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Compromised immune individuals are chiefly affected by transmitted infectious agents or toxicants
reflected by the annual demise of over 17 million globally. The conventional chemotherapy suffers
from its high-dose requirements, poor bioavailability, low therapeutic indices, adverse side effects,
development of multi-drug resistance, disability of crossing the biological barriers, and non-specific
targeting. To overcome all the barriers, nanotechnology-based drug delivery systems have attracted
attention as probable nanomedicine for the treatment of diseases. Manganese nanomaterials (MnNMs)
such as manganese, manganese oxides and phosphate nanoparticles have gained interest owing to
their suitable nanosize structures, easy surface modifications capability, cargos-vectoring ability,
oxidative and non-oxidative microbicidal and anti-carcinogenic activities, photothermal effectivity
and easy membrane penetrating ability to damage the cells. This review illustrates the recent advances
regarding their synthesis, functionalization, mechanism of action, therapeutic efficacies, toxicity,
biodistribution, pharmacokinetics and elimination for the application in targeted delivery as potential
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therapeutics against infectious diseases and cancer.
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INTRODUCTION

Emerging infectious diseases and cancer including brain tumor
are caused by the administration of microbes and toxicants.
Generally, the human antioxidant defense system and innate
and acquired immune system have the capability to protect the
body from the infection and disease -initiation (Mandal, 2021).
However, toxicants, contagious and virulent agents, or
microorganisms are transmitted into the host body
overpowering body defense mechanisms to initiate site-
infections by their multiplications and / or intra and extra -
cellular host cells -injuries in the body resulting in tissue
damage (National Institutes of Health (US), 2007). Tumor cells
acquire resistance by increasing the intracellular glutathione
(GSH) levels to neutralize intracellular reactive oxygen species
(ROS) through hydrogen donation, and proliferate rapidly in
the distorted tumor vasculatures due to the insufficient oxygen
supply in tumor microenvironment by activating the hypoxia
inducible factor (HIF) linked to cell proliferative signals
(Bump and Brown, 1990; Brown, 2007; Muz et al., 2015;
Teicher, 1995; Vaupel and Mayer, 2007; Rapisarda and
Melillo, 2010).

The treatment of these diseases is hampered by drug for
occurring drug resistance from re-emerging diseases, as well as
for its non-specificity, toxicity, insolubility, non bio-
accessibility to cells owing to biological barriers and non-
specific targeting capability. To overcome these barriers,
nanotechnology based metallic manganese nanoparticles have
been developed as therapeutic agents for the treatment of
infections and cancer. Manganese (Mn) and its oxidized
chemical forms (MnO, or Mn;O,), the abundant transition
element on the earth, have an important implication as
micronutrient to maintain the proper growths, developments
and functions of living organisms. As a cofactor, it activates
many enzymes such as superoxide dismutase, galactosyl
transferase, arginase, agmatinase, pyruvate carboxylase and
glutamine synthetase for proper development of bones, cell
structures, metabolism, mitochondrial antioxidant system and
cell mortality (Avila et al., 2013; Schrantz et al., 1999). The
nanoscale’s materials have a large surface area to volume
proportion which enhances not only their unique physical and
chemical characteristics such as drug-absorption, reactivity
with biological molecules, strength, sensitivity and stability
including catalytic, electronic, optical, magnetic and
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antimicrobial activities but also their penetrating features
across the biological barriers (Born et al., 2006; Hoseinpour
and Ghaemi, 2018; Jalal et al., 2010; Krolikowska et al., 2003;
Zhao and Stevens, 1998; DelJong and Borm, 2008; Greish,
2010). As the materials, at the nanoscale level, can permeate
into the cells creating membrane injury and generating reactive
oxygen species (ROS), the cells or tissue may be damaged
effectively (Apperlot ef al., 2009; Shankar et al., 2009). In this
context, nanomaterials may be easily functionalized on their
surface with various ligands to get significant changes in their
specific properties according to their needed biological
applications. The cargos may be attached by conjugating
selected ligands, sugars, proteins and antibodies for selected
binding activity to specific target cells to improve their
targeted drug delivery abilities and therapeutic efficacies at the
pathological site/s (Mody et al., 2010). Conjugation of cargos,
proteins, sugars and antibodies onto the surface of metal
nanoparticles, protect them from the body’s immune system
extending their blood circulation time and thus their proper
accumulation at the specific site/s of interest. Moreover, metal
nanoparticles possess unique physico-chemical surface charges
which enable them to act as potential therapeutics for the
treatment of infections and diseased cells. Metallic
nanomaterials, with or without ligand binding, accumulate
actively to tumor cells via over-expressed antigens and through
the enhanced permeability and retention (EPR) effect, or
traverse through the enlarged pores in the capillary
endothelium of the tumors passively (Maeda et al., 2000; Koo
et al. 2011; Sudimack and Lee, 2000; Zhang et al., 2002;
Mandal et al., 2014). In this concern, manganese dioxide
nanoparticles (MnO, NPs) can catalyze hydrogen peroxide
(H,0,) to water (H,O) and molecular oxygen (O,) to reduce
tumor hypoxia as a crucial mediator (Zhu et al., 2016; Yang et
al., 2017). Furthermore, manganese nanomaterials loaded with
cargos may be anchored or coated on surface with
biocompatible polymers such as poly (ethylene glycol) (PEG)
phospholipid, poly (lactide-co-glycolide) (PLGA), polyvinyl
pyrrolidone, polyacrylic acid, and salicylalchitosan to prevent
the degradation of drugs in the process of delivery with a
controlled manner of cytotoxic drug release to the disease
zone/s with adequate dosage without harming healthy tissue
(Na et al., 2007; Cho et al., 2017; Haneefa et al., 2017; Sana et
al., 2017). This review focuses on the manganese
nanomaterials as potential delivery system for the treatment of
infectious diseases and cancer, based on their biological
efficiencies.

Synthesis of manganese nanomaterials
Synthesis of manganese nanoparticles

Few methods of synthesis of Mn NMs-composites are
described below:

The MnNPs may be synthesized utilizing air-free glovebox and
Schlenk techniques. In this synthesis, 260 pL of oleic acid and
50 mg of MnCl, are mixed in an argon glovebox and added to
10 mL of diphenyl ether in a three-necked round-bottom
Schlenk flask fitted with a rubber septum, thermometer adapter
and condenser. In another Schlenk flask, 5 mL of diphenyl
ether is mixed with 3 mL of 1.6 M n-butyl lithium (n-BuLi) in
hexanes, and capped with a rubber septum. In this context, n-
BuLi acts as a reductant to reduce Mn”" to zerovalent Mn in a
diphenyl ether solution, while oleic acid sticks to a thin
amorphous oxide shell to coat the a-MnNPs for getting air-

stability. After preparation, both the flasks are removed from
the glovebox to connect to a Schlenk line under highly pure
argon. After that, the metallic salt solution is warmed up to
200°C, and the n-BuLi solution is inoculated before removing
the hexane from the n-BuLi solution by vacuum for the
prevention from the over-pressure during injection. The
solution turns to black from a blue-gray color instantly,
followed by stirring for 20 min and then removal from the
hotness. All the workups and the yield separation procedures
are accomplished in the glovebox. The MnNPs may also be
synthesized in another way. A freshly prepared aqueous
solution (10 mL) of manganese acetate (I mM) is admixed
with pure lemon extract (10 mL) in a beaker and stirred for the
reduction of manganese ions at 50-60 ‘C for 1 h to get pale
yellow color from pale green. The freshly prepared curcumin
extract (1 mM) may be added to the above solution to stabilize
the nanoparticle with stirring for an additional 1 h. The change
in color from yellow to yellowish brown and finally to reddish
brown indicates the complete stabilization of MnNPs. pH
between 3 and 4, temperature at 50-60 "C, and double distilled
water are maintained and used throughout the experimental
reaction. The solution is spun several times with washing to
get pure MnNPs, while supernatant is decanted and kept in
oven for drying.

For the synthesis of MnNPs, 2g air dried plant extracted
powder is boiled with 30 mL sterile distilled water in a 100 mL
Erlenmeyer flask for 2 min. After boiling, the solution mixture
is filtered through the Whatmann no.1 filter paper. Then 5 mL
of plant extract is adjoined to 25 mL of 1 mM potassium
permanganate (KMnQO,) solution. The A max at various time
intervals are taken of the red color formed solution for 8§ h
utilizing UV-Visible spectroscopy. The solution is kept at
room temperature for 24 h to settle nanoparticles completely.
After that, the reaction mixture is spun and the supernatant is
discarded. The pellet is suspended with 1 mL distilled water
and cleansed by centrifugation. The pellet is collected by using
alcohol / acetone / ethylacetate, dried, and stored as
nanoparticles.

Synthesis of manganese oxide nanoparticles: 8g of dried
powder of leaf extract is boiled with 200 mL of distilled water
in an Erlenmeyer flask. The solution is cooled and spun at
3500 rpm for 15 min. The floating is collected in a colored
bottle to store at 4’C. For the synthesis of MnO, NPs, various
ratios (10, 25, and 50 %) of leaf extort and the aquatic solution
of 0.01 mM manganese acetate [(CH3;COO), Mn.6H,0] at
various pH (4, 6 and 8) are put together and stirred at room
temperature for different time (40, 80 and 120 min). The
deposits are collected by spinning of each sample with
washing utilizing ethanol and distilled water several times, and
then suspended in 7 mL of distilled water for the analysis to
characterize them. For the synthesis of MnO, NPs in another
way, 1:1 ratio of 1 M MnO, and the plant flower extract are
mixed in a flask, and stirred at 100 rpm for 4 h. The resultant
nanoparticles are purified by washing after spinning at 10000g
for 20 min through the collection of pellets. The pellets are
then freeze-dried and stored at -80°C for further
characterizations. MnO, NPs may also be synthesized by co-
precipitation method utilizing two different anions of
manganese salts (manganese II sulphate and oxalate). 0.2 M of
both equal concentrated salts are admixed and stirred at 60°C
to maintain the pH at 12 by adding NaOH solution, and
continued stirring for 1 h at 60°C. The formed brown
precipitate is filtered and cleansed with ethanol.
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The precipitate is dried at 100°C for overnight, and then kept in
muffle furnace at 500°C for 4 h.

Surface functionalizations of manganese nanomaterials: 1
mM of the salicylalchitosan (SC) is dissolved in ethanolic
acetic acid mixture completely on a hot magnetic stirrer for 1
h. 1 mM of synthesized manganese nanomaterials are mixed
slowly to the hot solution, and continued hot stirring for 2-3 h.
The color changes from the dark brown to slow appearance of
pale brown denote their functionalization. The reaction mixture
is spun, cleansed several times with double distilled water and
ethanol, and dried for further analysis. MnO, NPs are
stabilized and functionalized with biocompatible polymers
such as polyvinylpyrrolidone (PVP) and polyacrylic acid
(PAA). In this functionalization, 31.5 mg KMnO, is liquefied
in 9 mL of deionized (DI) water followed by stirring at 25°C
for 30 min, and adding of 1 mL of PVP solution (37.4 mg / mL
DI water). After 15 min, the same amount of PAA like PVP
solution is adjoined to the reaction mixture. The change of
color-solution from violet to wine takes place within 2 min.
The stirring is continued at 25°C for an additional 15 min. The
larger precipitates are removed by spinning at 5000 rpm. The
supernatant is dialyzed for 60 h for removing unreacted free
polymers and KMnO,, and then freeze-dried for obtaining a
brown powder of nanoparticles.

Characterisation of manganese nanocomposites: The
formation, stability and biofunctionalization of manganese
nanomaterials are determined by UV-Visible spectroscopy.
The Mn contents in MnO, NPs are analyzed by inductive
coupled plasma mass spectroscopy. The morphology of
manganese nanocomposite materials is determined by
transmission electron microscopy and scanning electron
microscopy. The crystallinity of the synthesized MnO, NPs is
detected by X-ray diffractometry. The purity and the nature of
the synthesized MnO, NPs and functionalized NPs are detected
by Fourier transform infrared spectroscopy. The hydrodynamic
size and zeta potential of the MnO, NPs are determined by
dynamic light scattering. The element mappings of MnO, NPs
are detected by energy dispersive X-ray spectroscopy.

Mechanisms of action of manganese nanomaterials: The
mechanistic actions of MnNMs imply to the generation of free
metal ions -toxicity from the dissolution of nanoparticles-
surfaces, oxidative stress owing to the production of ROS on
nanopaticles-surfaces, and non-oxidative mechanisms for their
metallic physico-chemical characteristics (Mandal, 2017;
Mandal, 2017a; Mandal, 2018; Mandal, 2018a; Mandal, 2019;
Aderibigbe, 2017; Sirelkhalim et al., 2015; Hajipur et al.,
2012; Baker et al., 2005; Dizaj et al., 2014; Zong and Wang,
2014) (Figure 1 & Figure 2).
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The release of manganese ions or generation of ROS on the
nanoparticles-surfaces may disrupt the cell walls by interaction
or penetration the cell membranes, damage or modify
membrane potential, inhibit CD4 dependent virion binding,
block attachments, inhibit receptor binding sites, inhibit t-RNA
binding to ribosome, decrease ATP level, leak intracellular
contents, hamper cell differentiation, damage vital enzymes
leading to the death of microbial or cancerous cells. Owing to
the larger surface to volume ratio and nanosizes, the MnNMs
can cross the membrane barriers and may be absorbed into the
blood stream (Singh et al., 2011). Characteristically, tumor
microenvironment displays mild acidity, GSH/H,0, overproduction
and hypoxia (Dai ef al., 2017; Liu et al., 2018). To overcome these
barriers, stable manganese oxides nanoparticles (MnOs NPs) have
been designed for acting against tumor microenvironment. Firstly, all
MnOs NPs can exhibit acid-responsive behaviors as transition metal
oxides. Secondly, they can show activities of catalase (CAT) to
catalyze H'/H,0, into oxygen (O,) and Mn®" (equations 1-5)
(National Institutes of Health (US), 2007; Bump and Brown, 1990;
Brown, 2007; Muz et al., 2015; Teicher, 1995) . Thirdly, oxidizing
MnOs NPs can mimick glutathione peroxidase (GPx) for oxidizing
GSH to GSSG (equations 6-9) (Vaupel and Mayer, 2007; Rapisarda
and Melillo, 2010; Avila et al., 2013; Schrantz et al., 1999). The
generated Mn?" can catalyze H,0, to produce hydroxyl radical (OH)
and Mn** by Fenton-like reactions (equation 10) (Born et al., 2006),
and the resultant Mn®*" can catalyze H,0, for producing superoxide
anion (‘O,") and Mn?" (equation 11) (Hoseinpour and Ghaemi, 2018)
to destroy microbes and diseased cells.

MnO, + H,0, + 2H" - Mn*" + 2H,0 + O,
MnO +2H,0, + 2H" = Mn*" +3H,0 + O,
Mn,0; + H,0, +4H" - 2Mn*" 3H,0 + O,
Mn;0, + H,0, + 6H" = 3Mn*" +4H,0 + O,
MnO, +H,0, +2H" - Mn** + 2H,0 + X / 20,
MnO, + 2GSH + 2H" = Mn*" + GSSG + 2H,0
Mn,O; + GSH + H" - Mn*" + GSSG + H,0
Mn;0, + GSH + H" - Mn®" + GSSG + H,0
MnOy + GSH + H" - Mn*" + GSSG + H,0

B W N —

O 00 3 O\
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Mn** + H,0, » Mn** + ‘OH + OH 10
Mn** + H,0, + OH -» Mn>" + ‘0, + 2H,0 11

Moreover, manganese dioxide nanoparticles may act as non-
invasive photodynamic therapeutics, owing to their excellent
metallic physico-chemical features for the treatments of
diseases, in which the excited photosensitizer can undergo type
I electron transfer or type II energy transfer reactions to
generate ROS resulting in necrosis or apoptosis of diseased
cells (Gao et al., 2017; Aderibigbe, 2017).

The rapeutic applications of manganese nanomaterials:
Manganese nanomaterials have been served as therapeutic
agents for antimicrobial activity, chemotherapy, gene therapy,
peptide / antibody therapy, immunotherapy, magnetic
hyperthermia, starvation therapy, photodynamic therapy
(PDT), chemodynamic therapy (CDT), sonodynamic therapy
(SDT), photothermal therapy (PTT), radiotherapy (RT) and
different combination therapy.

Antimicrobial activity: The various functionalized and non-
functionalized manganese and manganese NPs have shown
their antibacterial and antifungal activities against different
bacterial and fungal strains through exhibiting various
diameters of inhibition zone using agar well diffusion method
(Cherian et al., 2016; Haneefa et al., 2017; Haneefa et al.,
2017a; Jayandran et al., 2015). Their suitable characteristics
such as nanosizes, different shapes with high surface area,
adsorption, high chemical reactivity and charge have enabled
them to interact efficiently with the biological systems to cause
effective antimicrobial suppression (Wang et al., 2017).
Biofilm formation due to antibiotic resistance in bacteria and
their swimming motility ability have been reduced by MnO,
NPs observed in soft agar medium (Ogunyemi et al., 2019;
Mandal, 2018a). The transmission electron microscope study
correlates the disruption in the morphology of the cell through
its penetration by metallic NPs resulting in damage of the cell
membrane and leakage of cell contents, while flow cytometry
study relates the internalization of the NPs in live bacteria
resulting in cell injury and ultimately apoptotic / necrotic cell
death (Ogunyemi et al., 2019).

Chemotherapy: Manganese oxide NPs have been utilized to
enhance chemotherapeutic drug delivery on the basis of TME-
responsive drug release, circumventing multidrug resistance
(MDR) and autophagy induction. For selective and controlled
drug delivery into TME-site, pH, GSH and H,O, -responsive
DOX-loaded manganese oxide NMs are generally used to get
their higher therapeutic efficacies evidenced by the high
accumulation of drug within cancer cells through intracellular
drug release (Chen et al., 2014; He et al., 2015; Ren et al.,
2018). To overcome circumventing MDR, while P-
glycoprotein (P-gp), the membrane bound ATR-binding
cassette transporter encoded by MDRI1, capable to pump free
drug from the cytoplasm out of the cancer cell, drug-loaded
manganese oxide NMs or their composites as
chemotherapeutics have been applied to decrease the over-
expression of P-gp by delivering more drug inside the cell and
to decrease tumor hypoxia by generating O, and reducing the
over-expression of HIF-1 (Yu et al., 2018; Thomas and Coley,
2003; Meng et al., 2010; Du et al., 2019; Zhang et al., 2017).
Autophagy, the lysosome-dependent catabolic cellular salvage
pathway to degrade biological macromolecules or a portion of
abnormal organelles for reducing self-damage and maintaining
the cellular homeostasis, is also responsible to induce cell

death directly in its excessive or aberrant state (Li et al., 2009).
DOX-loaded manganese oxide NPs can enhance
chemotherapeutic efficiencies of drug by inducing autophagic
cancer cell death forming autophagosome (Lu ef al., 2013).
DOX-loaded, oleic acid-coated hollow manganese oxide NPs,
composite NMs such as UC NPs@mSiO,-DOX-MnO,,
Fe;04,@Si0,/NaYF,-DOX-MnO,, with or without coated
PEG, have been applied to TME-site where MnO, is reduced to
Mn*" ions by GSH and drug is effectively released, and / or the
tumor hypoxia is alleviated by simultaneous endogenous H,0,
degradation and glutathione reduction (Shin ef al., 2009; Zhao
et al., 2018; Zhao et al., 2014; Hao et al., 2013; Xu et al.,
2018).

Gene therapy: Manganese oxide NMs such as MnO,, hMn;0,
NPs have been used as enhanced gene delivery against various
diseases for siRNA delivery and DNAzyme release (Du et al.,
2019; Dunbar et al., 2018; Wang et al., 2019a). In MnO,-
DNAzyme nanosystem, the Mn®" ions produced from degraded
MnO,, employed as cofactors of DNAzyme, facilitate gene-
silencing therapy leading to death of cancer cells and anti-
proliferation (Fan et al., 2015). In addition, siRNA and
herceptin -loaded hollow MnO NPs coupled with 3,4-
dihydroxy-L-phenylalanine and polyethylenimine have been
utilized to target HER2 over-expressed cells for silencing of
the target gene (Bae et al., 2011). Moreover, CecDNAzyme-
MnO, nanosystem has also been used for cancer therapy as
effective photosensitized gene silencing application (Fan ef al.,
2015).

Peptide / antibody therapy: Doxorubicin loaded hollow
manganese phosphate NPs have been functionalized with folic
acid (FA) to treat cancer cells through folate receptor mediated
endocytic targeting and drug release (Yoo and Park, 2004; Guo
et al., 2011). MnO NPs have been coupled with antibody
herceptin to target human epidermal growth factor receptor 2
(HER2) for homing to the tumor sites (Na et al., 2007;
McCarthy and Weissleder, 2008). Herceptin loaded hollow
MnO NPs coupled with 3,4-dihydroxy-L-phenylalanine and
polyethylenimine have also been utilized to target HER2 over-
expressed cells selectively for reducing tumor (Bae et al.,
2011).

Immunotherapy: Immunotherapy is a strategy to activate the
immune system and to enhance its innate power against
diseases (Gopalakrishnan ef al., 2018). Manganese oxide NPs
have been used to serve as supporters and / or promoters for
immunotherapy owing to their TME-responsive capabilities
(Deng et al., 2018; Chu et al., 2019). MnO, NMs have been
designed to integrate DOX and cytosine-phosphate-guanine
(CpG)-Ag NPs for TME-mediated CpG and DOX deliveries
(Wang et al., 2017a). Au@MnO, NPs have been utilized for
image-guided O,-boosted anti-tumor immunotherapy (Liang et
al., 2018). In this context, the tumor-associated antigen
produced from dying tumor cell may induce exposure and
liberation of damage-associated molecular patterns (DAMPs)
such as high mobility group protein Bl (HMGB1), ATP and
calreticulin (CRT). The DAMPs, inturn, may induce the
maturation of dendritic cells (DCs) to promote the activation of
CD4 T cells, CD8 T cells and natural killer cells for the
elimination of the primary tumor and the generation of the
abscopal effect for the inhibition of metastases. PEG-modified
Ce6 and DOX -loaded hollow MnO, NPs have also been
utilized to serve as an oxygen generator for regulating
polarization of tumor-associated macrophages (TAM) to
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overcome tumor hypoxia by converting immunosuppressive
M2 type TAM cells into reverse immunosuppressive M1 type
TAM cells and activating immune responses through
alterations of M2 macrophages-secreted interleukin-10 (IL-10)
and M1 macrophages-secreted interleukin-12 (IL-12) (Yang et
al., 2017; Pardoll, 2012; Facciabene et al., 2011).

Magnetic hyperthermia therapy: Magnetic hyperthermia,
grounded on magnetic NPs having external alternating
magnetic fields, is applied to transform magnetic energy into
thermal energy for killing cancerous cells as tumor therapy
generally (Fortin et al., 2007). The composite Lag 75Srg.,sMnO3
NPs have exhibited their high magnetic heat properties to treat
diseased cells (Chen et al., 2017). The composite y-Mn,Fe, ,O;
NPs (0 < x < 1.3) have been used to serve as magnetic
hyperthermia agents for killing HeLa cells (Prasad et al.,
2007), while magnetic NPs-mediated hyperthermia can induce
antitumor immunity (Haghniasz et al., 2016).

Starvation therapy: Starvation therapy is applied to interrupt
energy and nutrients supply to tumor cells for inducing
metabolic disorders through lacking vast energy and nutrients
supply to tumor cells required for their survival and growth
compared to normal cells (Zhang et al., 2018). Glucose
oxidase (GOx)-loaded MnO, NPs have been used for
starvation therapy through a cascade reaction for disrupting the
glucose metabolism and suppressing the ATP production
(Yang et al., 2019; Pan et al., 2019). MnO,-GOx-hyaluronic
acid nanocomposites have been utilized to achieve O,-
promoted starvation therapy, while GOx may catalyze the
oxidation of glucose into gluconic acid and H,O, with O,
consumption and MnO, may produce O, to support the process
of glucose-depletion through reaction with H,O, (Zhang et al.,
2018a). Moreover, MnO, NMs have also been used for cancer
starvation therapy through catalyzing glucose and O, into
gluconic acid and H,O, by their intrinsic GOx-like activity
(Tang et al., 2019; Fu et al., 2018).

Photodynamic therapy: Though GSH overproduction and
hypoxia within solid tumors restrict PDT efficiency owing to
the O, dependent therapeutic motif and potential GSH-
scavenging effect on ROS, manganese oxide NPs can
overcome these obstacles effectively by enhancing O,
production and / or GSH depletion resulting reverse tumor
hypoxia (Ding ef al., 2019; Ding et al. 2019a; Gu et al., 2018).
MnO doped carbon dots (CDs) NMs as O,-self-sufficient PDT,
have been used not only to produce 'O, but also to increase O,
concentration by catalyzing H,0, (Jia et al., 2018). Ce6-loaded
MnO, NMs have been utilized as nanosystem through their
disintegrated MnQO, reduction by intracellular GSH and Ce6-
release for fluorescence imaging with GSH-decrease for
enhanced PDT (Fan et al, 2016). DOX-loaded
UCNPs@mSiO,-Ce6@MnO,-PEG nanocomposites have also
been used as tri-modal image-driven TME-self-enhanced
chemodynamic therapy while MnO, is decomposed to produce
O, and exhaust GSH and photosensitizer Ce6 activated by NIR
light is penetrated deeply into the tissue owing to the
introduction of UCNPs within solid tumors (Xu et al., 2018).

Chemodynamic therapy:  Chemodynamic therapy (CDT)
indicates the disproportionation of H,O, via intratumoral
Fenton-like of Fenton reactions for generating cytotoxic ‘'OH to
induct cancer cell death through damaging biomolecules e.g.
DNA, proteins and lipids (Lin et al., 2019; Ma et al., 2019).
mSiO,-DOX-MnO, NPs and few other MnO NPs exhibited

their efficiencies as chemotherapy and GSH depletion-
enhanced CDT producing cytotoxic ‘OH for inducing cancer
cell death (Lin et al., 2018; Ding et al., 2019; Zhen et al.,
2019; Zhou et al., 2018). MnO,@PtCo NPs showed their
efficacies to catalyze cascades of intracellular biochemical
reactions for producing free radicals through oxygen-
sensitization in tumor therapy (Wang et al., 2018).

Sonodynamic therapy: Sonodynamic therapy (SDT) employs
sonosensitizers to generate ROS by the application of
ultrasound for cancer therapy to get high tumor-penetration
depth with higher therapeutic efficiencies owing to its O,-
dependent potent GSH-scavenging effect on ROS (Chen ef al.,
2017). Protoporphyrin-loaded hollow organosilica NPs
(HMONs)-MnOx (PMR) nanosonosensitizers showed higher
cell killing efficacies for their GSH-exhausting and enhanced
0O,-self-sifficient characteristics (Zhu et al., 2018).

Photothermal therapy: Photothermal therapy (PTT) employs
the super-sensitive inorganic photothermal agent for high
intrinsic  photothermal heat conversion in biomedical
applications (Schrantz et al., 1999). The stripped ultra-thin 2D
MnO, nanosheets possessing the photothermal conversion
ability showed their efficiencies against cancer (Liu et al.,
2018a; Wang et al., 2019).

Radiotherapy: Radio therapy (RT) utilizes ionizing radiation
from an internally placed radiation source or external beam to
induct cellular damage through generation of free radicals,
while MnO NPs showed to enhance RT to overcome tumor
hypoxia owing to their O,-generating capabilities (Ngwa et al.,
2018; Juzenas et al., 2008; Hainfeld et al., 2008; Abbasi et al.,
2016; Tao et al., 2018). Au@MnO, NPs and Au@MnO,-PEG
with X-ray irradiation exhibited enhanced tumor oxygenation
to damage DNA for tumor inhibition (Yi et al., 2016). MnO,
NPs encapsulated with HIF-1 inhibitor acriflavine (ACF)
(ACF@MnO,) showed enhanced RT via tumor oxygenation,
functional HIF-1 and metastasis inhibitions (Meng et al.,
2018). Additionally, ACF@MnO,-PD-L1(checkpoint inhibitor
antibody) exhibited its enhanced capabilities for activating
tumor-specific immune responses such as productions of IFN-y
and CD8" T cells to inhibit tumorigenesis.

Combination therapy: Owing to a lot of challenges for tumor
therapy such as high rate of recurrence, metastasis, individual
variation and low survival, few MnO NPs-based combined
therapeutic treatments showed their significant efficacies (Yu
et al., 2018a; Fu et al., 2019; Fan ef al., 2017). DOX-loaded
MnO,-coated black phosphorous nanosheet materials
(BPN/MnO,/DOX) exhibited their synergistic efficient
supremacy for MRI-guided PDT, PTT and chemotherapy (Wu
etal.,2019).

Toxicity: MnO NPs and their composite forms exhibited high
cell wviability as well as low cytotoxicity and good
biocompatibility at a certain concentration. However, they
showed significant cytotoxicity to tumor cells under certain
doses through H,0,/GSH-dependent Fenton-like reaction
compared to low level-H,O,/GSH contents and low
cytotoxicity of normal cells (Lin et al., 2018; Ding et al., 2019;
Zhou et al., 2018; Feng et al., 2018; Zhu et al., 2018). The
doses higher than 93 mg/kg and 38 mg/kg for respective rats
and mice caused toxicities, while Mn(Il)-cations may be
released from the acidic endosomal / lysosomal decomposition
of the metabolized complex to accumulate into the liver,
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pancreas and cardiac muscles causing hyperintensities and
neurodegenerative disorders (Dobson ef al., 2004; Racette et
al., 2005; Silva et al., 2004; Aoki et al., 2004; Lee et al.,
2005). DOX-loaded hollow  manganese  phosphate
nanoparticles conjugated with folic acid (HMP-FA-DOX NPs)
showed their folate receptor specific cytotoxic efficacies on
tumor cells-killing through acidic endolysosomal releases of
Mn®** and DOX (Yu et al, 2012). Biodistribution and
clearance: The biodistribution patterns of various ligand-coated
manganese nanomaterials may vary by their different
administrative routes. PEG-phospholipid / silica coated MnO
NPs showed their highest accumulations in the liver after 24 /
4 h post-injections depending on the thickness of the coating
materials to increase the blood half-life as well as
hydrodynamic diameter beyond the renal filtration threshold
(Howell et al., 2013; Hu et al., 2013; Yang et al., 2014;
Mandal, 2018a). MnO NPs (6-8 nm) grafted with PEGylated
bis-phosphonate dendrons exhibited their accumulations
primarily in the faeces, intestine, gall bladder, kidneys and
stomach in decreasing order relating their relatively negligible
uptake by the mononuclear phagocyte system and their
elimination over 70% of the injected dose from the body
within 48 h (Chevallier et al., 2014). 4 h post intravenous
injection of MnO NPs in mice showed preferential
fluorescence accumulations to kidney, liver, lung and spleen,
and lower accumulations in heart and brain, whereas no
detection after 24 h indicating complete elimination from the
body (Zheng et al., 2018).

Conclusion and future perspectives

Infectious, cancerous and other diseases suffer from drug
toxicity and insolubility, non- selectivity and drug resistance.
Metallic Mn NMs have been utilized to overcome these
barriers in some extent as they possess good cellular
biocompatibility and suitable physico-chemical characteristics.
To minimize the side effects and to get significant biological
efficacies, few Mn NPs have been synthesized with ligand-
specific surface functionalities and coating to target specific
cells with controlled cargo-release. However, further long
term-exposed investigations are needed to get maximum in
vivo targeting efficiencies of the ligand-anchored cargo-

loaded Mn NMs with optimum formulation, dose,
biocompatibility, biodistribution, pharmacokinetics,
biodegradability, elimination, toxicity and administrative

routes before going to their nanobiomedicinal translations into
clinics.
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