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Manganese-based advanced nanoparticles for
biomedical applications: future opportunity and
challenges
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Nanotechnology is the most promising technology to evolve in the last decade. Recent research has
shown that transition metal nanoparticles especially manganese (Mn)-based nanoparticles have great
potential for various biomedical applications due to their unique fundamental properties. Therefore, glob-
ally, scientists are concentrating on the development of various new manganese-based nanoparticles
(size and shape dependent) due to their indispensable utilities. Although numerous reports are available
regarding the use of manganese nanoparticles, there is no comprehensive review highlighting the recent
development of manganese-based nanomaterials and their potential applications in the area of bio-
medical sciences. The present review article provides an overall survey on the recent advancement of
manganese nanomaterials in biomedical nanotechnology and other fields. Further, the future perspectives
and challenges are also discussed to explore the wider application of manganese nanoparticles in the
near future. Overall, this review presents a fundamental understanding and the role of manganese in
various fields, which will attract a wider spectrum of the scientific community.

1. Background of manganese
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Currently, the exploration of transition metal nanoparticles
has attracted increasing attention because of their revolution-
ary and promising properties in certain areas such as drug
delivery, anticancer therapeutics, antimicrobial activities, and
bioimaging." Among the transition metal nanoparticles,
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manganese (Mn) nanoparticles have attracted the most atten-
tion for applications such as solar cells, magnetic storage
devices, biological applications such as molecular sieves and
bioimaging due to their chemical as well as physical
features.® Manganese is the third most abundant transition
element after iron and titanium, and the twelfth most
common element on Earth."»" Manganese (Mn) with
different oxidation states is present in the Earth’s crust and
the particulate matter in the atmosphere and water.
Manganese is present as different 3d transition metal oxides
such as MnO, MnO,, Mn,0;, Mn;0, and Mn;0g."* In living
systems, manganese is considered a necessary micro-nutrient
for growth, metabolism, reproduction, etc., which is acquired
through food and water."*"® Inside the human body, Mn is
absorbed mainly through the gastrointestinal tract together
with lungs. Mn is utilized in cellular energy regulation, blood
clotting, connective tissue and bone growth, brain develop-
ment, etc.'®>2

The reference daily intake (RDI) of Mn suggested by the U.
S. Food and Drug Administration (U.S. FDA) is 2-5 mg day "
for adults. This dosage has been suggested to be safe by the U.
S. National Research Council (NRC).>® The requirement for Mn
varies depending on gender and life stage. The difference in
Mn requirements is attributed to the fact that women have
lower concentrations of serum ferritin than men. Furthermore,
lactating women require more Mn.** However, manganese in
the form of composites has certain disadvantages such as
short blood circulation time and accumulation in the brain,
resulting in changes in the central nervous system followed by
cognitive and movement abnormalities. Therefore, the neces-
sity of Mn and the limitations of its complexes have encour-
aged scientists to explore Mn in the form of nanoparticles.>> >’

Manganese-based nanomaterials are ecofriendly, economi-
cal, biocompatible, and possess strong adsorption property,
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and thus are suitable for different biological applications such
as drug delivery, anticancer, antimicrobial, antioxidants, nano-
zymes, photothermal therapy, and biosensing.””’*° Although
several articles have been reported regarding the utilization of
manganese nanoparticles, there is no comprehensive review
article on the most recent development of manganese-based
nanoparticles for biomedical applications together with
their challenges and future perspective. Considering their
implications in healthcare and other issues, the present
review article focuses on the background and different aspects
of manganese and its nanoforms for various biological
applications. Finally, considering their commercial opportu-
nity in the near future, the mechanism of the actions and toxi-
cological update of manganese nanoparticles are also
discussed.

2. Historical and industrial
development

Manganese has been used for decades in industrial and bio-
logical development. The use of manganese can be traced back
to the Stone Age, where it was used as a pigment for cave
paintings.’™** The use of manganese as the black ore pyrolu-
site (manganese dioxide) in cave paintings has been well docu-
mented in the Upper Paleolithic period (17 000 years ago) or
Stone Age. Manganese (found in iron ore) was utilized by
Spartans in ancient Greece to develop steel weapons. Up to the
14™ century, Mn was used by Roman and Egyptian glass
makers to either remove or add color to glass.*® In 1774, Johan
Gottlieb Gahn, a Swedish mineralogist, isolated manganese as
a metal component from pyrolusite.”’ The word manganese
originated either from the Latin word ‘magnes’ for magnet or
‘magnesia nigra’, meaning black magnesium oxide.** The
Greek word for manganese is ‘magic’.** In 17™ century,
Glauber, a German chemist, developed permanganate, the first
functional manganese salt. Subsequently, Carl Wilhelm, a
Swedish chemist, produced chlorine using MnO,.**

At the commencement of the 19™ century, manganese was
used in steel making.*> In 1816, a German scientist discov-
ered the properties of manganese in steel making, where it
increases the hardness of iron without affecting its toughness
and malleability. Ferromanganese was produced with a high
content of manganese first by Prieger (1826), and later by
Pourcel (1875). The major breakthrough occurred in 1860
when Sir Henry Bessemer used spiegeleisen to remove
sulphur and excess oxygen from steel, paving the way towards
modern industrialization. The discovery of the Leclanche cell,
which contains MnO,, increased the demand for manganese
on a large scale.’® Large-scale commercial production utiliz-
ing Mn started in the 20™ century for chemical and metallur-
gical applications. Since then, the demand for manganese
production has increased daily. Accordingly, to fulfill the
rising demand for manganese in the 21° century, deep sea
mining has been used for the extraction of manganese
nodules."’

This journal is © The Royal Society of Chemistry 2021
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3. Presence of manganese in living
systems

Manganese is a crucial nutrient essential for different
metabolic  functions required for normal human
development.'>'**® Mn has also been reported to be involved
in the synthesis and activation of enzymes, metabolism of
lipids and glucose, protein synthesis, hematopoiesis, endo-
crine regulation and immunological functions.'>'®*97>> The
metalloenzymes of Mn such as phosphoenolpyruvate decar-
boxylase, Mn superoxide dismutase (MnSOD), glutamine
synthetase and arginase help in the metabolic processes
together with scavenging free radicals, leading to a reduction
in oxidative stress.’>'>'®%"5 The absorbed Mn becomes
further available to other mitochondrial-rich organs especially
the pituitary, liver and pancreas.’® The following sections
discuss the role of Mn at different cellular and subcellular
levels.

3.1. Enzymes

Enzymes are defined as biological catalysts, which at a certain
range of optimum environmental conditions of pH, tempera-
ture and pressure within cells, carry out biochemical reactions
with increased specificity and efficiency.>® For the proper func-
tioning of enzymes, metal ions are required for the catalytic
process, to maintain their structure, etc. Some enzymes have
manganese-based catalytic activity."***>> There are two cat-
egories of Mn-related enzymes, where one is Mn-activated/
inactivated enzymes and the other Mn-containing
enzymes.'>*>*” Mn-activated enzymes are rapidly reversible,
tight, and have specific sites that form complexes with manga-
nese for either regulatory or catalytic function.**® Conversely,
Mn-containing enzymes include manganese superoxide dis-
mutase and arginase. Moreover, Mn has a specific role in the
different enzyme classes such as oxidoreductases, transferases,
hydroxylases, lyases and ligases.*’

Oxidoreductases are a class of enzymes responsible for
redox reactions. The oxidoreductases that contain Mn include
peroxidase, catalase, hydroxylase, and manganese superoxide
dismutase (MnSOD).>> MnSOD, catalase and peroxidase
protect cells from  potentially damaging radical
species.'®**°%! Transferases are a group of enzymes respon-
sible for the transfer of functional groups between two mole-
cules. The enzymes that require Mn for their proper function-
ing are glycosyl-transferases, protein kinases, DNA and RNA
polymerases and a few sulpho-transferases.'”'® Among the
hydroxylases, the enzymes that carry out specific functions
such as growth, metabolic and cellular functions are report-
edly Mn dependent such as are peptidases, amidases, protein-
ases, hydrolases of ATP and organo-phosphates. The other Mn-
specific hydroxylases include cyclic nucleotide phosphodiester-
ase, phosphoinositol phosphatases, phospholipase C and
several exo- and endo-nucleases.'”®® Some enzymes of the
lyase group are activated by Mn, for example, phosphoenol-
pyruvate carboxykinase, guanylate and adenylate cyclases,
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which are required in cell regulation and metabolism.®* The
ligases help to catalyze biosynthesis reactions via the lysis of
ATP. The enzymes in the class ligase that contain Mn are
alanyl-tRNA synthetase, glutamine synthetase and pyruvate
carboxylase.®* Therefore, all these enzymes need Mn for their
proper functioning and regulation of cellular function.

3.2. Neurotransmitters

Neurotransmitters are chemicals present endogenously for
signal transmission from one neuron to another neuron,
gland or muscle.®® Metal ions have various roles in the proper
working of neurotransmitters such as zinc and
manganese.’®*>® Mn is required at micromolar concen-
trations for normal and proper functioning of the nervous
system.”®% Mn is needed during the uptake and release of
neurotransmitters. Mn is also responsible for altered ATPase
activity for the uptake of noradrenaline and dopamine in rat
synaptosomes and in striatal tissue.®” Manganese also changes
the Ca(un) uptake and catecholamine secretion in cultured
adrenal medulla cells. The ionic channels acting in response
to the excitatory amino acids located in the hippocampal
neurons are also Mn specific.>! Guanylate cyclase, one of the
enzymes released by gonadotropin-releasing hormone,
requires Mn for its activation.®® There is a clear link between
neurotransmitter regulation of neuronal adenylate cyclase and
calmodulin activation by Mn.'* Mn affects the neuro-
transmitter receptors by changing the receptor binding site
specificity and interaction with guanylate, adenylate cyclases,
phosphatases and protein kinases for the regulation of intra-
cellular enzymes or receptor together with stabilization of the
interactions between the receptor subunits.'®2%3

3.3. DNA-RNA interactions

The nucleic acids, DNA and RNA, are comprised of nucleoside
building blocks attached through phosphodiester linkages.
However, the nucleic acids require metal ions for the hydro-
Iytic cleavage of the phosphodiester bonds and other biologi-
cal activities.*®®>”° Manganese has been reported to interact
with DNA and RNA. The relation between DNA and Mn was
studied with the help of different biophysical techniques for
the detection of ligand groups and conformational changes.”*
The Mn has the ability to catalyze pre-biotic DNA production
without the presence of any enzymes. As mentioned earlier,
Mn plays a role in DNA and RNA polymerases.’”® During the
replication process, Mn takes part in mutagenesis through its
interaction with DNA and DNA polymerase I.”> Mn even has
effects on translational repressor together with double-
stranded RNA-activated inhibitor.”®

3.4. Metabolism

Manganese plays a major role in the metabolic processes of
the body together with the metabolism of prominent
biomolecules.’>***® Mn helps in the metabolism of carbo-
hydrates."”® PEP carboxykinase and pyruvate carboxylase are
Mn specific, which are required for carbohydrate homeostasis,
and thus excess or a deficiency in Mn affects the carbohydrate
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equilibrium."®”*”> Mn has been reported to have an insulin-
mimicking effect.”® Regarding lipid metabolism, there is a
strong correlation between Mn and cholestasis given that Mn
excretion takes place through the manganese-bilirubin
complex.””””® There are reports of altered high-density lipo-
protein (HDL) compositions due to Mn deficiency.”® The syn-
thesis of phosphatidyl-inositol in different tissues is Mn
dependent. Certain reports in the literature highlight the
relationship between lipid peroxidation and developmental
problems associated with Mn deficiency.">*® The other effects
of Mn include inhibition of deoxyribose degradation by
manganese-superoxide dismutase. Mn is actively involved in
the metabolism of drugs in the brain.*®”° Therefore, all these
cases clearly indicate the indispensable role of Mn in metab-
olism in the human body.

3.5. Cellular effects

Mn is present in the cellular components of blood and in
plasma. The transport, efflux and distribution of Mn through
the plasma membrane of hepatocytes occur via facilitated
diffusion.’®®® There are numerous tight binding sites for Mn
in the cytoplasm of cells following its active transport into the
mitochondria. The Mn distribution in the cell is 40% in the
cytoplasm and 60% in mitochondria. The Mn distribution in
mammalian cerebral cells is similar to that in hepatocytes, but
its concentration is greater in mitochondria.®" As discussed in
the previous section, Mn prevents cell damage due to the gene-
ration of free radicals."®>*°*%> After crossing the blood brain
barrier, Mn binds to transferrin and maintains iron homeosta-
sis.®* Consequently, Mn deficiency leads to convulsions and
epilepsy.®*

In the case of hormones, Mn directly regulates glucagon,
insulin, and carbohydrate metabolism by influencing their
biosynthesis and release.®® It has been reported that Mn injec-
tions are beneficial for glucagon release, which increases the
blood glucose concentration.”* Besides, Mn is also involved in
the regulation of prostacyclin production in aortic endothelial
cells, prostaglandin synthesis in hepatocytes, discharge of nor-
adrenaline from the pulmonary artery, etc. Mn influences oxy-
tocin analogues on the receptors present on mammary gland
and myometrial membranes. With reference to the interaction
of Mn with other elements, Mn manipulates calcium uptake in
the sarcoplasmic reticulum. Mn also affects copper and zinc
uptake.”’ In the case of heavy metal toxicity, Mn helps to
increase tolerance towards cadmium hepatotoxicity and
lethality.®

3.6. Role of manganese for blood sugar regulation and
diabetes

Manganese, as an essential trace element, is involved in main-
taining normal immune responses, cellular energy, blood
sugar regulation, protection against oxidative stress, etc.®”
Lower levels of Mn in the blood increases the risk of
diabetes.®””®® In the case of diabetes, due to the high glucose
level, various pathogenic pathways are initiated such as ROS.
Further, the increased ROS affect the islet beta cells of the pan-
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creas, leading to insulin resistance, diabetes and obesity. A
relationship exists between the pancreas and Mn for maintain-
ing the blood glucose level. Mn may accelerate insulin release
from the pancreas to the bloodstream or glucagon inhibition,
thereby increasing the cellular glucose uptake.*® An Mn
deficiency leads to lower insulin secretion from the pancreas,
followed by its increased degradation.®® Also, lower levels of
Mn affect transport, glucose tolerance and enhance the risk of
metabolic syndrome in adipose cells."”°*°" Accordingly, Baly
et al. demonstrated that Mn-deficient Sprague-Dawley rats
showed a decrease in distal insulin receptors, leading to a
decrease in glucose transport.”” This also affected the insulin-
dependent glucose oxidation to CO, and lowered the conver-
sion of triglycerides.”” The Mn porphyrin catalytic antioxidant
(MnP) upregulates glucose oxidation, followed by reduced fatty
acid oxidation. Further, Mn supplementation decreases the
risk of endothelial problems in diabetes.”® Therefore, Mn-
related carbohydrate metabolism is due to the role of Mn in
insulin release and gluconeogenesis."”

Table 1 describes the role of manganese in living

systems 17,18,21,53,63,64,67,73,74,76,77,83,86

4. Synthetic approaches for
manganese nanoparticles

Manganese as a metal has been found to have different appli-
cations inside the human body, and hence scientists world-
wide are focusing on methods for its feasible synthesis.”**”
The synthetic procedures, precursors and reaction conditions
lead to the formation of manganese nanoparticles of different
shapes and sizes.”®*® The following section highlights the
different synthetic approaches for the preparation of Mn nano-
particles, which are briefly described below:

« Chemical synthesis®**%%*%

« Physical synthesis'**™'°°

- Biological synthesis.”> 97197108

Table 1 Role of manganese in living systems

Mn Role of Mn Function Ref.
Mn'Y Enzymatic Anti-oxidant, metabolism, 18
Mn™" and cellular regulation
MnSOD  Antioxidant Anti-oxidative/nitrosative 53
stress
Mn>* DNA replication Mutagenesis 17
Mn** Enzymatic Adenylate cyclase activity 63
Mn** Enzymatic Stimulate ligase reaction 64
Mn Neurotransmitter Neurotransmitter synthesis 21
and metabolism
Mn Brain development Changes in norepinephrine 67
Mn** Cellular translation RNA-activated inhibitor 73
Mn Lipid metabolism Cholestasis 77
Mn Carbohydrate Insulin mimetic 76
Mn Iron homeostasis Binds to transferrin 83
Mn Glucagon release Blood glucose concentration 74
Mn Heavy metal toxicity Cadmium hepatotoxicity 86
(cadmium)

This journal is © The Royal Society of Chemistry 2021
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4.1. Chemical synthesis

The chemical methods used for the synthesis of Mn nano-
particles involve oxidation-reduction, hydrothermal methods
and microemulsion techniques. The advantages underlying
for chemical synthesis include less time consumption, greater
yield and reduced expenditure of energy. There are several
reports in the literature on chemically synthesized Mn-based
nanoparticles. The chemical acts as a reducing agent and
capping agent for the formation of nanoparticles.'®® Several
chemicals are utilized for the synthesis of manganese nano-
particles such polyvinylpyrrolidone (PVP), aqueous ammonia
solution of KMnOy, and methyl acetate.”**%%'°*

4.2. Physical synthesis

The physical methods involve the formation of Mn nano-
particles without the use of any chemical or biological precur-
sors. There are different types of physical methods for the syn-
thesis of nanoparticles, namely, evaporation-condensation, arc
discharge, laser ablation, and thermal decomposition.'*>™'%¢

4.3. Biosynthesis

Recently, the green chemistry approach has been extensively
used for the synthesis of various metal nanoparticles due to its
features such as ecofriendly nature and easy synthesis. This
approach overcomes the limitations of the use of harmful
chemicals and excessive energy, which are generally used in
industries.'® "' Similarly, manganese nanoparticles are syn-
thesized using biological agents such as plants and microor-
ganisms including bacteria and fungi.”>™*7'°1%% In this case,
flower-shaped MnO, nanoparticles doped with silver were syn-
thesized by Jana et al. via wet chemical procedures at low
temperature.''?

Manganese-based nanomaterials can be characterized
using several analytical tools including XRD, FTIR, DLS, XPS,
SEM, TEM, and HRTEM.?*°%19%101 Readers who want to know
more about the synthesis of manganese-based nanoparticles
can refer to the literature, 92961007107

5. Physical and chemical properties
of manganese

Manganese is the third most abundant transition element
after iron and titanium, and is the twelfth most common
element on Earth."”" Manganese (Mn), which is non-toxic
and economic with different oxidation states, is present in the
Earth’s crust and particulate matter in the atmosphere and
water.">'"® Mn exhibits efficient redox properties because its
varying oxidation states, ranging from —3 to +7, and capacity
to form compounds with a coordination number up to 7.5.
This results in the use of high oxidation-state manganese
species as strong oxidizing agents."*® Also, Mn in the form of
oxides has several unique properties including redox property,
surface nano-architectures and  crystal  structures.''
Manganese is effective in improving the catalytic activity in

This journal is © The Royal Society of Chemistry 2021
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several oxidation reactions."*> The other determining factors
for catalytic activity are the size and morphology of manganese
oxide catalysts in a structure-dependent sensitive reaction.'*®
Manganese has the ability to transform itself for a variety of
redox functions.** There are several enzymes that require Mn
for their proper functioning, as discussed in the previous sec-
tions. Mn catalases provide a platform for bioinorganic chem-
istry to mimic biological reactions.'”” Mn-based catalysts act
as substitutes for noble metals and oxides in a wide range of
reactions."*

Because of the catalytic properties of manganese oxide, its
nanoforms exhibit oxidase-like features, and hence are referred
to as nanozymes.''® These features of manganese together
with its multi oxidation states help it to act like an antioxidant
and scavenge ROS."® The activity of manganese nanozymes is
dependent on their size, morphology, surface area and redox
functions, which mimic the activity of redox enzymes such as
superoxide dismutase, catalase and glutathione peroxidase.
The role of manganese nanoparticles as nanozymes for bio-
medical applications is discussed in the sections
below.34,118,120,121

Manganese nanoparticles are being explored for drug deliv-
ery applications due to their large surface to volume ratio,
increasing their sensitivity towards the tumor microenvi-
ronment.>” Moreover, manganese nanoparticles act dually as
on-demand and controlled systems for drug delivery appli-
cations. The tumor microenvironment is highly acidic and
contains an increased concentration of glutathione (GSH).
Hence, manganese nanoparticle-based drug delivery uses the
concept of pH and GSH response for the release of drugs in a
controlled manner.'*> Manganese dioxide was recently studied
for drug delivery applications and as a scaffold for stem cell
transplantation and differentiation due to its biodegradable
and non-toxic nature.'*® Several reports investigated the drug
delivery applications of Mn nanoparticles, which are discussed
in the subsequent sections.'>**°

6. Different biomedical applications

Manganese-based nanoparticles have been reported to be used
for various biomedical applications such as photothermal
therapy, fluorescence quenchers, biosensors, antimicrobial,
and anti-angiogenic, all of which are discussed in the follow-
ing subsections.”” %’

6.1. Drug delivery

Conventional therapies include chemotherapy, radiation and
surgery. However, the most conveniently used chemotherapy
has several disadvantages such as low bioavailability, low
diffusion and retention capability, nonspecific targeting,
multi-drug resistance, low therapeutic indices, and high dose
accompanied with side effects.'**™**¢ Accordingly, nanotechno-
logy can play a significant role. Therefore, to reduce the
adverse effects and increase the therapeutic efficacy of
different drugs, scientists are focused on the design and devel-
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opment of various inorganic nanomaterials (gold, silver, plati-
num, etc.) for efficient drug delivery or targeted drug delivery
using suitable targeting agents.'””*° Recently, manganese-
based nanoparticles have been extensively used for theranos-
tics applications to overcome the above-mentioned difficulties.
They have been found to be efficient systems for drug delivery
due to their unique physico-chemical properties such as high
surface to volume ratio in comparison to their bulk
forms.>”'?*131:132 Thig also increases their sensitivity towards
the tumor microenvironment. Another exclusive point of using
manganese nanoparticles for drug delivery is that they can be
used both as on-demand and controlled systems. It is known
that the tumor microenvironment is highly acidic and has a
high concentration of glutathione (GSH). Hence, manganese
nanoparticle drug delivery systems can be developed using the
concept of pH and GSH response. Accordingly, Zhao et al.
developed a silica-coated core of Fe;0,@SiO, linked with
NaYF4:Yb,Er shell (MSU)-modified MnO, nanosheets on the
surface of nanoparticles for the loading and release of
drugs."*® Fig. 1 shows an overall schematic representation for
the stepwise development of the MSU/MnO,-CR drug delivery
system and its biological application. MSU was synthesized for
fluorescence imaging and magnetic targeting, where the MnO,
nanosheets act as quenchers for the system and a drug carrier.
A multifunctional nanocomposite was further developed by
loading Congo Red drug for delivery. The nanoformulation
was used to check the level of intracellular GSH concentration.
GSH reduced MnO, to Mn?", thus leading to the release of the
drug followed by turning on of its upconversion lumine-
scence.'”” Manganese nanoforms have been explored in the
area of gene silencing treatment. For example, Fan et al
designed DNAzyme-MnO, nanosheets for gene slicing treat-
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Fig. 1 Schematic illustration of the synthetic procedure for the prepa-
ration of the MSU/MnO,—-CR drug delivery system. Reprinted with per-
mission from ref. 122 Zhao et al., Dalton Trans., 2014, 43, 451-457.
Copyright©2014, The Royal Society of Chemistry.
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ment."”*" Chlorin e6-labelled DNAzymes (Ce6) were adsorbed
on the MnO, nanosheets to prevent their enzymatic digestion
by endogenous nuclease. The nanosystem even inhibited Ce6
for 'O, generation in the circulatory system. In the presence of
GSH, the reduction of MnO, to Mn>" released Ce6, which gen-
erated 'O, for efficient photodynamic therapy. Mn>*" was also
beneficial for GSH-modulated MRI of tumor cells. The modi-
fied nanosystem helped in bimodal cancer treatment."**

MnO, has a hollow space, which led scientists to explore its
use for drug delivery due to its internal space, enhanced
surface area, excellent permeability and low density. Exploring
these characteristics, Xu et al. designed mesoporous manga-
nese dioxide (mMnO,) grown over silica-coated mesoporous
upconversion nanoparticles (UCNPs@msSiO,), which was
further loaded with chlorin e6 and showed biodegradability in
the tumor microenvironment."*” The loading of doxorubicin
modified with polyethylene glycol in the mesoporous nano-
system was high due to its increased surface area. Inside the
tumor microenvironment, GSH degraded mMnO, to Mn*",
releasing the doxorubicin. Also, the UCNPs were coupled with
Mn>", which resulted in enhanced trimodal imaging. Further,
the nanosystem helped to alleviate tumor hypoxia via the
reduction of glutathione and decomposition of endogenous
H,O0,, resulting in effective chemo-photodynamic treatment."*?
Similarly, Ren et al. developed manganese/cobalt oxide nano-
particles with doxorubicin encapsulated in their hollow cavity,
which were released in the environment of GSH and exhibited
efficient anticancer activity both in vitro and in vivo."* Fig. 2(a
and b) show the in vivo MRI and tumor treatment by the nano-
particles, where Fig. 2a shows the T;-weighted and Fig. 2b the
T,-weighted MR images at different time points. Fig. 2¢ exhi-
bits the tumor volume curve, which illustrates that the tumor
treated with the manganese/cobalt oxide nanoparticles with
doxorubicin showed the maximum inhibition. The body
weight curves shown in Fig. 2d show the minimal weight loss
in the nanoparticle drug-loaded group, indicating the lowest
toxicity of the drug carriers. The longest survivability was
observed in the manganese/cobalt oxide nanoparticles with
doxorubicin-treated mice (Fig. 2e). Fig. 2f shows the histo-
pathological analysis of the nanoparticle-treated tumor-
bearing mice. Furthermore, the histopathological stain sec-
tions of the tumor also showed no difference between the
nanoparticle-treated group and the other groups, exhibiting
the safety of the manganese-based nanoparticles."** Recently,
Wang and colleagues prepared superparamagnetic manganese
ferrite nanoparticles (MnFe,0,) using a sonochemical
method."®* The NPs showed good hydrophilicity, low in vitro
cytotoxicity and high drug loading capacity. Doxorubicin
hydrochloride was loaded on the surface of the MnFe,O, nano-
particles was released in a pH-dependent manner in the tumor
microenvironment.”* In another work, Zhang et al. designed
hybrid nanomaterials (Au/MnO,) via the combination of gold
nanorods and mesoporous manganese dioxide, resulting in a
multi-responsive (GSH, pH and NIR responsive) nanoplatform
for drug delivery."*® These conjugates showed a high doxo-
rubicin drug loading capacity (through hydrogen bonding,
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Fig. 2 In vivo MRI and treatment of tumors by Dox-loaded MCO-70-
Dox NPs. In vivo tumor (a) T;-weighted and (b) T,-weighted MR imaging
before injection (0 h) and at different times (2 h, 15 h, and 24 h) after the
injection of MCO-70-Dox NPs. (c) Tumor growth curves, (d) body
weight curves, and (e) survival rate from the different treatment groups,
which are PBS, MCO-70-Dox, Dox, and MCO, respectively. (f)
Histological analyses of main organs from U87MG tumor-bearing nude
mouse with intravenous injection of PBS and MCO-Dox NPs. Reprinted
with permission from ref. 133 Ren et al, Nanoscale, 2019, 11,
23021-23026. Copyright©2019, The Royal Society of Chemistry.

electrostatic interaction and physical adsorption). The acidic
environment and high GSH concentration of tumor cells were
suitable for MnO,-based drug release. Fig. 3 exhibits an overall
schematic representation of the preparation of the nano-
particles and their mechanism of drug release. The nano-
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Fig. 3 Scheme of the preparation of Au/MnO, nanoparticles and drug
release of Au/MnQO, nanoparticles. Reprinted with permission from ref.
135 Zhang et al, Eng. Chem. Res., 2019, 58, 2991-2999.
Copyright©2019, the American Chemical Society.
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particles displayed efficient responses towards GSH, pH and
NIR.'*

6.2. Anti-angiogenesis for cancer

The process of angiogenesis is defined as the formation of
new blood vessels from pre-existing ones."**"*” Although
angiogenesis is required for several signaling pathways that are
indispensable for proper functioning of living organisms,
excessive angiogenesis is the root of many deadly diseases
including cancer."*® Tumor angiogenesis is regarded as one of
the key processes occurring during the development of
cancer."®® Many chemotherapeutic agents target the inhibition
of tumor angiogenesis to curb cancer. However, certain disad-
vantages regarding the specificity of commercial treatments
have led to the use of nanoparticles. Manganese nanoparticles
have been reported to exhibit anti-angiogenesis activity
through the depletion of blood vessels in a chorioallantoic
(CAM) membrane assay."** In another work, Chang et al. deli-
vered MnO, nanoparticles in the hepatocellular carcinoma
(HCC) tumor microenvironment to suppress and destroy the
hypoxia-driven tumor."*" The synthesized nanoMnSor effec-
tively delivered oxygen-producing MnO, and sorafenib (anti-
angiogenic drug) in the HCC tumor microenvironment. The
hypoxic condition was alleviated by MnO, by converting H,O,
into oxygen. In vivo treatment using these nanoparticles in a
mouse orthotropic tumor model showed that sorafenib
induced the suppression of primary tumor growth and
decreased tumor vascularization and metastasis, helping the
overall survival. NanoMnSor reprogrammed the hypoxic tumor
microenvironment by reducing infiltration of tumor-associated
macrophages, macrophage polarization (stimulation of M1
immunostimulatory macrophages) and activation of CD8" cyto-
toxic T cells. This enhanced the efficacy of anti-PD-1 antibody
and cancer vaccine immunotherapies. Therefore, manganese
nanoparticles can act as anti-proliferative, anti-metastatic,
anti-angiogenic, anti-immunosuppressive and tumor-based
MRI agents.'*!

6.3. Antimicrobial activity

Antibacterial activity. Microbial infections are considered to
be one of the leading causes of mortality and morbidity
globally.”>'*>7'** Different strains of bacteria, fungi, protozo-
ans and viruses are responsible for eliciting infections in
human beings. The conventional treatment strategies available
such as antibiotics have limitations such as increased anti-
biotic resistance by microbial strains. Thus, to overcome the
limitations of available therapies, metal nanoparticles have
been considered. Manganese nanoparticles are reported to
exhibit good antimicrobial properties (antibacterial and anti-
fungal), and hence are being widely considered and
explored.”**'*3 For example, Azhir et al. designed and syn-
thesized Mn;O, nanoparticles (size range: ~10-30 nm)
through precipitation methods.'** The nanoparticles exhibited
efficient antibacterial activity against both Gram positive and
Gram negative bacteria, which was validated through the broth
microdilution method.'*® In another work, Kamran et al. syn-
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thesized manganese nanoparticles using Cinnamomum verum
bark extract and evaluated their antimicrobial activity on
Escherichia coli and Staphylococcus aureus."** The natural com-
pounds present in the bark helped in the synthesis of manga-
nese nanoforms and produced effective antimicrobial activity
against the above-mentioned strains.

Dual role as antibacterial and antifungal agent. Some
manganese nanoforms exhibit both antibacterial and antifun-
gal activity. In this context, Jayandran et al. biosynthesized Mn
nanoparticles via the reduction of manganese acetate with tur-
meric, curcumin and lemon methanolic extract, exhibiting
antibacterial and antifungal activity.”> The antibacterial
activity of the nanoconjugates was studied against two Gram
negative (Escherichia coli and Staphylococcus bacillus) and
Gram positive (Staphylococcus aureus and Bacillus subtilis) bac-
teria and the results were compared with free curcumin-
treated samples and a positive control experiment (chloram-
phenicol). Furthermore, the nanoparticles exhibited antifungal
activity against four strains of fungi (Curvularia lunata,
Candida albicans, Trichophyton simii and Aspergillus niger) with
Fluconazole drug as the positive control. Therefore, the results
clearly suggest the antibacterial and antifungal activity of the
biosynthesized Mn nanoparticles.”> Among the methods for
treating microbial infections, antimicrobial peptides are pre-
ferably used. However, the disadvantages associated with them
include the cost of their production, stability and toxicity.
Hence, to overcome all these issues and increase their
efficiency, antimicrobial peptides are conjugated with various
nanoparticles. For example, Lopez-Abarrategui et al. fabricated
and synthesized manganese ferrite nanoparticles (modified
with citric acid) with an antifungal peptide obtained from
Cenchritis muricatus (sea animal).”® The nanoparticles exhibi-
ted excellent in vitro antifungal activity against Candida albi-
cans. Thus, antifungal peptide-conjugated manganese nano-
particles can be used as an antifungal agent in the near
future.”® In another report, Krishnan et al. intercalated manga-
nese oxide on bentonite clay using thermal decomposition.'*’
The well diffusion and potato dextrose methods were used to
study the antifungal and antibacterial activity of the manga-
nese oxide-bentonite nanoconjugates. The antimicrobial
activity of these conjugates against Staphylococcus aureus was
found to be greater compared to Pseudomonas aeruginosa.
Rapid antifungal behavior was also found against Candida
albicans.**

Antiviral activity. Metal nanoparticles have been recently
explored as antiviral agents due to their unique properties
such as large surface-to-volume ratio and small size to interact
with the viral particles."*®'"” Manganese has been reported to
affect AIDS-related pathogens. For example, Nesterenko et al.
reported the interaction between the AIDS-related pathogen,
Cryptosporidium parvum, with human ileoadenocarcinoma
(HCT-8) cells in vitro."*® The Mn from the MnSO, salt inhibited
the binding of the sporozoite membrane antigens to the HCT
cells, thereby preventing the cells from being infected. These
types of interactions are Mn sensitive. Mn>" affects both the
pathogen and cell membrane. The possible mechanism
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behind this type of interaction is that Mn activates the host
cell surface enzymes, which affect the interactions of receptors
and ligands."*® In another work, Vartanian et al. demonstrated
that Mn enhanced the miscorporation of deoxynucleotide tri-
phosphates (ANTPs) and altered the substrate specificity. Mn
caused more mutation of HIV ex vivo."*® Considering the anti-
viral properties of Mn-salts, we strongly believe that Mn-based
nanoparticles can be useful for the treatment of viruses in the
near future due to their antiviral activity.

6.4. Antioxidants

Antioxidants are regarded as substances that protect cells from
the harmful effects of excessive ROS.'?'°%'! However, the
disadvantages of natural antioxidants such as sensitivity to
temperature, short life span and bioavailability have led to the
development of artificial ROS scavengers including nano-
particles. Some nanoparticles such as manganese nanoforms
owing to their multi oxidation states exhibit antioxidant-like
activity for scavenging ROS."'*'****! Accordingly, Singh et al.
designed Mn;0, nanoparticles for scavenging ROS to prevent
oxidative damage of cells.'*® They prevented cellular bio-
molecules from DNA damage, lipid peroxidation and protein
oxidation due to the action of ROS. The overall nanosystem
can help to suppress oxidative stress-mediated pathological
conditions, as shown by the schematic representation in
Fig. 4. In another report, Yao et al. exhibited the antioxidant
activity of Mn;0, nanoparticles, which mimicked certain
enzyme-like activities such as catalase, superoxide dismutase
and hydroxyl radical scavenging actions.®> The nanoparticles
were effective in scavenging ROS and their by-products in vitro
and even in vivo by ameliorating ROS-induced ear inflam-
mation in a mouse model. Thus, nanoparticles can pave new
ways for the treatment of ROS-related diseases.®> In another
study, Mahlangeni et al. biosynthesized manganese oxide
nanoparticles using extracts of Cussonia zuluensis, which
exhibited efficient antioxidant activity. The capping of the
metal core with biomolecules of plant extracts enhanced its
antioxidant activities."*°

Pardhiya et al. demonstrated the in vitro antioxidant activity
of BSA-templated MnO, nanoparticles in human embryonic
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Fig. 4 Schematic representation of the molecular mechanism of nano-
systems in suppressing oxidative stress-mediated pathological con-
ditions. Reprinted with permission from ref. 119 Singh et al., Nanoscale,
2019, 11, 3855-3863. Copyright©2019, The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr04964j

Published on 06 September 2021. Downloaded on 4/29/2026 10:31:27 AM.

Nanoscale

kidney cells (HEK-293).">' These nanoparticles act in a similar
manner to the antioxidant activity of catalase, superoxide dis-
mutase, and peroxidase and were found to increase the viabi-
lity of the HEK-293 cells. At a higher concentration, these
nanoparticles acted like a prooxidant, becoming toxic to
normal cells due to their inherent oxidase like activity.">"

6.5. Nanozymes

Nanozymes are nanomaterials possessing enzyme-like features
including substrate specificity, numerous active sites,
enhanced catalytic activity, easy synthesis, low production cost
and high efficiency.**"'®'2%1?! The catalytic actions of nano-
zymes in various microenvironments are controlled by temp-
erature, pH, amount of glutathione, H,0, and oxygenation
levels.>* MnO, nanoforms are referred to as nanozymes
because of their oxidase-like feature. Considering these facts,
Liu et al. tested the oxidase-like catalytic activity of BSA-based
MnO, nanoparticles using horseradish peroxidase (HRP) sub-
strates [3,3',5,5-tetramethylbenzidine (TMB) and o-phenylene-
diamine (OPD)]."*® The nanoparticles showed good Michaelis-
Menten kinetics together with strong affinity towards HRP sub-
strates and H,O,. The nanoforms resulted in the oxidation of
the TMB from a pale yellow to blue compound (ox-TMB). The
BSA-MnO, nanoparticles were soluble, biocompatible in
nature and exhibited a good dispersion. The enzymatic prop-
erty of the BSA-MnO, nanoparticles was used to detect goat
anti-human IgG for colorimetric immunoassay instead of HRP.
Thus, nanoparticles can be used for different bioassays and
medicinal purposes in the future.'*® Similarly, another colori-
metric test assay was developed by Liu et al. to check the
activity of MnO, nanoforms for detecting and quantifying
GSH.'° GSH inhibited the oxidation of TMB from a pale
yellow to blue compound (ox-TMB) by MnO, nanosheets in a
concentration-dependent manner. This increased specificity of
GSH inhibition led to its detection in human serum samples
by the nanosystem."*°

There are reports of manganese nanoparticles being used
as DNA partzymes. Usually, the degradation of probes and bio-
markers results in false positive test results. Thereafter, to
protect both the target and probe, Chen et al. synthesized
MnO, nanoform-powered Janus DNA nanomachines (target-
and probe-protective) for RNA imaging.'*' The nanosystem
was formed inside living cells via the congregation of two DNA
partzymes, which are RNA responsive and a probe. The manga-
nese nanoparticles were used both as promoters responsible
for DNA cellular uptake and Mn>" generators acting as cofac-
tors of DNAzyme. This ensured the efficacy of catalytic clea-
vage. The RNA of the RNA-DNA hybrid was protected from
degradation by RNase H with the help of the chemically modi-
fied DNA partzymes (having modified sugar moieties). The
protection of RNA prevented the degradation of the target,
resulting in the inhibition of false positive results. Fig. 5 illus-
trates the design and programming of the Janus nanomachine,
where the cellular-RNA target, miR-21, is a green sequence.
The chemical structures of DNA, PS-DNA, 2'OMe-DNA, and
LNA are represented as a red circle within the gray sequences
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Fig. 5 Design and programming of the protective Janus DNA nanoma-
chine. The model cellular—RNA target (green sequence) is miR-21. The
chemical structures of a DNA, PS-DNA, 2'OMe-DNA, and LNA
monomer are presented, which are highlighted as red circles (red X) in
the DNA partzymes (gray sequences). The gray and green circles in the
PS-modified substrate probe (blue sequence) are the quencher and
fluorophore, respectively. Reprinted with permission from ref. 121 Chen
et al., Anal Chem., 2018, 90, 2271-2276. Copyright©2018, the American
Chemical Society.

of the DNA partzymes. Within the blue sequence of the PS-
modified substrate probe are the quencher (gray circles) and
fluorophore (green circles). The MnO, nanoform-powered
Janus DNA nanomachine was beneficial for efficient RNA
imaging."®" In another study, Singh et al. demonstrated the
morphology-dependent multienzyme redox activity of manga-
nese-based nanozymes (Mn;0,).°" The effect of the Mn;O,4
nanozymes depended on the size, surface area, morphology
and redox property of the manganese ions, which were found
to mimic the activity of redox enzymes such as catalase, gluta-
thione peroxidase and superoxide dismutase. The Mnz;0,
nanoflowers limited the available superoxide levels inside the
endothelial cells, thereby preventing the inactivation of nitric
oxide (NO), which is essential in the treatment of cardio-
vascular diseases.®!

6.6. Photothermal and photodynamic therapy

Photothermal therapy is a selective, simple, non-invasive
cancer treatment approach, in which near infrared light is
used to produce hyperthermia in cancer cells selectively
without affecting the surrounding tissue due to the specificity
of the PTT agent and NIR light.'>>"*3® photodynamic therapy is
defined as a non-invasive cancer treatment strategy in which
photosensitizers are used together with light irradiation. In
the presence of light and oxygen, the photosensitizers are acti-
vated to generate reactive oxygen species and singlet oxygen to
kill cancer cells.”””**>7'3¢ Consequently, this initiates apoptosis
and necrosis, thereby killing cancer cells. However, there are
still certain limitations of photothermal therapy. Firstly, the
hindrance of photothermal therapy due to the hypoxic con-
dition of the tumor microenvironment. Secondly, the non-
specificity of photosensitizers in photodynamic therapy causes
their premature leakage into normal cells rather than the
tumor cells, causing phototoxicity. Thus, to increase the speci-
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ficity and functionality of photothermal and photodynamic
therapy, they is used in combination with certain nano-
materials to increase their efficiency. Manganese dioxide nano-
forms have oxidizing features and help in alleviating the
hypoxic condition of the tumor microenvironment by the reac-
tion with the H,O, present within tumors.?”*>>7'*® The Mn**
ions produced after the reaction are biocompatible in nature
and can be easily excreted through the kidneys. Accordingly,
Zhu et al. synthesized MnO, nanoparticles loaded with a chlor-
ine e6 sensitizer (Ces) conjugate followed by PEG coating for
the enhancement of tumor-associated photodynamic
therapy.'>® The in vitro assays revealed that the Ceg@MnO,-
PEG nanoparticles reacted with the H,O, present in the cancer
cells, thus generating O,. This alleviated the tumor hypoxic
conditions, increasing the efficiency of photodynamic therapy
killing the cancer cells. The in vivo results also corroborated
the in vitro results, where the nanoparticles when injected in
mice accumulated within the tumor. Here, the MnO, nano-
particles slowly decomposed into Mn>" ions, acting as a T1 MR
contrast agent. Overall, the manganese nanoforms increased
the oxygen content within the tumor environment to prevent
the limitation of hypoxic condition faced by photodynamic
cancer therapy.'*?

The untimely release of photosentisizers from their carriers
and their non-specific accumulation in normal tissues instead
of tumor tissues are major concerns associated with photo-
dynamic therapy. Thus, to alleviate these issues, Ma et al. syn-
thesized an MnQO, shell that can act as a switchable shield for
the advancement of acidic H,O, response together with the
evolution of O, for photodynamic therapy.'>® The development
of the nanoplatform proceeded by first loading the core with
SiO,-methylene blue, which has a high photosensitizer
capacity, followed by coating with the MnO, shell. This was
done to prevent the leakage of the photosensitizer after being
intravenously injected into blood before reaching the tumor
tissues. This led to the efficient accumulation of the photosen-
sitizer in the tumor tissues. The MnO, shell in the acidic
tumor microenvironment reacted with H,0,, producing O,
and achieving a synergistic effect for photodynamic therapy
with a decrease in tumor hypoxia. The reduced form of manga-
nese even acts as an MRI imaging agent in vivo in the presence
of high acidic H,0,.">® For photothermal therapy, Peng et al.
constructed erythrocyte membrane-coated Prussian blue/
manganese dioxide nanoparticles (PBMn-DOX®@RBC) with a
red blood cell (RBC) coating for relieving tumor hypoxia and
enhancing cancer photothermal therapy and chemotherapy.'>®
The PBMn nanoparticles acted as an oxygen precursor or cata-
lyzer for activating H,0,, whereas the RBC membrane
increased the loading and prolonged the circulation capacity
of doxorubicin (DOX) in vivo. In the presence of excess H,0,,
administration of the nanoconjugates relieved the hypoxia con-
dition in the tumor microenvironment. The O, disrupted the
RBC membrane on the nanoformulation, releasing doxo-
rubicin and prolonging the circulation of the nanoparticles in
the body. Fig. 6a depicts the photoacoustic images (PA) of the
PBMn-DOX®@RBC nanoparticles and Fig. 6b shows that the PA
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Fig. 6 Photoacoustic imaging (PAI) (A) and PA intensity (MSOT) (B)
mediated by PBMn and PBMn-DOX@RBC. The images represent the
transverse sections of the mice during photoacoustic imaging. The
tumors are marked in red circles. (C) and (D) Photo-thermal conversion
of PBMn and PBMn—-DOX@RBC in vivo, respectively: (C) infrared thermal
images of the mice during 808 nm laser irradiation and (D) surface
temperatures of the tumor during irradiation. (E) Representative immu-
nofluorescence images of tumor sections stained with DAPI and a
hypoxia marker (Hypoxyprobe-1 Kit). Reprinted with permission from
ref. 156 Peng et al., ACS Appl. Mater. Interfaces, 2017, 9, 44410-44422.
Copyright©2017, the American Chemical Society.

signal from the tumors was greater with the PBMn-DOX@RBC
nanoparticles than only PBMn. The infrared thermal images of
the tumors in Fig. 6c¢ following irradiation with 808 nm show
more heat generation from the PBMn-DOX®@RBC nano-
particle-treated mice. Subsequently, the temperature of the
tumors treated with the PBMn-DOX@RBC nanoparticles also
increased more compared to PBMn alone (Fig. 6d). Fig. 6e
illustrates the immunofluorescence staining, which shows that
the hypoxic condition of the tumor was relieved with the
PBMn-DOX@RBC nanoparticles. Therefore, PBMn-
DOX@RBC enhanced tumor reduction via its combined effect
as a chemotherapeutic agent and photothermal therapy
agent."®

Some of the current reports show the use of biomolecules
such as proteins for the production of bio-organic nano-
particles. Accordingly, Wang et al. synthesized MnO, nano-
particles with the help of bovine serum albumin (BSA), which
acted as a reducing agent and template for the formation of
the nanoparticles."” The biocompatible MnO, nanoparticles
exhibited absorbance in the NIR region and possessed high
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photothermal efficiency and stability. Thus, the nanoparticles
could be used as an effective NIR photothermal antitumor
agent."® Liu et al. synthesized cobalt/manganese oxide nano-
crystals through a hydrothermal process, which exhibited
strong NIR absorption and were utilized for photothermal
therapy."” Also, they were employed for MR imaging in vivo.
Being biocompatible in nature, the nanocrystals can be used
as a potential agent for photothermal theragnosis.>’
Similarly, Cheng et al, studied the magnetic resonance (MR)
imaging-guided photothermal therapy of polydopamine-coated
manganese carbonate nanoparticles (MnCO;@PDA NPs).'>®
The PDA-decorated nanoparticles had excellent MR contrast
compared to the free nanoparticles due to the entrapment of
more water surrounding the nanoparticles, resulting in water
exchange and efficient MR contrast signals. Intratumoral injec-
tion of nanoparticles into 4T1 tumor-bearing mice produced
efficient MRI-guided photothermal reduction of the tumors,
making the nanoparticles excellent theranostic agents.'®
Further, Sun et al. designed and synthesized folate receptor
nanopalladium-decorated manganese dioxide nanosheets (Fp-
Pd@MnO,) with a high doxorubicin loading capacity.'>®
Several factors such as near infrared stimulus, increasing con-
centration of glutathione and pH reduction are responsible for
efficient drug release at the tumor location. Treatment of these
nanoparticles with NIR irradiation (808 nm laser) resulted in a
combined photothermal and chemotherapy effect in
MDA-MB-231 cells along with in vivo reduction of the
tumor.”® Considering bimodal application, Gupta et al
demonstrated the photothermal and magnetic hyperthermia
therapeutic effect of citrate-coated manganese-doped magnetic
nanoclusters on a glioblastoma cancer model using rat
C6 glioblastoma cells.?® Fig. 7 depicts an overall schematic rep-
resentation of the combinatorial approach of photothermal
and magnetic hyperthermia in killing the glioma cells. When
the tumor cells were irradiated with 750 nm laser irradiation,
structural changes, cytoskeletal damage, and oxidative stress
corresponding to mitochondrial membrane potential
reduction occurred, producing ROS-mediated apoptotic cell
death.*®

6.7. Fluorescence quenchers and biosensors

Fluorescence resonance energy transfer (FRET) is a process
describing nonradiative energy transfer from a donor (lumi-
nescent) to another molecule (acceptor) in proximity to it
through dipole-dipole coupling. FRET technology is used for
various applications such as microscopy, immunoassays, and
nucleic acid hybridization.**'*°7'%* Recently, 2D nanoforms of
manganese with light harvesting features and ability to
conduct electrons have been shown to have potential appli-
cations in photo-induced sensing (chemical and biological)
transfer mechanisms, fluorescence resonance energy transfer
(FRET), etc. MnO, nanosheets exhibit an intense broad absorp-
tion peak in the NIR region and manganese, being an ultra-
thin semiconductor, facilitates their use as an efficient broad-
spectrum quencher.’>'® There are reports illustrating that
MnO, reduction to Mn?*' reverses the MnO,-associated
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Fig. 7 Schematic representation of the combinatorial approach of
photothermal and magnetic hyperthermia in killing glioma cells.
Reprinted with permission from ref. 29 Gupta et al., ACS Appl. Nano
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Society.

quenching influence and restores the fluorescence of the
associated compound.®”*®° It has been seen that on decreas-
ing the distance between manganese nanoforms and carbon
dots, FRET occurs, resulting in the temporary disappearance
of the fluorescence of the carbon dots. Based on this, Qu et al.
synthesized fluorescent carbon dots from the seed extracts of
Sterculia lychnophora, which were quenched by MnO,
nanosheets and used as probes for the detection of alkaline
phosphatase (ALP).>> The detection occurs by hydrolysis of
acidic phosphoric acid (AAP) to ascorbic acid (AA) by ALP, and
then AA reduces MnO, to Mn**. Following the destruction of
the MnO, nanosheets, the fluorescence of the carbon dots was
restored. The detection could be performed even at lowest con-
centrations of ALP, and hence the nanocomplex could be
efficiently used for diagnostic purposes.®® In this context, Ji
et al. designed a CaO,/MnO,@polydopamine-methylene blue
(MB) nanoform encapsulating CaO, nanoparticles with the
MnO, nanosheets."®® MnO, suppressed the fluorescence
activity of the MB photosensitizer by n-rn stacking or hydro-
phobic interaction. The nanosystem even had the ability to
generate oxygen and alleviate tumor hypoxia. Once in the
tumor microenvironment, MnO, decomposed to Mn>", releas-
ing MB and initiating the fluorescence property. In this way,
the nanoform was beneficial for both switch-controlled cell
imaging and photothermal therapy.'®' Because of the catalytic
and oxidation activity of manganese nanoparticles, they are
extensively used as biosensors. In another work, Yuan et al.
fabricated an MnO, nanosheet-modified upconversion (UC)
nanostructure for the fluorescence detection of glucose in the
serum and blood of humans."'®* The manganese nanoparticles
act as quenchers of the upconversion nanoparticles, which is
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relieved once H,O, reduces MnO, to Mn?". The amount of
H,0, generated by enzymatic cleavage of glucose using
glucose oxidase can be used to detect glucose. This nano-
system can be even exploited to identify other H,0,-based
analytes.'®

MnO, nanoparticles have been further used for the detec-
tion of RNAs even at a minute concentration, given that the
detection of microRNAs is very challenging owing to their low
concentration, similar sequences and small size. Thus, Li et al.
synthesized an MnO, nanosheet-dependent hybridization
chain reaction (HCR) system to detect the expression of
miRNA inside cells at a low concentration.'®® This is a cell
signal amplification-based approach for the detection of
miRNAs (which are down regulated), where the MnO, nano-
particles quench the dye-labeled hairpin probes. They
designed a dual labeled hairpin with FAM (a FRET donor)
together with Tamra (TMR, a FRET acceptor) and loaded it on
the MnO, nanosheets. Once inside the cell, the dye-labeled
hairpins were released due to the degradation of the MnO,
nanosheets by the GSH following reactions with proteins and
nucleic acids. Subsequently, miRNA-21 produced dsDNA poly-
mers via the cascade assembly of the two hairpins.
Consequently, the FRET pair (FAM and TMR) comes into close
contact, resulting in enhanced fluorescence signals for detect-
ing miRNA-21 found in trace amounts. Therefore, the nano-
system can be used for the detection of trace miRNAs that are
found in low concentration in living cells.'®*

6.8. Bioimaging and MRI contrast agents

Magnetic resonance imaging (MRI) works on the principle that
many atomic nuclei in the presence of an external magnetic
field absorb and emit radiofrequency energy. To increase the
radiofrequency signals, hydrogen atoms are used, which are
then received by the antenna from the tissues for examination.
The advantages of the use of MRI include high spatial resolu-
tion, but a disadvantage associated with it is its low sensitivity.
Therefore, manganese nanoforms are being used as alternative
contrast agents for T;-weighted MRI, given that they are bio-
compatible, help in achieving brighter images, have short cir-
culation time of Mn*" ion chelate, and size-directed circulation
time of colloidal nanoforms.>®>”'¢>1%” The underlying mecha-
nism is that the manganese atoms located within the manga-
nese nanosheets make no contact with the external aqueous
environment, thus preventing the transverse and longitudinal
relaxation of protons. The various forms manganese nano-
particles (MnO, Mn;0,4, and MnO,) are used as contrast agents
in MRI, bimodal and multimodal imaging and imaging-
guided tumor therapy. For T;-weighted MRI, Wang et al
designed and synthesized r-cysteine and PEG-modified manga-
nese oxide NPs via a solvothermal process.® The as-synthesized
nanoparticles exhibited good T;-relaxivity, increased solution
dispersibility, biocompatibility and colloidal stability. The
modification with r-cysteine increased the blood circulation
time with the reduction of cellular uptake by macrophages,
thereby making the nanoparticles good contrast agents for
enhancing Ty-weighted MRI.®
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Some manganese-coated nanoparticles are conjugated with
aptamers to enhance their tumor-specific targeting ability. For
example, Li et al. synthesized biocompatible PEG-coated MnO
nanoparticles conjugated with a covalently cross-linked aptamer
as contrast agents for T;-weighted MRI'®® These nanoparticles
targeted renal cancer tumor cells together with prolonged
storage of the probe within the tumor cells.'®® To achieve
enhanced imaging for clinical demands, PET and MRI dual-
mode imaging is used through the development of PET/T1-MRI
bimodal mode probes. In this context, Zhu et al. developed
PET/MRI bimodal probes via the surface modification of PEI-
coated Mn;0O, nanoparticles with Cu® and folic acid (FA).'®°
The as-synthesized nanoprobes were injected in HeLa tumors
with both blocked and unblocked folate receptors, and it was
observed that the Cu®!-labeled nanoparticles acted as better
tracers in the non-blocked HeLa tumors even after 18 h of injec-
tion. Fig. 8 shows the micro PET images of the xenografted
HeLa tumor-bearing nude mice treated with the nanoparticles,
where the PEI-coated Mn;0, nanoparticles with Cu®* and folic
acid showed the maximum uptake.'®® In another work, Zhan
et al. synthesized and developed Mn;0, nanoparticles that were
conjugated with radionuclide copper-64 (**Cu) and anti-CD105
antibody, which helped in the targeted imaging of the tumor
vasculature in mice.'”® The, nanocomplex exhibited stability in
both in vivo and in vitro. The biodistribution study showed the
targeted accumulation of the manganese nanocomplex within
the breast tumor of the mice and its specificity was further con-
firmed. Fig. 9 shows the serial PET scan images of the Mn;O,~
radionuclide copper-64 (**Cu)-TRC105 (targeted), Mn;0,-radio-
nuclide copper-64 (*’Cu) (non-targeted) and Mn;O,-radio-
nuclide copper-64 (**Cu)-TRC105 with pre-incubated blocking
using TRC105. Therefore, this elucidates that the manganese

Targeted
“Cu-NOTA-FA-FI-PEG
-PEI-Ac-Mn,0, NPs

HeLa Tumor

Targeted
“Cu-NOTA-FA-FI-PEG
-PEI-Ac-Mn,O, NPs

HeLa Tumor
(FA Blocking)

Non-targeted
“Cu-NOTA-FI-PEG
-PEI-Ac-Mn,0, NPs

HeLa Tumor

Fig. 8 MicroPET images of nude mice bearing Hela xenografted
tumors at different time points post-intravenous injection of the %*Cu—
NOTA-FA—FI-PEG-PEI-Ac-Mn3O, NPs (targeted NPs), **Cu-NOTA-
FA-FI-PEG-PEI-Ac—-Mn3O, NPs with FA blocking, and ®*Cu-NOTA-
FI-PEG-PEI-Ac-MnzO, NPs (nontargeted NPs). The whole-body
coronal (top) and transverse (bottom) microPET images of nude mice
bearing Hela xenografted tumors are shown. Tumors are indicated by
arrows. Reprinted with permission from ref. 169 Zhu et al., ACS Appl.
Mater. Interfaces, 2018, 10, 34954-34964. Copyright©2018, the
American Chemical Society.
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Fig. 9 Serial coronal PET images of 4Tl tumor-bearing mice after
injection  of  ®*Cu-NOTA-Mn;O,@PEG-TRC105,  ®*Cu—-NOTA-
Mnz04@PEG, or *Cu-NOTA-Mnz0,@PEG-TRC105 after a pre-injected
blocking dose of TRC105. Arrowheads indicate tumor locations.
Reprinted with permission from ref. 170 Zhan et al., ACS Appl. Mater.
Interfaces, 2017, 9, 38304-38312. Copyright©2017, the American
Chemical Society.

Non-targeted

Blocking

nanocomplex can be efficiently used as potent T1 contrast
agents for cancer diagnosis."”’

6.9. Mechanism of action of manganese-based nanoparticles

Manganese-based nanoparticles are emerging as nhew-age
agents for biomedical applications in the area of transition
metal nanoparticles. All their applications such as drug delivery,
photothermal therapy, antimicrobial, and anti-angiogenic have
different mechanisms of action.””*'®'%!*! Manganese nano-
particles are readily used for drug delivery applications due to
their large surface to volume ratio, biocompatibility, non-toxicity
and efficient targeted delivery, increasing their sensitivity
towards the tumor microenvironment.”” The nanoforms of
manganese oxide even have oxidase-like feature, and hence are
referred to as nanozymes."'® This feature of manganese nano-
particles together with their multi oxidation states helps them
to act like antioxidants and scavenge ROS."'® Manganese has a
tendency to alleviate hypoxia, leading to an anti-tumor and anti-
angiogenic effect for assisting cancer therapeutics.'*! Further,
manganese nanoparticles exhibit good antimicrobial properties
(antibacterial and antifungal).'**'*?

For photothermal therapy, manganese nanoforms exhibit
oxidizing properties for alleviating the hypoxic condition by
interaction with H,0,, producing O, in the tumor microenvi-
ronment.”” This also prevents the limitation faced by photo-
thermal cancer therapy due to the hypoxic condition of the
tumor microenvironment.'>® Manganese nanoforms act as a
shell to prevent leakage of photosensitizers, where the photo-
sensitizers accumulate within the tumors during photo-
dynamic therapy.'®® Also, manganese-based nanoparticles are
slowly decomposed into Mn*>" ions, helping them to be T1 MR
contrast agents.'>® Besides photothermal and photodynamic
therapy, manganese nanoforms are efficient as fluorescence
quenchers and biosensors. The 2D manganese nanoforms
have light harvesting properties and conduct electrons, which
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are used for sensing (chemical and biological) in photo-
induced transfer mechanisms, fluorescence resonance energy
transfer (FRET), etc. Manganese nanosheets exhibit a broad
absorption peak in the NIR region. Considering that Mn is an
ultrathin semiconductor, it facilitates its use as a good broad-
spectrum quencher. The reduction of MnO, to Mn>" reverses
the MnO,-associated quenching influence and restores the
fluorescence of the associated compound.*” For example,
manganese nanoparticles can act as quenchers of upconver-
sion nanoparticles, which is relieved once H,0, reduces MnO,
to Mn>*.*®* Therefore, all these mechanisms elucidate the role
of manganese nanoforms for future biomedical applications.

7. Other applications of manganese
nanoparticles

Besides the biomedical applications of manganese nano-
particles, they have various other uses, as reported in the
literature.””*™*”®> As mentioned in the previous sections regard-
ing the role of Mn in living systems, Mn nanoparticles are used
as nutritional supplements. They have been used for reproduc-
tion, skeletal abnormalities, growth, etc. for all living animals.
Mn nanoparticles are readily used as aquatic food supplements.
For example, Asaikkutti et al. developed biosynthesized Mn;0,
nanoparticles as supplements in the diet of freshwater prawn
Macrobrachium rosenbergii.'”" The Mn supplements increased
the metabolism and antioxidant systems of the prawns, which
in turn enhanced their growth and survival.'”*
Manganese-based nanoforms have been reported to show
good electrochemical efficiency and used in lithium-ion bat-
teries together with supercapacitors.'”>™”* For example, Chen
et al. developed a composite containing graphene oxide-
manganese oxide nanocrystals, exhibiting electrochemical be-
havior, and therefore can be used as electrodes for different
devices, catalysis reactions and as adsorbents.'”” Some reports
in the literature regarding manganese nanoparticles exhibited
their optical and magnetic properties.'’® For example, Djerd]
et al. demonstrated the ferromagnetic property of manganese
nanoparticles using squid analysis.'”® Biswas et al. synthesized
manganese-incorporated ZnS nanorods having orange lumine-
scence and broad Lorentzian-shaped EPR spectra (with emis-
sions in the blue, orange and green regions) for emissive
device magnetic dipole interaction.’”” It is known that the
paper and textile industries release a huge amount of non-
degradable dye as natural carcinogens and environmental pol-
lutants. In some reports, manganese-based nanoparticles have
been shown to have degradation ability for dyes (safranin O
and Congo red).'”> Manganese has even been used for water
purification. The toxic forms of arsenic are considered major
water pollutants, which are responsible for hyperpigmentation,
circulatory disorders, and skin and liver cancer. For example,
Bajpai et al. developed manganese dioxide-coated sand, which
helped in the removal of arsenic contamination from water
bodies.'”® Similarly, Camacho et al. illustrated that manganese
dioxide modified with clinoptilolite-Ca zeolite removed
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arsenic from groundwater.”’® In the presence of cerium
ammonium nitrate and hydrogen peroxide, manganese oxide
nanoparticles possess good catalytic property for water oxi-
dation and epoxidation of olefins. These compounds also
perform epoxidation of aromatic and non-aromatic olefins in
the presence of bicarbonate ions and H,0,."%°

Besides, manganese nanoparticles have a huge impact in
agricultural applications including crop growth and ease from
abiotic stress, rendering the lowest toxicity compared to their
ionic and bulk counterparts."®" Nano metal oxide manganese
(NMO-Mn) plays a scavenging role and has been utilized as sor-
bents and fertilizers to increase the yield of crops. In agricul-
tural systems, Mn immobilized soil contaminants to increase
the crop health in staple foods such as wheat, rice, soybean,
and maize."® Accordingly, Ye et al. investigated the ability of
manganese oxide nanoparticles to reduce salinity stress in
Capsicum annuum to improve stress management in agricultural
yield.'®® Pradhan et al studied the detailed biophysical, bio-
chemical and molecular mechanism of manganese nano-
particles on Vigna radiata (mung bean, a leguminous plant).'®*
The manganese nanoparticles did not impart any toxicity
towards the mung bean plant compared to manganese sul-

Table 2 Biological applications of manganese nanoparticles
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phate, which is a commercially available manganese salt. Based
on the results, it was concluded that these nanoparticles can be
used as a biosafe micronutrient and nanomodulator in the agri-
cultural sector."®* Further, Pradhan et al. investigated the role of
nano Mn in non-nodulated plants. They found that nano Mn
increased nitrogen assimilation, uptake and metabolism com-
pared to the commercially available Mn sulphate salt.'®*

Table 2 presents the different biological applications of

. 29,32,61,82. 118-122,131-1. 140-14.
manganese-based nanoparticles,®>93%61,82,95,118-122,131-135,140-143,
145,150-153,155-159,161,164,168-171

8. An update of the toxicological
evaluation of manganese
nanoparticles

Nanomaterials have emerged as the leading candidates for
several biomedical applications. Thus, for their future clinical
implications, the toxicity of different nanomaterials should be
evaluated.’® The extensive utilization of manganese nano-
particles for various biomedical applications calls for their tox-

Manganese (Mn) conjugates Biomedical applications Ref.
MnO,-Fe;04@Si0,, NaYF,:Yb Drug carrier, quenchers 122
MnO, nanosheet-DNAzyme Gene slicing, bimodal cancer treatment 131
mMnO,-UCNPs@mSiO2-chlorin e6 Trimodal imaging, chemo-photodynamic 132
Mn-CoO-doxorubicin Anticancer activity 133
MnFe,0, Np Drug delivery 134
MnO,-Au nanorods Efficient delivery of doxorubicin 135
Mn nanoparticle Anti-angiogenesis 140
MnO,-sorafenib Treatment of cancer, MRI 141
Mn;0, nanoparticle Antibacterial 143
Mn-Cinnamomum verum bark extract Antimicrobial activity 142
Mn-curcumin-lemon methanolic extract Antibacterial and antifungal activity 95
Manganese ferrite—citric acid Antifungal activity 134
MnO-bentonite clay Antibacterial and antifungal activity 145
Mn;0, nanoparticle Scavenges ROS 82
MnO extracts of Cussonia zuluensis Antioxidant activity 150
MnO,-BSA Invitro antioxidant activity 151
MnO,-BSA Detect goat anti-human IgG 118
MnO, nanoparticle Detect and quantify GSH 120
MnO,-Janus DNA RNA imaging 121
MnO, nanozyme Antioxidant 119
Mn;0, Mimics activity of redox enzymes 61
MnO, Photothermal therapy 156
MnO,-chlorine e6 sensitizer (Ces)-PEG T1 MR contrast agent 153
MnO,-SiO,-methylene blue MRI imaging, photothermal therapy 155
MnO,-BSA NIR photothermal antitumor therapy 152
Co/MnO, nanocrystals MR imaging, antitumor activity 157
MnCO;@PDA NPs MR contrast agent, anticancer 158
Fp-Pd@MnO, Chemo-photothermal therapy 159
Citrate-Mn-doped magnetic nanoclusters ROS mediated photothermal therapy 29
MnO,-Sterculia lychnophora Alkaline phosphatase detection 32
Ca0,/MnO,@PDA-MB Cell imaging, photothermal therapy 161
UC-MnO, Fluorescence detection 164
MnO, nanosheet-HCR miRNA detection 133 and 134
MnO-L-cysteine-PEG Contrast agents for T; weighted MRI 8
PEG-MnO-aptamer Dual mode imaging (PET and MRI) 168
Mn;0,4-PEI-Cu®*~folic acid Bioimaging 169
Mn;0,-**Cu-TRC105 T1 contrast agent 170
Mn;0, NP Food technology 171
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icity assessment both in vitro and in vivo."**'® There are
reports regarding the toxicity studies of the manganese nano-
particles, both in vitro and in vivo."*"'®¥1%° For example, He
et al. synthesized manganese dioxide nanosheets-carbon dots
with a quenched fluorescent system for sensing glutathione in
aqueous solutions.’®* The nanocomplex exhibited low cyto-
toxicity to HeLa cells at a concentration below 30 pg mL™"
within 24 h.'®* Similarly, Yan et al. designed and fabricated
GQD with manganese nanoforms to exhibit least toxicity
towards MCF-7 cell lines at a concentration of 40 pg mL~".'%?
Manganese nanoparticles have been found to affect neurobeha-
vior and the functions of dopaminergic neurons. For example,
Li et al. intracerebrally injected manganese nanoforms in the
substantia nigra and ventral tegmental area of the brain in
Sprague-Dawley rats.'*® The neurological behavior of the rats
was evaluated using a Morris water maze test and immunohisto-
chemistry. The results revealed that the escape latencies of the
nanoparticle-treated rat increased with respect to the control.
Also, the manganese-treated groups exhibited tyrosine hydroxyl-
ase (TH)-positive cell reduction with an increase in inducible
nitric oxide synthase (iNOS) and glial fibrillary acidic protein
(GFAP) positive cells within the lesion side of the rat brains with
respect to the contralateral area. Fig. 10 illustrates that the
amount of GFAP-positive cells in the damaged side (Fig. 10A
and C) is more than that in the contralateral (Fig. 10B and D)

Fig. 10 GFAP immunohistochemical staining of the hippocampus of
rats (400X, bar = 50 um). (A) Damaged side, nano-MnO, group; (B) unin-
jured side, nano-MnO, group; (C) damaged side, 6-OHDA group; (D)
uninjured side, 6-OHDA group; (E) damaged side, saline group; and (F)
uninjured side, saline group. Reprinted with permission from ref. 190 Li
et al, Int. J. Environ. Res. Public Health, 2014, 11, 7918-7930.
Copyright©2014 Li et al.
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and saline control damaged side (Fig. 10E and F). Therefore,
the alteration in the spatial learning techniques of rats in the
manganese-treated groups resulted in neuronal dopaminergic
dysfunction and activation of astrocytes."*

There are reports of the clearance of manganese nano-
particles through the renal route. For example, Zhou et al
designed and synthesized very small manganese and gallium-
doped copper sulphide nanodots with bovine serum albumin
(BSA) as a template for triple modal imaging and photother-
mal therapy.'®® These imaging systems confirmed that the
nanoparticles are efficiently cleared from the body via the
renal urinary route, thus minimizing their toxicity towards
non-tumor organs. Fig. 11 exhibits the renal clearance of the
nanoparticles through MR imaging (Fig. 11A) and photoacous-
tic imaging (Fig. 11B), which shows that the nanoparticles
were cleared through the renal route.'®® In another work, Xu
et al. synthesized manganese-melanin nanoparticles as MRI
contrast agents for in vivo tumor targeting.'®* Further, the
authors claimed that these nanoparticles were found to be less
toxic than the clinically approved MRI agent Gadodiamide.
The manganese-melanin nanoparticles were also cleared from
the body via the hepatobiliary and renal system, proving to be
less toxic to the body organs with specific tumor targeting
capability.’®* Considering that the application of manganese-
based nanoparticles has been increasing recently, their effect

Fig. 11 Renal clearance. (A) In vivo MR imaging of mice kidneys before
and after intravenous injection of NDs of varying time. Kidneys are indi-
cated by orange arrows. (B) In vivo PA imaging of mice kidneys before
and after intravenous injection of NDs of varying time. Reprinted with
permission from ref. 193 Zhou et al., Appl. Mater. Today, 2018, 13,
285-297. Copyright©2018, Elsevier Ltd. All rights reserved.

Nanoscale, 2021,13,16405-16426 | 16419


https://doi.org/10.1039/d1nr04964j

Published on 06 September 2021. Downloaded on 4/29/2026 10:31:27 AM.

Review

on the reproductive health of living organisms is a major
concern. Accordingly, Yousefalizadegan et al. studied the
reproductive toxicity of micro- and nanoforms of manganese
dioxide on the spermatogenesis of male Wistar rats.'®
Subcutaneous injection of nano/microparticles of manganese
dioxide (100 mg kg ') reduced the number of spermatocytes,
sperms, spermatogonia, motility of sperms and diameter of
seminiferous tubule. However, there was no significant effect
on the production of testosterone, estradiol hormone and the
weight of the epididymis, prostate and left testicle.'”

In a different study, Feng et al. investigated the magnetic tar-
geting and tumor microenvironment response of magnetic
nanoconjugates with an iron carbide-glucose oxidase-manga-
nese nanoshell."”® The clearance and toxicity profile of the nano-
particles were studied, which showed that intravenous injection
of these nanoparticles into mice resulted in time-dependent
clearance (especially through the kidney and liver). The histo-
compatibility profile had no pathological abnormalities in the
liver, spleen, heart, kidney, lung. Also, a low impact was observed
on hematological parameters such as mean corpuscular hemo-
globin, hemoglobin, red blood cells, and hematocrit value. Also,
the biochemical assays showed that the liver enzymes alanine
aminotransferase (ALT), alkaline phosphatase (ALP) and aspar-
tate aminotransferase (AST) remained normal, indicating
healthy liver function.'® In another type of work, Zhu et al. con-
structed multifunctional nano-sonosensitizers using meso-
porous organosilica integrated with MnO, nanoparticles conju-
gated with cyclic arginine-glycine-aspartic pentapeptide (target-
ing peptide) and protoporphyrin (sonosensitizer).'®” The in vivo
excretion and biocompatibility of the nanoforms were evaluated.
The results revealed no significant difference in the blood
indexes (ALT, AST, ALP, red blood cell count, creatinine, white
blood cell count, mean corpuscular hemoglobin concentration,
etc.) and body weight upon intravenous injection with the nano-
conjugates in a dose-dependent manner. The hepatochemistry,
physiochemistry and serum parameters also indicated that the
nanoparticles exhibited no toxicity."®”

Manganese plays a role in the proper functioning of the
nervous system through neurotransmitter uptake and release.
However, excess manganese can cause neurotoxicity such as
Alzheimer’s and Parkinson’s disease, a common form of
dementia (caused by the formation of neurofibrillary tangles)
together with rigidity, tremors, and bradykinesia.'*®
Imbalanced oxidative stress due to the decreased activity of
antioxidant enzymes, induction of nitric oxide synthase in
astrocytes, accumulation of inflammatory cytokines and lipid
peroxidation mediate Alzheimer’s and Parkinson’s disease.
Accordingly, Tong et al. illustrated that a higher concentration
of Mn caused increased plasma amyloid beta peptides, leading
to Alzheimer’s.®® Excess Mn accumulation leads to a con-
dition called manganism, the phenotypic features of which are
analogous to idiopathic Parkinson’s disease.’® The Mn-
related parkinsonism affects dopaminergic neurons together
with monoaminergic neurotransmitters within the basal
ganglia and other limbic features.>** Mn also plays a second-
ary role in mitochondrial dysfunction, which is mainly
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involved in these neurological diseases.>>*°* Mn induces mis-
folding and accumulation of the alpha-synuclein protein,
which plays the primary role in the pathology of Parkinson’s
disease.?®* Therefore, an imbalance of oxidative stress and
mitochondrial metabolism is involved in Mn-induced neuro-
toxicity responsible for neurological disorders. Manganese
neurotoxicity was first reported in 1937 in a manganese-based
bleach manufacturing company, which was the largest hypo-
chlorite bleaching power producer at that time. Also, during
the First World War, 9 patients developed neurological impair-
ment in different continental regions of Europe.*®2°%:20¢

In an agricultural area, Pradhan et al investigated the
in vitro and in vivo toxicity of manganese nanoparticles for
their utilization as micronutrient in nitrate assimilation com-
pared to the commercially utilized manganese sulfate.'®> The
manganese nanoparticles were non-toxic to the mice brain
mitochondria except for the partial impairment of complex II
and III in the electron transport chain, and thus can be used
as an alternative nanofertilizer.'®® For the first time, Ghosh
et al. reported the genotoxic effect of manganese nanoparticles
at a high concentration (20 pg mL™"), causing DNA hypo-
methylation in Physcomitrella patens (moss).>”” The DNA
strand breaks were analyzed via the comet assay, showing the
generation of reactive oxygen species due to the uptake, intern-
alization and dissolution of manganese.>*”

9. Future perspective and challenges

The advancement of transition metal nanotechnology invol-
ving manganese in the field of biology has paved the way
towards advanced therapeutic applications in biomedical
science.’”® Manganese nanoforms having unique structural
and functional features are widely explored for various bio-
medical and other applications.”®® Manganese nanoforms
have been readily explored for targeted delivery at specific
locations, antimicrobial activities, as nanozymes to prevent
damage from oxidative species, photothermal therapy and bio-
imaging activities.>”>*

However, despite their various biomedical applications,
there are certain drawbacks or challenges regarding manga-
nese-based nanoparticles, which hamper their further progress
in the commercial field.'®® Firstly, the large-scale production
of manganese nanoparticles at the industrial level requires the
use of a large amount of organic solvents, high temperature
reactors, centrifugation, milling, sonication, filtration, etc.*'® A
minor change in these reaction-generating conditions can lead
to unstable, inactive and undesirable compounds.®® Secondly,
nanoparticles due to their small size have a tendency to target
non-specific healthy cells together with tissues.'®® The target-
ing by nanoparticles should be specific to decrease their non-
specific toxic effects. Thirdly, the permeability and diffusion of
nanoparticles through the cell barrier are a crucial challenge
related to their uptake and efficacy.'*®*'"*'> The main block-
ades related to the intravascular delivery of nanoforms are
immune rejection, clearance issues from the liver, spleen and

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr04964j

Published on 06 September 2021. Downloaded on 4/29/2026 10:31:27 AM.

Nanoscale

kidney, permeability in the target organs, receptor-mediated
entry into cells, diffusion through the cytoplasm, and nucleus
entry.””® Fourthly, the toxicity of nanoparticles needs to be
evaluated given that human health risks associated with the
increased emergence of nanoforms are a major challenge for
their application. Detailed toxicological evaluations are a
major part for the use of nanoparticles.>'**'* Fifthly, the
immunogenicity (immune response generated inside the
animal by nanoparticles) study should be properly assayed
prior to their use as diagnostic and therapeutic agents in the
near future.'® The biodegradability and clearance of nano-
particles from living systems are a major concern. Liposomal
formulations are easily cleared from the body within a short
time. However, metal nanoparticles can sometimes exhibit
slow metabolic degradation."*"'%® Besides, manganese nano-
particles also play a significant role (as macro/micro nutrient)
in plant growth and metabolism, where their slower release
properties reduce the abiotic stress of plants.”’® However,
certain challenges such as their complete mechanisms (plant-
nanoparticle interaction, transformation, translocation and
transportation studies) are poorly understood. Thus, detailed
studies are required for crop stress management to improve
the agricultural yield.

Future perspectives towards the development of efficient
manganese-based nanoparticles for various biomedical appli-
cations involve different factors. During the initial develop-
ment of manganese nanoparticles on the lab scale, suitable
approaches should be considered for their large-scale manu-
facture, considering the synthesis conditions for a larger yield,
better quality and higher efficiency of the nanoparticles.'***8¢
Therefore, factors such as ecofriendly, low cost, biocompatible
synthesis, reproducible formulation of the nanoparticle, and
characterization are to be tested prior to their commercializa-
tion. Also, the production cost should be verified to enter the
global market for high quality production strategies. Next the
specificity of the nanoparticles should be modified for active
targeting using targeting agents such as peptides, integrins,
and drugs for increased therapeutic efficacy and less toxic
effects.>'® Further, the diffusion and entry blockades of nano-
particles should be given the utmost care for their efficient
therapeutic ability. The size, shape, charge and other struc-
tural and functional parameters should be consistent for
proper permeation within target organs. Also, detailed toxicity
profile (long-term toxicity study such as bioaccumulation/bio-
distribution, dosage, renal clearable properties, metabolism,
and pharmacodynamic and pharmacokinetic profiles) and
immunological studies need to be evaluated properly by using
different animal models prior their FDA approval and clinical
application.*'*?'7?'® Currently, there are several nanoparticles
that are either US FDA approved or undergoing clinical trials.
Although most of the nanoformulations that are FDA approved
are inclined towards liposomal, polymeric and nanocrystal
compounds, there is an increasing trend for the development
of protein-based nanoparticles, micelles and inorganic metal
nanomaterials for clinical trials.?*®?*® Therefore, Mn nano-
particles will have future opportunity to be FDA approved
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drugs for various biomedical applications after their proper
bio-safety evaluation in large animals and humans in the
future. The earlier discussed Section 8 highlighted several
reports of in vitro and in vivo toxicity studies of manganese-
based nanoforms. Moreover, the mechanism behind the bio-
degradability and clearance of metal nanoparticles is currently
considered an active area of nanotechnology research.
Considering all the above-mentioned facts, manganese-based
nanoparticles hold a promising future in biology, medicine
and other industrial sectors.

10. Conclusion

Over the last decade, the use of the manganese-based tran-
sition metal nanoparticles has revolutionized theranostics
applications in the field of biology through their multifunc-
tional features. Referring to its presence in living systems,
manganese is widely applied for drug delivery, as anti-
microbial agents, anti-angiogenic agents, enzymes, photother-
mal agents, fluorescence agents, etc. Considering the potential
biomedical applications of manganese, the discovery of new,
efficient, economically cheap, safe manganese nanomaterials
that can be utilized as an alternative treatment strategy for
various diseases is urgently required. Therefore, scientists
globally are designing new size- and shape-dependent manga-
nese-based nanomaterials by changing the reaction para-
meters during their synthesis thorough chemical, physical and
biological synthetic approaches. Manganese-based nanoforms
can be readily utilized in the commercial market in combi-
nation with other compounds depending on the advancement
stages with optimization and after their proper biosafety evalu-
ation. The other factors including efficacy, metabolic fate,
immunogenicity and pharmacokinetic studies should be prop-
erly evaluated before their commercial utilization. Considering
that manganese offers multiple benefits not only in healthcare
but also in the electronics, food, water and textile industries,
the current comprehensive review article will attract a wider
spectrum of the scientific community (both specialized and
non-specialized).

Abbreviations

AA Ascorbic acid

AAP Acidic phosphoric acid

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

ATP Adenosine triphosphate

BSA Bovine serum albumin

CAM Chorioallantoic membrane assay
DNA Deoxyribonucleic acid

DOX Doxorubicin

EDX Energy dispersive X-ray analysis
EELS Electron energy loss spectroscopy
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FESEM  Field emission scanning electron microscopy

FRET Fluorescence resonance energy transfer
GFAP Glial fibrillary acidic protein

GSH Glutathione

GQD Graphene quantum dots

HCC Hepatocellular carcinoma

HDL High-density lipo-protein

HRP Horseradish peroxidase

HRTEM  High resolution transmission electron microscopy
iNOS Inducible nitric oxide synthase
MRI Magnetic resonance imaging

NIR Near infrared

NPs Nanoparticles

PDA Polydopamine

PEG Polyethylene glycol

PET Positron emission tomography
PVP Polyvinylpyrrolidone

PS Photosensitizer

Mn Manganese

MnSOD  Manganese superoxide dismutase
OPD o-Phenylenediamine

RBC Red blood cell

RDI Reference daily intake

ROS Reactive oxygen species

RNA Ribonucleic acid

SEM Scanning electron microscopy
SQUID Superconducting quantum interface device
TEM Transmission electron microscopy
TH Tyrosine hydroxylase

TMB Tetramethylbenzidine

ucC Upconversion

U.S. FDA U.S. Food and Drug Administration
NRC National Research Council

XRD X-ray diffraction
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