS in a Fenton-like reaction
involving the copper ion. No DNA cleavage occurred with 33-Ru
in the dark. In the dark, neither of the complexes showed cytotoxic
effect but both displayed great photocytotoxicity when exposed to
t(Fc-tpy)(L2)]+ (25-PtFe), and [Pt(Fc-tpy)(L3)]+ (26-PtFe) [54].



Fig. 16. The molecular structures as well as in vitro and in vivo toxicity results of 27-Ru2, 28-Ru2, 29-Ru2, and 30-Ru2Fe [201].
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light. Moreover, 34-RuCu exhibited higher photo-induced cytotox-
icity than 33-Ru in human melanoma cells (A375), supporting the
fundamental role of the Cu(II) ion in biological activity of such
compounds. Their findings supported a promising strategy for
preparation of efficient PS agents in PDT. In 2021, they investigated
antimicrobial activity of 33-Ru and 34-RuCu as well as 35-Ru and
36-RuCu2 (Fig. 17 (B)) against G+ bacteria (B. subtilis) in the dark
and under light-iiradiation [204]. In the dark condition, the mixed
Ru2+/Cu2+ complex (34-RuCu) showed higher antibacterial ability
than 33-Ru at 3.12 lMwhile at higher concentrations both of them
exhibited a similar antibacterial effect. Significant difference in
their activity were not observed upon irradiation with LED light.
Moreover, their antibacterial efficacy did not improve upon irradi-
ation relative to measurements achieved under dark.

Nonetheless, one can find an array of more AMSs comprising of
polypyridyl ligands in the literature. A few further instances of
such complexes are summarized in the Table 1.
5.2. Amino acid and peptide ligands

Amino acids- and peptides-based AMSs have revealed a new
strategy for DNA- and RNA-targeted metallodrugs. Such metal–
peptide conjugates have potency to perform sequence-specific
18
DNA-binding and -cleavage in a manner similar to transcription
and recognition processes carried out by enzymes [216].
5.2.1. Amino acids and peptides
For design of amino acids-based AMS, they can usually act as

bidentate ligands through their amine and carboxyl groups. Amino
acids include Alanine (Ala/A), Arginine (Arg/R), Asparagine (Asn/N),
Aspartic acid (Asp/D), Cysteine (Cys/C), Glutamic acid (Glu/E), Glu-
tamine (Gln/Q), Glycine (Gly/G), Histidin (His/H), Isolucine (Iso/I),
Lysine (Lys/K), leucine (Leu/L), Methionine (Met/M), Phenylalanine
(Phe/F), Proline (Pro/P), Serine (Ser/S), Theronine (Thr/T), Trypto-
phan (Trp/W), Tyrosine (Tyr/Y), and Valine (Val/V).

In 2016, Iranzo and co-workers [217] studied two Cu(II) com-
plexes, [Cu(L1)Cl] (50-Cu) and [Cu(L2)Cl] (51-Cu), where L1 and
L2 are 2-carboxy-phen unit that covalently attached to the amino
group of histidine (His) and its derivative, respectively, Fig. 18
(A). These ligands only are different in their C-terminal groups;
L1 and L2 have an amide C-terminal and a carboxylic C-terminal
group, respectively. Their studies revealed that in the presence of
activator agents both complexes cleaved /X174 phage DNA with
the formation of ROS. The complexes presented low to moderate
cytotoxicity against MCF-7, A2780 and its cisplatin-resistant vari-
ant (A2780cisR) in comparison to cisplatin. Interestingly, 51-Cu
showed higher cleavage and cytotoxicity activity than 50-Cu. Their



Fig. 17. The molecular structures of (A) 31-Cu2 and 32-Cu2 [202] and (B) 33-Ru, 34-RuCu, 35-Ru, and 36-RuCu2 [203–204].
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findings indicated that 51-Cu is the weaker oxidant but has higher
biological activity.

In 2019, Aydın et al. [218] investigated the biological activity of
water soluble palladium(II) complexes containing amino acid and
polypyridyl ligands, [Pd(phen)(L-Tyr)](NO3) (52- Pd), [Pd(5-
methylphen)(L-Tyr)](NO3) (53- Pd), and [Pd(phen)(Gly)](NO3)
(54- Pd), Fig. 18 (A). The results indicated that the complexes
cleaved pUC19 without any type of activator, probably via the
hydrolytic mechanism. It was found that the Pd(II) complexes did
not display oxidative DNA cleavage activity because Pd(II) ion is
not redox active. The in vitro cytotoxic properties of the complexes
were assessed on colon cancer (Caco-2), A549, MCF-7 and normal
respiratory epithelial cells (BEAS-2B). The complexes exhibited
19
much less cytotoxicity activity against all the tested cells than
cisplatin.

In 2015 and 2018, the biological properties of Cu(II) complexes
coordinated to dipeptide ligands were investigated by Le and co-
workers [219–220]. First, they synthesized two Cu(II)–dipeptide
complexes, [Cu(Gly-Gly)(TBZ)(Cl)] (55-Cu) and [Cu(Gly-L-Leu)
(TBZ)(Cl)] (56-Cu), where TBZ is 2-(40-thiazolyl)benzimidazole,
Fig. 18 (B). Both complexes efficiently cleaved pBR322 plasmid
through an oxidative mechanism mediated by hydroxyl radicals.
In vitro cytotoxicity results against HeLa, A549, and HepG2 cells
exhibited that the complexes have lower cytotoxic effect than cis-
platin with IC50 values varying from 33.17 to 100 lM, but despite
of cisplatin have selective cytotoxicity toward HeLa cell lines [219].



Table 1
Further instances of AMSs containing polypyridyl ligands.

AMS Substrate, Method,
Mechanism

Toxicity studies Molecular structure Ref.

37-Ru pUC18,
aAGE,
bPC

*Cytotoxicity activity:
MTT assay.

[205]

38-Cu pUC19,
AGE,
cHC

*Cytotoxicity activity:
MTT assay.
Apoptosis induction
studies.

[206]

39-Ru pUC19,
AGE,
PC

*Photocytotoxicity
activity:
MTT assay. Apoptosis
induction studies.

[32]

40-Cu pUC18,
AGE,
HC

*Cytotoxicity activity:
MTT assay

[207]

41-Cu pBR322,
AGE,
HC

*Cytotoxicity activity:
MTT assay

[208]

42-Pt pBR322,
AGE,

*Cytotoxicity activity:
MTT assay
*Antibacterial activity.

[209]
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Table 1 (continued)

AMS Substrate, Method,
Mechanism

Toxicity studies Molecular structure Ref.

43-Co pBR322,
AGE,
HC

*Cytotoxicity activity:
MTT assay
*In vivo genotoxicity
assay.

[210]

44-Fe pEGFP-Actin,
AGE,
HC

* Anti-Mycobacterium
Tuberculosis activity.
*Cytotoxicity activity:
TUNEL assay.
Apoptosis induction
studies.
Cellular ROS
generation.
Caspase 3/7 activity
assay.
COMET assay.

[211]

45-Cu pUC19,
AGE,

*Cytotoxicity activity:
MTT assay.
Cell cycle assay.
Apoptosis induction
studies.
Cellular ROS
generation.
Western blot assay.

[212]

46-Cu pBSK II/
oligonucleotide,
AGE, dPAGE
PC

*Cytotoxicity activity:
MTT assay
*Clonogenic assay.

[213]

47-Ru pBR322,
AGE,
PC

*Antibacterial
activity.

[214]

(continued on next page)
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Table 1 (continued)

AMS Substrate, Method,
Mechanism

Toxicity studies Molecular structure Ref.

48-Cu AGE,
pET-28b,
eOxC

* Cytotoxicity activity. [66]

49-Ru4 pCMUT,
AGE,
PC

*Photocytotoxicity
activity:
MTT assay.
Cellular ROS
generation.

[215]

aAGE = Agarose gel electrophoresis,
bPC = Photocleavage,
cHC = Hydrolytic cleavage,
dPAGE = Polyacrylamide gel electrophoresis,
eOxC = Oxidative cleavage.
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In another study, they prepared Cu(II)–dipeptide complexes, [Cu
(Gly-gly)(HPBM)(H2O)]ClO4 (57-Cu) and [Cu(Gly-L-leu)(HPBM)
(H2O)]ClO4 (58-Cu), where HPBM is 5-methyl-2-(20-pyridyl) benz-
imidazole, Fig. 18 (B). Their results displayed that the complexes
efficiently cleave pBR322 DNA through oxidative pathway via the
generation of hydroxyl radicals. The results of antimicrobial activ-
ity against G+ (B. subtilis and S. aureus) and G- (E. coli and P. aerug-
inosa) bacteria indicated that the complexes are more sensitive
toward G+ bacteria. Both complexes displayed cytotoxicity against
A549, HeLa, and PC-3 cells than LO2 (human normal liver cells).
Moreover, the complexes induced apoptotic death in HeLa cells
through the rise of ROS levels, decline of mitochondrial membrane
potential, and Caspase-3 activation as well as increasing the
expression of Bcl-2 family proteins. Interestingly, their findings
indicated that the antibacterial and antitumor activity of 58-Cu
was significantly higher than 57-Cu, consistent with its higher
DNA cleavage characteristics [220].

In 2015, the synergistic effect between redox-active complexes
and tetrapeptides ligands in oxidative DNA cleavage was studied
by Brabec and co-workers [221]. They prepared Zn(II) and Cu(II)
22
complexes containing the tetradentate Ligands (Me2PyTACN and
BPBP) conjugated to the cationic tetrapeptides sequence (LKKL),
[Zn(OTf)2(Me2PyTACN)-LKKL-NH2] (59-Zn), [Cu(OTf)2(Me2PyTACN)-
LKKL-NH2] (60-Cu), [Zn(OTf)2(BPBP)-LKKL-NH2] (61-Zn), and [Cu
(OTf)2(BPBP)-LKKL-NH2] (62-Cu), where Me2PyTACN is 1,4-dime
thyl-7-(2-pyridylmethyl)-1,4,7-triazacyclononane and (S,S0)-BPBP
is (2S,2S0)-1,10-bis(pyrid-2-ylmethyl)-2,20-bipyrrolidine), Fig. 19.
Only the metallopeptides 60-Cu and 62-Cu effectively cleaved
pUC18 plasmid DNA via an oxidative pathway by the generation
of ROS. Additionally, these metallopeptides gave �4-fold and
�23-fold rate accelerations, respectively in the DNA cleavage pro-
cess in comparison with their parent complexes, [Cu(PyTACN)]2+

and [Cu(BPBP)]2+. The results of PAGE indicated that these metal-
lopeptides did not show sequence-specific DNA cleavage. There-
fore, they deduced that these high nuclease activity is for the
presence of the cationic tetrapeptide that have efficiently high
binding affinity toward DNA, consequently the metal ion brings
in close proximity to minor groove of DNA to easily promote the
cleavage process. Their in vitro cytotoxicity results showed all of
metallopeptides have low cytotoxic effect against MCF-7 and



Fig. 18. The molecular structures of (A) amino acids-based complexes: 50-Cu, 51-Cu, 52- Pd, 53- Pd, and 54- Pd [217–218] and (B) dipeptide-based complexes: 55-Cu, 56-Cu,
57-Cu, and 58-Cu [219–220].
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CAPAN-1 cancer cells. Accordingly, they suggested maybe these
metallopeptides did not have effective cellular delivery.

In 2018, Keyes and co-workers [222] reported a Ru(II)-peptide
conjugate, [Ru(tap)2(bpyArCONH-ahx-VQRKRQKLMP-CONH2]6+

(63-Ru), where tap is 1,4,5,8-tetraazaphenanthrene, Fig. 20. They
prepared this conjugate from Ru(tap)2, bpyArCOOH (a conjugat-
able bpy derivative), and NLS sequence of the NF-jB transcrip-
tion factor peptide, H2N-ahx-VQRKRQKLMP-CONH2 (ahx is
aminohexyl linker). Their cytotoxicity results indicated that
63-Ru has low dark toxicity on HeLa cells with IC50 value of
83.4 lM. But when this metallopeptide was irradiated under
weak blue light (440 nm) for 15 min, the IC50 value decreased
to 51.8 lM. Results of DNA photocleavage exhibited that 63-
Ru is able to cleave pUC19 DNA by singlet oxygen indepen-
dent photocleavage mechanism. They concluded that this pho-
tocleavage mechanism involves direct oxidative cleavage of the
guanine base or Type I pathway that facilitated by electron
transfer. This was taken to indicate that the mechanism of
photoinduced cell death by 63-Ru may occur by a similar
mechanism.
5.2.2. ATCUN peptide motif

The ATCUN (amino terminal Cu2+- and Ni2+-binding) peptide
motif consists a tripeptide sequence where typically a His amino
acid sits at the 3rd position forming a NH2-Xxx-Xxx-His triad and
Xxx can be any amino acid, Fig. 21 (A). The Cu2+ and Ni2+ ions bind
to the ATCUN motif with high affinity (KD � 1.18 � 10-16 M
and � 1 � 10-16 M, respectively) with four nitrogen atoms includ-
ing the imidazole side chain of His, two nitrogen atoms existing in
the deprotonated amide backbone from the residue Xxx, and a free
N-terminal amine in a square planar geometry and two surfaces
23
accessible for binding to a targeted biomolecule [223–225]. The
ATCUN motif is found naturally at the N-terminus of peptides
and proteins, viz. Cu–DAH in human serum albumin, Cu–DSH in
histatin 5, Cu–DTH in bovine serum albumin, and Cu–GNH in Neu-
romedin C [226].

In 2015, the role of charge and stereochemistry of ATCUN motif
on antimicrobial activity was investigated by Angeles-Boza et al.
[227]. For this purpose, they conjugated sh-Buforin as antibacterial
peptide (RAGLQFPVGRVHRLLRK-NH2) with the Cu-RTH as ATCUN
motif (64-Cu) and compared it to a derivative containing a
Cu-VIH motif (65-Cu), Fig. 21 (B). Also, they used L- and D- enan-
tiomers of amino acids in ACTUN and sh-Buforin moiety. Their
results exhibited that the Cu-VIH-sh-Buforin conjugate cleave
pUC19 DNA faster than the Cu-RTH-sh-Buforin. Interestingly, DNA
cleavage activity depends on the stereochemistry of the sh-
Buforin and not to the stereochemistry of the ATCUN motif. Their
results from antimicrobial assays indicated that the D-peptides
are more active than their L counterparts. Also, in the conjugates
that have the same RTH or VIH motif, stereochemical changes of
the ATCUN motif did not affect the antimicrobial activity. Finally,
they found the following interesting findings: i) there is an intense
correlation between the DNA cleavage activity and the MIC values.
ii) An ATCUN motif with positive charge has the high DNA binding
affinity but always antimicrobial activity does not increase in com-
parison to a neutral ATCUN motif. iii) Stereochemistry changes of
the peptide in ATCUN-sh-Buforin conjugate leads to stronger
antimicrobial activity, due to the more nuclease activity and stabil-
ity of the peptides.

From 2015 to 2019, Cowan’s group investigated biological
activity of ATCUN motif-based complexes [37,47,228]. First, they
studied cleavage of G-quadruplex telomeric DNA by a Cu-GGHK-
acridine derivative (66-Cu), Fig. 22. Acridine is a G4 ligand and



Fig. 19. The molecular structures of tetrapeptide-coordinated complexes (59-Zn, 60-Cu, 61-Zn, and 62-Cu) [221].

Fig. 20. The molecular structure of 63-Ru [222].
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result in able to bring the Cu-GGH moiety in close vicinity to the
telomeric G4 sequence. The results of PAGE exhibited the
Cu-GGHK-acridine selectively bounds to G4 telomere sequence
and efficiently promotes cleavage of G4 DNA. The studies of cleav-
age by MALDI-TOF MS indicated that 66-Cu is able to cleave G4
DNA via both hydrolytic and oxidative cleavage pathways.
Moreover, 66-Cu showed more significant cytotoxicity against
MCF-7 than the metal-free ligand, GGHK-acridine. This conjugate
could shorten the length of telomeric DNA in MCF-7 cells that
was determined by real-time PCR and induce efficient both cellular
senescence and apoptosis in this cells [37].
24
In 2015, another study with metallopeptides as catalytic metal-
lodrugs was published by Cowan’s group [47]. They prepared new
ATCUN metallodrugs based on the LaR2C peptide, Cu-GGHKY
KETDLLILFKDDYFAKKNEERK-NH2 (67-Cu) and Cu-GGHKYKETDL-
NH2 (68-Cu), Fig. 22. The human La protein is an RNA-binding
polypeptide which belongs to the RNA recognition motifs (RRMs)
family and can bind with a variety of RNAs such as viral RNA.
LaR2C (KYKETDLLILFKDDYFAKKNEERK) is a dominant negative
synthetic peptide which derived from the La RRM2 and is able to
selectively bind to the stem-loop IV (SLIV) of HCV IRES RNA. Both
complexes were able to catalytically degrade RNA with pseudo-
Michaelis–Menten behavior. The antiviral activity of the com-



Fig. 21. The molecular structures of (A) an ATCUN motif [226] and (B) 64-Cu and 65-Cu [227].
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plexes was evaluated by an FDA accepted cellular replicon assay.
Both complexes indicated anti-HCV activity with the antiviral
IC50 values of 0.75 and 2.17 mM for 67-Cu and 68-Cu, respectively.
Moreover, neither of the complexes displayed significant toxicity
to cells, TC50 > 50 mM.

In 2019, biological activity of Cu-ATCUN motif based on Sub5
peptide was investigated. Sub5 peptide is a linear synthetic deriva-
tive of bactenecin with the sequence of RRWKIVVIRWRR-NH2

[228]. They prepared two Cu-ATCUN complexes, Cu-GGHRRW
KIVVIRWRR-NH2 (69-Cu) and Cu-GGHGRRWKIVVIRWRR-NH2

(70-Cu), Fig. 22, with a glycine linking the metal-ATCUN and
Sub5 targeting domain in the latter. Their results indicated that
Sub5 peptide has high antimicrobial activity against all of G- and
G+ microbes with MIC values in the range of 0.5–4.0 lM. While
69-Cu and 70-Cu derivatives indicated more selective antimicro-
bial activity with a two to three-fold improved activity against
some microbes relative to Sub5. The cytotoxicity results of metal-
lopeptides did not show cytotoxicity at concentrations below
50 lM against human dermal fibroblasts. Their results using
pUC19 plasmid DNA and 16S A-site rRNA indicated that both
Sub5 and the metallopeptides can interact with either DNA or
RNA, but no nuclease activity is observed in solution. Moreover,
they investigated the extent of cellular DNA damage. Sub5 and
metallopeptiides induced DNA damage to the same extent and
their cellular DNA damage in S. epidermidis was 3-fold greater
extent than in E. coli. Such difference could be a result of cell-
wall differences between the two bacteria, thus enabling enhanced
cell permeability. Finally, their findings supported that these met-
allopeptides for their selective and effective antimicrobial activity
25
and no cytotoxicity on human cells, could be suitable candidates
for future as antimicrobial drug.

In the same year, a series of Cu(II) complexes with different
sequences of the ATCUN motif as selective artificial nucleases
toward G-quadruplex or duplex telomeric DNA were investigated
[138]. They prepared Cu(II) complexes with GGH, GDH, and DGH,
different sequences of the ATCUN motif, which conjugated to the
naphthalene diimide core. Additionally, xylyl linker were also
designed as two isomers of m-xylyl and p-xylyl (structures 71-
Cu to 76-Cu), Fig. 23. The obtained products from cleavage of
G4 and duplex telomeric DNA by the Cu(II)-ATCUN complexes
analyzed using denaturing-PAGE and relative cleavage rates at
different nucleotides were measured. The results exhibited that
two factors of ATCUN motif sequence and the xylyl linker substi-
tution significantly influence on the cleavage rates at different
sites of DNA. All Cu(II)-ATCUN complexes indicated that signifi-
cantly stronger cleave G-quadruplex telomeric DNA than duplex
telomeric DNA. This selective cleavage activity is due to the
higher binding affinity of Cu complexes to G-quadruplex DNA
than to the duplex DNA. Their results indicated that the
omplexes with a GDH sequence underwent higher cellular
uptake relative to their GGH and DGH equivalents. Intracellular
nuclease activity findings also indicated that all complexes at
0.5 lM are able to reduce telomere length (20–50%) after
3 day. All Cu(II)-ATCUN complexes can significantly inhibit pro-
liferation of cancer cells with IC50 values in the range of 1.1–
47.7 lM and exhibited higher cytotoxic effect on cancer cells
than normal cells, due to the reduction of telomere length is
mainly restricted to the S phase.



Fig. 22. The molecular structures of 66-Cu, 67-Cu, 68-Cu, 69-Cu, and 70-Cu [37,47,228].
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Nonetheless, one can find an array of more AMSs comprising of
peptide ligands in the literature. A few further instances of such
complexes are summarized in the Table 2.
5.3. Antibacterial and anti-inflammatory drugs

It is accepted that pharmacological and toxicological properties
of many known drugs are modified when administered in the form
of metallic complexes due to possible synergistic activity of metal
ions [233]. Besides, metal-drug complexes may pose different bio-
logical activities from parent drugs, the fact that has gained consid-
erable attention [233–236]. In this section, metal complexes
containing known drugs with metallonuclease activities are
highlighted.
26
5.3.1. Antimicrobial quinolones
In 2014, Patel and co-workers [237] reported a series of Ru(II)–

and Ru(III)–fluoroquinolone complexes: [Ru(pefloxacin)(PPh3)2Cl2]
(89-Ru), [Ru(ofloxacin)(PPh3)2Cl2] (90-Ru), [Ru(sparfloxacin)
(PPh3)2Cl2] (91-Ru), [Ru(pefloxacin)(PPh3)3Cl] (92-Ru), [Ru(ofloxa-
cin)(PPh3)3Cl] (93-Ru), and [Ru(sparfloxacin)(PPh3)3Cl] (94-Ru),
Fig. 24. Their experimental results showed that all of the
complexes cleave DNA more efficient than the metal salt and free
fluoroquinolones (pefloxacin, ofloxacin, and sparfloxacin). Antibac-
terial experiments demonstrated that the complexes have consid-
erably higher activities compared to free fluoroquinolones against
G+ and G - bacteria under identical experimental conditions. The
in vivo cytotoxic effects of the complexes were investigated by
the Brine shrimp lethality bioassay. The LC50 values of the fluoro-
quinolone complexes ranged from 6.27 to 16.05 lg mL�1. Interest-



Fig. 23. The molecular structures of 71-Cu to 76-Cu [138].
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ingly, the Ru(III)–fluoroquinolone complexes indicated superior
biological activities to the complexes bearing Ru(II). The authors
attributed this to the difference in DNA-binding affinity between
Ru(II) and Ru(III) complexes.

In 2014, Arjmand’s group [238] evaluated cleavage and
antiproliferative properties of Cu(II) complexes coordinated to
the antibacterial drug nalidixic acid (NAL), [Cu(NAL)2(diaminocy-
clohexane)2] (95-Cu), Fig. 25. Mechanistic studies demonstrated
that 95-Cu is able to cleave pBR322 DNA via an oxidative path-
way where 1O2 is probably responsible for the nuclease activity.
Also, the preferential major groove binding affinity of the com-
plex towards pBR322 was approved in the presence of known
minor and major groove binders. Moreover, yeast tRNA cleavage
by 95-Cu was both time and concentration dependent. A clono-
genic assay against human osteoblastoma (U2OS) cell line indi-
cated that the complex inhibits the colony-forming of cells.
Moreover, flow cytometry analysis revealed a cell cycle arrest at
S phase.

In 2017, Palaniandavar et al. [239] reported bioactivity of a
series of water soluble mixed ligand Cu(II) complexes with nali-
dixic acid and polypyridyl as co-ligands, [Cu(NAL)(bpy)(H2O)]
(ClO4) (96-Cu), [Cu(NAL)(phen)(H2O)](ClO4) (97-Cu), [Cu(NAL)
(dimethylphen)(H2O)](ClO4) (98-Cu), and [Cu(NAL)(tetram-
ethylphen)(H2O)] (ClO4) (99-Cu), Fig. 25. The ability of this series
of complexes for pUC19 DNA cleavage decreases in the order of
99-Cu > 98-Cu > 97-Cu > 96-Cu. The complexes 98-Cu and 99-
Cu showed more selective and efficient double-strand DNA cleav-
age possibly owing to their strong hydrophobic methyl sub-
stituents that cause strong distortion on DNA. Similarly, the
complexes 98-Cu and 99-Cu imposed excellent cytotoxicity
against MCF-7 cells mainly through apoptotic mode in compar-
ison with their phen and bpy analogues, 96-Cu and 97-Cu. Their
findings strongly indicated that the existence of substitutions of
27
methyl on polypyridyl ligands is a strong factor in the bioactivity
of Cu(II) complexes.

In 2020, another report was published by Islama and Palanian-
davar’s group [240] in continuation of their studies on NAL. They
evaluated pUC19 DNA cleavage and cytotoxicity of Cu(II) complex,
[Cu(ethylenediamine)2(NAL)2] (100-Cu), Fig. 25. They observed
that 100-Cu oxidatively cleaved the plasmid DNA via �OH radical
generation. Also, the complex was a more efficient cleaver than
its precursor complex, [Cu(ethylenediamine)2]2+. However, 100-
Cu exhibited low in vitro cytotoxicity against A549 cells (IC50

value > 200 mM).
In 2019, Kellett and co-workers [241] aimed at production of a

multi-modal therapeutic agent and investigated biological proper-
ties of a ciprofloxacin derivative (CipA) possessing well-known
anti-proliferative and anti-bacterial characteristics [242]. For this,
they synthesized Cu(II) complexes with general formula [Cu
(CipA)(NN)Cl], where NN is phen (101-Cu), dpq (102-Cu), and dppz
(103-Cu), Fig. 26. All the three complexes exhibited excellent
nuclease activity; 102-Cuwas the most efficient catalyst in the ser-
ies. All three complexes cleaved pUC19 DNA through generation of
superoxide that is the predominant ROS in catalyzed DNA scission.
The complexes displayed excellent in vitro cytotoxicity effects
compared to free CipA against MCF-7 and prostate (DU145)
carcinoma cells. These complexes acted more selective and indi-
cated higher antibacterial activity against G+ bacteria over G - bac-
teria, a property different from native cipro. Another encouraging
feature was that the complex 103-Cu played more potent against
Methicillin-resistant S. aureus (MRSA) as compared to the CipA
ligand itself. Base on their observations in in vivo toxicity assay
using Galleria mellonella model, they deduced that these com-
plexes, particularly 103-Cu as an antibiotic candidate, possessing
remarkable potential to be introduced as a novel prophylactic
metallo-antibiotic.



Table 2
Further instances of AMSs containing peptide ligands.

AMS Substrate,
Method,
Mechanism

Toxicity studies Molecular structure Ref.

77-Cu HCV IRES RNA, Fluorescence and
MALDI-TOF MS.

* Cellular HCV replicon
assay.

[46]

78-Cu pUC19,
aAGE,
bOxC

* Antimicrobial activity:
Intracellular ROS generation.

[226]

79-Cu pUC19,
AGE,
OxC

* Antimicrobial activity:
Intracellular ROS generation.

[226]

80-Cu pUC19/
16 s RNA,
AGE

*Antimicrobial activity. [229]

81-Cu HCV IRES RNA,
AEG, Fluorescence spectroscopy and
MALDI-TOF MS

[48]

82-Zn pUC19,
AGE

*Antimicrobial activity. ClavA-Zn2+ [42]

83-Cu pUC19 = AGE
22G4 = cPAGE
OxC

*Cytotoxicity activity:
MTT assay.

[137]

84-Cu pUC19,
AGE,
dHC

*Cytotoxicity activity:
MTT assay.
*Antibacterial activity.

[230]
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Table 2 (continued)

AMS Substrate,
Method,
Mechanism

Toxicity studies Molecular structure Ref.

85-Cu2 pUC19,
AGE,
HC

*Cytotoxicity activity:
MTT assay.
*Antibacterial activity.

[230]

86-Cu pBR322,
AGE,
OxC

*Cytotoxicity activity:
MTT assay.
*Antibacterial activity.

[231]

87-Cu pBR322,
AGE,
OxC

*Cytotoxicity activity:
MTT assay.
*Antibacterial activity.

[231]

88-Cu pBR322,
AGE,
OxC

*Cytotoxicity activity:
MTT assay.
Cell cycle analysis.
Caspase activity assays.
Cellular ROS generation.

[232]

a AGE = Agarose gel electrophoresis,
b OxC = Oxidative cleavage,
c PAGE = Polyacrylamide gel electrophoresis.
d HC = Hydrolytic cleavage.
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5.3.2. Non-steroidal anti-inflammatory drugs (NSAIDs)
In 2017, anticancer activity of the Cu(II) complexes on breast

cancer stem cells (HMLER-shEcad) and bulk breast cancer cells
(HMLER) was published by Suntharalingam’s group [243] who
evaluated four complexes that contain region-isomeric vanillin
Schiff base derivatives ((E)-5/4/3/2-methoxy-2-(((2-(methylthio)e
thyl)imino)methyl)phenol) and the NSAID naproxen, (104-Cu,
105-Cu, 106-Cu, and 107-Cu), Fig. 27 (A). DNA cleavage studies
indicated that 105-Cu and 107-Cu were the most effective clea-
vers. The complex 107-Cu interacted with DNA via groove binding
and catalyzed oxidative DNA cleavage (at 10 lM). The 107-Cu indi-
29
cated highest cytotoxicity against HMLER-shEcad and HMLER and
lower potency (2-fold) towards the normal fibroblast cells. More-
over, 107-Cu effectively inhibited mammosphere formation at
IC20 value after 5 days incubation (38% decreases) which was sim-
ilar to the efficacy of the novel anticancer drug salinomycin. Cellu-
lar mechanistic studies indicated that 107-Cu increases
intracellular ROS levels, damages DNA, and triggers caspase depen-
dent apoptosis.

In 2018, another study involving naproxen was carried out by
Patra et al. [244] who investigated biological activity of
two square-planar platinum(II) complexes with formula



Fig. 24. The molecular structures of Ru(II)– and Ru(III)–fluoroquinolone complexes (89-Ru to 94-Ru) [237].
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[Pt(dach(naproxen)Cl] (108-Pt) and [Pt(dach)(naproxen)2] (109-Pt),
where dach is (1R,2R)-dichloro(cyclohexane-1,2-diamine),
Fig. 27 (B). The complexes exhibited efficient photocleavage
activity upon photo-exposure at 365 nm while free naproxen
was inactive under similar conditions displaying the key role
of Pt(II) ion in ROS generation. Interestingly, the complexes were
cytotoxic in dark but exhibited an enhanced photocytotoxicity
(�2-fold increase) in HeLa cells. The comet assay results showed
both complexes are able to break the cellular DNA when
exposure to light. Nonetheless, these complexes demonstrated
no evident effects on HepG2 cells and very low toxicity towards
noncancerous cells, projecting a type of tumor selectivity
potentiating their introduction as tumor-specific phototherapeutic
PDT agents.

In 2019, Valko and co-workers [245] investigated novel Cu(II)
complexes containing mixed ligands of phen as an intercalation
ligand and some NSAID drugs including flufenamic, mefenamic,
tolfenamic acid as redox-cycling functional moieties, [Cu(tolfe-
namic)2(phen)] (110-Cu), [Cu(mefenamic)2(phen)] (111-Cu), and
[Cu(flufenamic)2(phen)] (112-Cu). The most important difference
among the NSAID drugs used here is the nature of their sub-
stituents, see Fig. 28 (A). Their complexes indicated hydrolytic
pBSK DNA cleavage in the order of 112-Cu > 111-Cu > 110-Cu. In
the presence of H2O2, all the complexes efficiently cleaved DNA
by oxidative mechanism. They also exhibited significant selectivity
in their cytotoxicity against HT-29, HeLa, and breast cancer cells
(T-47D) in comparison to the mesenchymal stromal cell line
(MSC). Most interestingly, 112-Cu was the most promising case
from the viewpoint of biological activity due to the presence of flu-
30
orine substituents that participate in the formation of weak
hydrogen-bonds with DNA.

In 2020, a binuclear Zn(II) complex comprising the NSAID
diclofenac and nicotinamide neutral linker (Nic), [Zn2(diclofe-
nac)4(Nic)2] (113-Zn2) (Fig. 28 (B)), was investigated by Moura
et al. [246]. The complex had low cleavage activity on pBSK II plas-
mid DNA with no significant difference in the dark or under UV
light. Cytotoxicity assay against brine shrimp, Artemia salina,
showed that the complex was not able to produce >10% lethality
up to a maximum concentration of 1200 mg.mL�1 after 24 h.
Finally, they deduced that the complex with low DNA cleavage
activity and toxicity against Artemia salina can be introduced as
an anti-inflammatory agent with improved properties in compar-
ison to the parent drug.

Nonetheless, one can find an array of more AMSs bearing
known medicines in the literature. A few further instances of such
complexes are summarized in Table 3.
6. Conclusions and future perspectives

In this review, we systematically highlighted the studies con-
ducted on nuclease-like metalloscissors especially in the past five
years. A deep comprehension of the structure–activity relationship
of AMSs and the factors that affect their therapeutic potential is
critically essential for the rational design of ideal therapeutic
agents in the future. We hope that this review with novel strategies
and ideas motivates scientists to improve new research opportuni-
ties. To note, the scope of nuclease-like metalloscissors mentioned



Fig. 25. The molecular structures of 95-Cu to 100-Cu [238–240].

Fig. 26. The molecular structures of 101-Cu, 102-Cu, and 103-Cu [241].
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here contains metal complexes with DNA/RNA cleaving properties
as therapeutic candidates, in which other enzyme-like activities
are not included. This review summarizes the mechanism of
nucleic acid cleavage (hydrolytic, oxidative, and/or
photo-induced cleavage), model substrates and instrumentations
employed in cleavage studies, and therapeutic applications of met-
alloscissors. Finally, review elaborates in vitro and in vivo pharma
31
studies of different types of metal complexes which coordinated
to different ligands (polypyridyl ligands, peptide ligands, quino-
lones antibacterial and non-steroidal anti-inflammatory drugs) as
novel therapeutic candidates in cancer and bacterial and viral
infections therapy as well as cancer and microbial infections
photodynamic therapy. The novelty of this review relies on the
comprehensive discussion of the recent progress conducted on



Fig. 27. The molecular structures of metal complexes with naproxen: (A) 104-Cu to 107-Cu [243] and (B) 108-Pt and 109-Pt [244].

Fig. 28. The molecular structures of (A) [Cu(tolfenamic)2(phen)] (110-Cu), [Cu(mefenamic)2(phen)] (111-Cu), and [Cu(flufenamic)2(phen)] (112-Cu) [245] and (B) [Zn2(-
diclofenac)4(Nic)2] (113-Zn2) [246].
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the metal complexes with nuclease-like activity and their thera-
peutic applications.

Diseases like cancer and microbial infections are considered as
the greatest concerns to global public health. One of the most seri-
32
ous challenges in the treatment of these diseases is no sufficient
efficacy of current drugs due to resistance and mutations. The
unexpected emergence and the global spread of the concurrent
COVID-19 pandemic have put the health systems in a difficult sit-



Table 3
Further instances of AMSs containing known drugs.

AMS Substrate,
Method,
Mechanism

Toxicity studies Molecular structure Ref.

114-Co pUC19,
aAGE,
bOxC

*Cytotoxicity activity
against cancer stem cells.
MTT assay.
Mammosphere growth assay.
Cellular uptake.
Immunoblotting analysis.
Apoptosis induction studies.

[247]

115-Co pUC19,
AGE,
OxC

*Cytotoxicity activity
against cancer stem cells.
MTT assay.
Mammosphere growth assay.
Cellular uptake.
Immunoblotting analysis.
Apoptosis induction studies.

[248]

116-Zn pBluescript KS II,
AGE,
cPC

*Antioxidant activity [249]

(continued on next page)
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Table 3 (continued)

AMS Substrate,
Method,
Mechanism

Toxicity studies Molecular structure Ref.

117-Cu pBR322,
AGE,
OxC

*Cytotoxicity activity:
MTT assay.

[250]

118-Zn pUC18,
AGE

*Cytotoxicity activity:
MTT assay.
*Antibacterial activity.

[251]

119-Ni pUC18,
AGE

*Cytotoxicity activity:
MTT assay.
Apoptosis induction studies.
Gene expression.

[252]

a AGE = Agarose gel electrophoresis,
b OxC = Oxidative cleavage,
c PC = Photocleavage.
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uation. Consequently, it is remarkably clear that there is an urgent
need for the design of new compounds and introduction of new
generations of drugs with novel therapeutic properties. Catalytic
metallodrugs possessing nucleases-like activity can be used as an
effective therapeutic strategy. Introduction of artificial metalloscis-
sors that target disease-associated DNA/RNA can improve drug
efficacy and provide a mode of action distinct from traditional
drugs. This therapeutic strategy has been inspired from natural
metallonucleases as well as metallopeptide antibiotics. The
metallobleomycins are among the best DNA cleaving
metallopeptide antibiotics with potential therapeutic applications
and can be considered front runner metalloscissors. Although
AMSs possess unique characteristics, their practical applications
have been limited by some challenges. In order to overcome these
34
limitations, the new research opportunities are summarized as
follows:

(1) Structure–activity relationship: Current understanding of
structure–activity relationships of the AMSs does not seem to be
enough to allow provision of generalized rules. More experimental
and theoretical studies should actively aid in the process of AMSs
design with high nuclease efficiency and consequently better ther-
apeutic potential.

(2) Substrate selectivity: Much attention needs to be paid to
novel AMSs with high substrate selectivity and specificity.
Conjugation of metal complexes with bioactive molecules such as
peptides and proteins, nucleotides, and vitamins can facilitate
recognition of specific substrates and result in efficient site-
specific nucleic acid cleavage.
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(3) Mechanism of action: Further studies are needed to more
precisely illustrate the DNA/RNA cleavage and also intracellular
mechanism when AMSs are applied. The action mechanism will
have to be comprehensively studied to allow better adjustment
of AMSs’ nuclease and biological activities.

(4) Multienzyme-like catalysts: According to the physiochemi-
cal properties of metal complexes, construction of AMSs possessing
multienzyme-like activity should come under focus of research
and development in the future.

(5) Photo-based therapeutic approaches: this successful alter-
native treatment should be developed for cancer therapy. More-
over, with the growing number of pathogens and viruses
resistant towards commonly used drugs, PDT seems to be a very
promising substitute to conventional antibiotics and antiviral
drugs. We expect to see more growth on the presence of AMSs as
PDT agents on the market in near future. Ideal metal complexes
as PS agents should be designed with high solubility in aqueous
media, high photochemical stability, being nontoxic in the dark,
and strong light absorption capacity coupled with high molar
extinction coefficient in the phototherapeutic window (600–
900 nm).

(6) Targeted therapy: For many therapeutic applications, an
important challenge is lack of targeted drug delivery. Therefore,
it is nowwell-recognized that new approaches are needed to intro-
duce novel agents or formulations to improve targeted therapy.
One of the attractive approaches is formulation of AMSs in drug
delivery systems viz., liposomes, niosomes, and polymers. Another
promising approach is antibody-AMS, protein-AMS, vitamin-AMS,
and polysaccharide-AMS conjugations. We expect to see more
growth on these fronts in the future.

(7) Nanozymology field: Enormous progress has been made in
designing and preparation of nanomaterials with enzyme-like
activity, namely nanozymes. We have addressed the combination
of AMSs with nanoparticles for improvement of their nuclease-
like activity in the ‘‘Introduction”. However, there is still a lot of
room for expansion of this field.

(8) Practical therapeutic applications: Researchers need to focus
on the preparation of new AMSs with low toxicity and high effi-
ciency. Successful application of AMSs to clinical use strongly
depends on their biocompatibility, biodegradability, and therapeu-
tic biosafety. Further studies are necessary to explore in vivo prac-
tical therapeutic applications.
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