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As the second reason of causing death after cardiovascular disease for human being,
cancer is damaging people all over the world. Fortunately, rapidly developing in the past
decade, nanotechnology has become one of the most promising technologies for cancer
theranostics. Recent studies have demonstrated that metal nanoparticles, especially
manganese nanoparticles (Mn-NPs), exhibit amazing potential for application in
multifarious oncology fields according to their characteristic fundamental properties.
Although global scientists have developed a variety of new Mn-NPs and have proved
their preponderance in cancer diagnosis and treatment, Mn-NPs are still not approved for
clinical use. In this paper, the recent research progress of Mn-NPs in the fields of cancer
diagnosis and therapy is reviewed. Besides, the future prospect and challenges of Mn-NPs
are discussed to explore wider applications of Mn-NPs in clinic. Here, we hope that this
review will show a better overall understanding of Mn-NPs and provide guidance for their
design in clinical applications for cancer.
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1 INTRODUCTION

Cancer, a morbid state caused by aberrant cell proliferation, is the second leading cause of death
globally. Cancer caused almost ten million deaths in 2020 on the basis of data released by the World
Health Organization (WHO), and unfortunately the incidence of cancer is still rising year by year
(Siegel et al., 2021). Cancer is undoubtedly a major risk to the health and lives of people in the world.
Molecular imaging technology has high veracity and dependability in elucidating biological processes
and monitoring disease status, and particularly has important value in tumor detection and
prognosis monitoring. The main types of cancer therapy include surgery, chemotherapy,
radiotherapy, immunotherapy and so on. However, current imaging techniques have their own
limitations of applications in clinical cases and traditional treatments are accompanied by diverse
side effects. Therefore, it is desirable to develop a better medical strategy for diagnosis and treatments
of cancer. In recent years, the rapid development of nanomedicine seems to be a promising option to
overcome these challenges of cancer.

A series of nanoparticles (NPs) have been developed and increasingly entered the stage of clinical
application (Kim et al., 2010; Baetke et al., 2015). Among them, manganese nanoparticles (Mn-NPs)
show good biocompatibility and low side effects because manganese (Mn) is a basic building of cells
and a cofactor for many metabolic enzymes (Felton et al., 2014). Thus, a considerable number of
researches have been conducted, focusing on the development of Mn-NPs and their potential
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applications in multipurpose diagnosis and therapy of cancer.
Herein, we provide a review of the studies that have been
conducted on Mn-NPs over the past decade, describe the
synthesis and surface functionalization of Mn-NPs as well as
the use of Mn-NPs in cancer diagnosis and treatments in detail,
and briefly discuss the possible molecular mechanisms
underlying cancer.

2 CLASSIFICATION AND SYNTHESIS

Mn as the third most abundant transition metal on earth can be
prepared into various Mn nanostructures through different
nanotechnologies, such as NPs, nanorods, nanobelts, nanosheets,
nanowires, nanotubes, nanofibers and other hierarchical structures.
Thereinto, Mn-NPs are divided into twomain categories: Mn oxide
NPs and Mn-doped NPs, and their preparation methods are not
universal due to their customization and complexity of
configurations. Although a brief overview of the synthesis of
MnO2 NPs, which are the simplest Mn-NPs, will be described
here for an instance, readers are encouraged to view other reviews to
obtain detailed information about the synthesis of other kinds of
Mn-NPs. A representative synthesis procedure of MnO2 NPs is as
follows: 60ml of saturated argon aqueous solution containing
0.1 mM KMnO4 in a glass container is irradiated in a water
bath, and the temperature of the water bath is maintained at
20°C using a cold water circulation system. The container is
installed in a constant position and closed from air during the
irradiation (Abulizi et al., 2014). Besides, green synthesis ofMn-NPs
has received great attention in recent years, which is a new evolved
means from the nanobiotechnology and is the latest available

method to manufacture Mn-NPs combining materialogy and
biotechnology (Figure 1) (Hoseinpour and Ghaemi, 2018).
Green synthesis of Mn-NPs using raw materials, vegetables and
fruits, plant extracts, microorganisms and fungi has advantages of
non-toxic, environmentally friendly, clean and low-cost, and it can
be completed at room temperature and normal pressure (Singh
et al., 2016; Ahmed et al., 2017). Using genetic engineering,
molecular cloning, plant extracts and other biotechnologies to
green synthesize Mn-NPs with controllable shape and size will
be a major advancement in the nanobiotechnology, and how to
achieve this achievement is also a huge challenge.

3 CHARACTERISTICS AND MODIFICATION

Mn shows efficient redox performance because it has different
oxidation states, ranging from −3 to +7, and has ability to form
compounds with a coordination number up to 7.5 (Haque et al.,
2021), which led to the use of high oxidation-state Mn species as
strong oxidants (Li andYang, 2018).Mn is effective in improving the
catalytic activity in several oxidation reactions. Mn2+ can trigger
Fenton reaction that converts overexpressed endogenous hydrogen
peroxide (H2O2) (100 μM~1mM) (An et al., 2020) into highly toxic
reactive oxygen species (ROS) in the acidic tumor
microenvironment (TME) at pH 6.5~7.0 (Qian et al., 2019;
Anderson and Simon, 2020). Also, Mn in the form of oxides
possesses strong redox property and surface nanoarchitectures
property. Therefore, Mn-NPs show oxidase-like features for their
catalytic properties (Liu et al., 2012), and are widely used in cancer
diagnosis and therapy. The activity ofMn-NPs is dependent on their
size, morphology, surface area and redox functions (Haque et al.,

FIGURE 1 | Source and synthesis of Mn-NPs.
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2021). Mn-NPs with the diameter ≤100 nm generally exhibit great
chemical and physical properties due to fundamental properties of
their main part (Mn) and are being used in drug delivery studies
owing to their large surface to volume ratio, which can increase the
sensitivity to TME. In addition, Mn-NPs have advantages of good
biocompatibility and environmental compatibility, high specific
capacitance, strong adsorption property and so on.

The negative charge on the surface of Mn-NPs makes them
easy to couple, which means that they can be functionalized
easily by adding diversified biomolecules such as drugs,
targeting ligands, protein, genes and more. Additionally,
different kinds of coating provide surface chemistry that
facilitates the integration of functional ligands (Figure 2).
Surface chemical modification contributes to the versatility
of Mn-NPs, such as combined treatment of multimodal
imaging and chemotherapy-drug delivery (Xi et al., 2017;
Yuan et al., 2019).

4 CYTOTOXICITY

Mn is non-toxic metal, so Mn-NPs are also less-toxic materials
than other NPs-based compounds, such as various chalcogenides

(Hoseinpour and Ghaemi, 2018). Razumov et al. tested toxicity of
different kinds of Mn-NPs against glioblastoma U-87MG and U-
251 cells and normal human cells and confirmed that Mn oxide
NPs exhibited low cytotoxicity (Razumov et al., 2017).
Furthermore, Mn-doped NPs also exhibited low cytotoxicity.
Islam et al. examined the cytotoxicity of polysaccharide
chitosan (CS)-coated Mn ferrite NPs (MnFe2O4-NPs) in HeLa
cells cultured to a confluent state, and found that the cells’
survival was 100% and 95% in the absence and presence of
these NPs after 24 h incubation, respectively. Thus, no
cytotoxic effect was visibly observed for MnFe2O4 NPs in vitro
(Islam et al., 2020). However, Mn in the form of complexus still
had certain weaknesses in vivo such as short blood circulation
time and accumulation in the brain (Bellusci et al., 2014), leading
to damage to the central nervous system followed by cognitive
and movement abnormalities in a few animal models (Sárközi
et al., 2009; Oszlánczi et al., 2010; Li et al., 2014; Haque et al.,
2021). Bellusci et al. discovered complete clearance of MnFe2O4

NPs in the kidneys, spleen and brain of mice at day 7. Fortunately,
there was no evidence of irreversible histopathological damage to
any of the organs examined (Bellusci et al., 2014). Sarkozi et al.
reported that rats were injected with a nanosuspension of MnO2

with approximately 23 nm nominal particle diameter at doses of

FIGURE 2 | Important properties of Mn-NPs.
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2.63 and 5.26 mgMn/kg into the trachea for 3, 6 and 9 weeks. Mn
could be examined in their lung and brain samples after
treatment. In the open field activity, the proportion of walking
and rearing decreased, while the proportion of local activity and
inactivity increased. The evoked potential latency was prolonged,
and the tail nerve conduction velocity was decreased. These
results suggested that the Mn content of perfused NPs could
enter the brain through the airway, causing nerve damage and
reducing exercise capacity (Sárközi et al., 2009). The
biocompatibility and non-toxic properties of Mn-NPs make
them an all-right option for biomedical applications.
Nevertheless, Mn-NPs have cytotoxicity properties against
tumor cells (Al-Fahdawi et al., 2015), which is especially
beneficial to their applications for cancer diagnosis and therapy.

5 DIFFERENT APPLICATIONS IN CANCER
DIAGNOSIS AND THERAPY

Tumor tissue generally has a leaky vasculature, which allows Mn-
NPs to accumulate at tumor site easily. This is referred to as the

enhanced permeation and retention (EPR) effect of Mn-NPs.
Incubation of polymeric Mn-NPs in plasma or serum could result
in surface enrichment with multifunctional proteins. The
targeting ligands of tumor specific biomarkers were conjugated
on to Mn-NPs with the opsonization of serum protein to interact
with receptors on the tumor cells, allowing for endocytosis and
subsequent release of the drug (Moghimi and Szebeni, 2003). For
instance, folic acid (FA) receptors are highly expressed on the
surface of liver cancer cells and breast cancer cells (Law et al.,
2020; Tao Gong et al., 2021), so the targeted uptake of tumor cells
can be achieved by FA-modified Mn-NPs. Mn-NPs have been
studied to be used for a great diversity of biomedical applications
in cancer diagnosis and treatment based on their above properties
(Figure 3), such as magnetic resonance imaging, positron
emission tomography, chemotherapy, radiotherapy, all of
which are discussed in the following subsections.

5.1 Diagnosis
The cancer has a recognizable latent or early asymptomatic stage.
A large number of clinical practices have proved that the key to
the prognosis of malignant tumors is whether early detection and
diagnosis can be achieved so as to take corresponding treatment
measures. A shorter interval between diagnoses may contribute to
improve five-year survivals in five common cancers (Tørring
et al., 2013). Various medical imaging techniques have played an
important role in the early detection and diagnosis of cancer for
their convenient and precise diagnostic capabilities at the
systemic, molecular, and cellular levels, such as magnetic
resonance imaging (MRI), positron emission tomography
(PET), photoacoustic imaging (PAI) and fluorescence imaging
(FI) (Figure 4) (Zanzonico, 2019). In this part, wemake a detailed
introduction of Mn-NPs as contrast agents (CAs) for above
imaging techniques.

5.1.1 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a non-invasive detection
technique based on the principle of nuclear spins, which is of
great value in the clinical diagnosis of cancer. However, most
contrast agents used in MRI are nonspecific and fast-excretory,
and only can act extracellularly with localization imaging of

FIGURE 3 | Different approaches of Mn-NPs in cancer diagnosis and
treatment.

FIGURE 4 | The mechanism of Mn-NPs-based nanotheranostic agents
for imaging guided chemotherapy/PDT/PTT and tumor MR imaging.
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tumor cells (Fan et al., 2020). The logical design of theranostic
nanoparticles shows synergistic turn-on of therapeutic potency
and enhanced diagnostic imaging in response to TME (Hu et al.,
2015). Mn was one of the earliest reported paramagnetic contrast
materials for MRI based on its potent positive contrast
enhancement. The increased accessibility of Mn centers to
adjacent water molecules due to the porous architecture of
Mn-NPs greatly enhances the contrast capacity of T1-weighted
MRI, thus Mn-NPs appear to be a potential choice for MRI tool
exploration. Among them, a variety of Mn oxide NPs, such as
MnO, MnO2, Mn3O4, and MnOx NPs have been extensively
researched as T1-weightedMRI CAs owing to the short cycle time
of Mn2+ chelate and the size-controlled cycle time of colloidal
NPs(Cai et al., 2019). The high loading content of Mn2+ chelate
helps Mn-NPs exert a better effect in MRI (Liu et al., 2015). For
instance, Yang et al. reported that Mn dioxide on silk fibroin NPs
(SF@MnO2-NPs) could significantly enhance water proton
relaxation and improve MRI contrast (Yang et al., 2019).

In order to further improve imaging contrast sensitivity,
various Mn-doped NPs as T1- or T2-MRI CAs have been
developed (Zhao et al., 2018). Kuo et al. developed
gadolinium-Mn-doped magnetism-engineered iron oxide NPs
(Gd-MnMEIO-NPs) as a novel contrast agent with
enhancement effects in both T1- and T2-weighted MRI of
liver with high relaxivity r1 and r2 values. The average
hydrodynamic size of Gd-MnMEIO-NPs was 20 nm, and the
zeta potential was close to 0 mV, which could effectively avoid
their removal from the reticuloendothelial system and prolong
their residence time. Gd-MnMEIO-NPs could not only enhance
normal liver and living tumor tissues but also improve the
visualization of vascular trees. Haemodynamic information
from dynamic contrast-enhanced T1-weighted MRI images
using Gd-MnMEIO-NPs was helpful to diagnose liver tumors
(Kuo et al., 2016).

Prussian blue (PB) as a clinically applied drug has drawn
extensive attention in the theranostics of cancer, such as MRI
(Dacarro et al., 2018), so PB NPs doped with Mn seemed to
display a great performance in the CAs of MRI (Zhu et al., 2015).
Then, diversiform multifunctional Mn-doped PB NPs were
developed and researched universally, and they all had
peculiar longitudinal nuclear MRI relaxivity values (Ali et al.,
2018; Gao et al., 2020). Dumont et al. synthesized Mn-containing
PB NPs (MnPB-NPs) as CAs for molecular MRI of pediatric
brain tumors. The surfaces of these NPs were modified with
biotinylated antibodies targeting neuron-glial antigen 2 or
biotinylated transferrin which were protein markers
overexpressed in pediatric brain tumors. These NPs showed
great capacity in MRI quality of pediatric brain tumors
in vitro (Dumont et al., 2014). These show that Mn-NPs have
been widely applicated in the MRI of cancer.

5.1.2 Positron Emission Tomography Imaging
Positron emission tomography (PET) is a reversely progressive
clinical imaging technology based on positrons released after
decay of positron radionuclides (Fan et al., 2020), which is
especially appropriate for early diagnosis of cancers (Tarkin
et al., 2020). Combinations of different imaging modalities

may be the great trend of future clinical diagnosis, because
each of imaging technique has its own unique advantages and
limitations in terms of spatial and temporal resolution, tissue
penetration depth, detection sensitivity and veracity, and
convenience and cost. In this regard, the integration of PET
andMRI is developing rapidly and is currently in clinical trials for
cancer detection and diagnosis owing to the extremely high
sensitivity of PET and the ultra-high spatial resolution of MRI.
Mn oxide NPs as a class of typical Mn-NPs, which seemingly have
excellent potency as CAs of PET/MRI, are successfully developed
and updated in recent years. Likewise, Zhan et al. reported that
Mn3O4-NPs with conjugation to the anti-CD105 antibody
TRC105 and radionuclide copper-64 (64Cu-NOTA-Mn3O4@
PEG-TRC105-NPs) had excellent specific targeting the
vascular marker CD105, and were successfully used in PET/
MRI of breast tumors in vivo (Zhan et al., 2017). Zhan et al.
also synthesized copper-64 labeling of Mn3O4-NPs (64Cu-
NOTA-FA-FI-PEG-PEI-Ac-Mn3O4-NPs) and resoundingly put
them into applications for PET/MRI of human cervical cancer
xenografts which overexpress folate receptor in mice (Zhu et al.,
2018). Otherwise, Shi et al. developed Mn ferrite NPs conjugated
with integrin αvβ3 over-expressed targeting cyclic arginine-
glycine-aspartic acid-peptide and labeled with positron
radionuclide copper-64 (64Cu-MnFe2O4-NPs-dopa-PEG-
DOTA/RGD). In vivo PET/MRI of mice showed that these
NPs could accurately image the tumor site with over
expression of αvβ3 locally (Shi and Shen, 2018). All of these
indicate Mn-NPs, particularly Mn oxide NPs, play a crucial part
in PET/MRI, which is expanded for early detection and diagnosis
of cancer.

5.1.3 Photoacoustic Imaging
Photoacoustic imaging (PAI) is a mixed imaging modality that
merges optical illumination and ultrasound detection (Attia et al.,
2019). The photothermal effect, which kills tumor cells, produces
sound waves that can be detected and converted into imaging
signals. This technique is capable of detecting changes of several
biologically relevant signals in the TME, such as acidic pH, certain
enzymes and ROS. Furthermore, PAI is useful to help the surgical
removal of tumor because of its instant diagnostic functions.
Photothermal transduction agents (PTAs) have a strong
photothermal effect, which can harvest energy from light and
convert it into heat, thereby increasing the temperature of the
surrounding environment to 41~55°C and inducing tumor cells
death, so PTAs can be used for PAI to build intrinsic theranostic
platforms, in which imaging probes can clearly emerge the
presence of tumors (Shah et al., 2008). PTAs are expected to
only increase the temperature of TME locally to reduce damage to
healthy tissues, where PTAs are absent or outside the range of
laser irradiation.

A series of Mn oxide NPs have been widely and successfully
used as PTAs due to their high absorption cross-section and
strong redox property, such as Hu et al. developed a new smart
nanoplatform based on degradable MnO2-NPs (PBP@MnO2-
NPs) and a near-infrared (NIR) absorptive polymer
conjugated with BODIPY molecules for dual-activatable tumor
MRI/PAI. The designed smart probe had two PAI channels, in
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which H2O2-/pH-sensitive MnO2-NPs provide a clear PAI signal
at 680 nm, and H2O2-/pH-inert polymer-NPs provide a bright
PAI signal at 825 nm. PBP@MnO2-NPs acted as a proportional
agent with slight interference for PAI in vivo, and the Mn2+ ions
released by PBP@MnO2-NPs under TME could accurately reveal
the location and size of the tumor by activated MRI (Hu et al.,
2019). Beyond that, Rich et al. designed ultra-small NaYF4:Nd

3+/
NaGdF4 nanocrystals coated with MnO2 (MnO2@ NaYF4:Nd

3+/
NaGdF4-NPs) to treat head and neck squamous cell carcinomas
(HNSCC), and the ability of which to increase the release of
oxygen (O2) in TME both in vitro and in vivo had been confirmed
using MRI/PAI (Rich et al., 2020). Hence, these studies promise
the discovery of Mn-NPs as theranostic PTAs for fast and
accurate diagnosis of cancer.

5.1.4 Fluorescence Imaging
Fluorescence imaging (FI) is a common testing method in biology
and medical experiments, especially broad adhibition of which in
cancers. This means has superior value in accurate and early
detection of tumor cells in clinical trials. Mn-NPs can selectively
accumulate at the tumor site by functionalized modifications.
Take advantage of this characteristic of Mn-NPs, some
fluorescent dyes modifications of Mn-NPs can improve the
molecular imaging of ultra-small tumor cells that cannot be
detected by other imaging methods. However, the limited
tissue penetration depth and autofluorescence limit its
application in deep tissues (Leblond et al., 2010), thus
combining MRI and FI can make up for the shortcomings of
each individual pattern. MRI can provide a macroscopic
boundary of the tumor for preoperative planning, while high-
resolution FI can directly display the edge of the tumor during
surgery, ensuring that the tumor is completely removed during
surgery and normal tissue is preserved. For instance, Abbasi et al.
developed polymeric theranostic NPs (PTNPs) containing a
fluorescent dye (Myrj 59) and MnO-NPs for dual modal MRI/
FI of breast cancer, and these NPs showed effective tumor
accumulation and enhancement of MRI/FI signal in a mice
xenograft orthotopic human breast tumor model (Abbasi
et al., 2015). Banerjee et al. found that pyrrolidin-2-one
(Pyrr)-capped Mn oxide NPs (MnOpyrr-NPs) not only were
qualified for Cas of MRI, but also had good photoluminescent
property due to the modification of Pyrr during the thermal
treatment (Banerjee et al., 2019). In the previous content, the
application of SF@MnO2-NPs for MRI/FI was also reported
(Yang et al., 2019). Beyond that, Mn-doped PB NPs showed
excellent performance inMRI/FI of pediatric brain tumors in vivo
(Dumont et al., 2014). We are convinced that the great potential
of Mn-NPs in FI would be devoted to assist clinicians to conduct
accurate and early detection of tumor cells.

5.1.5 X-Ray Imaging and X-Ray Computed
Tomography Imaging
X-ray imaging is the most widely available, fastest and most cost-
effective medical imaging technique today. X-ray computed
tomography (CT) imaging, which is an upgraded version of
X-ray imaging, has some advantages in cancer diagnosis, such
as a high density and space distinguishable abilities (Pfeiffer et al.,

2020). Mn-NPs have the relatively high atomic number and X-ray
absorption coefficient, which makes for an X-ray contrast agent.
For instance, Zhao et al. reported that Bi@mSiO2@MnO2/DOX-
NPs could be used as excellent contrast agents for CT imaging of
tumors with a high CT value (Zhao et al., 2021). Besides, Wang
et al. found that multifunctional MnO2-mSiO2@Au-HA-NPs
could simultaneously perform significant multispectral
optoacoustic tomography (MSOT)/CT/MR imaging (Siyu
Wang et al., 2019). Wang et al. developed MPDA-WS2@
MnO2-NPs as trimodality contrast agents for MSOT/CT/MRI
that could accomplish real-time guidance and monitoring during
cancer treatment (YidanWang et al., 2019). It can be seen that the
addition of MnO2 into NPs will help expand their functions and
enhance their applications in CT.

5.2 Therapy
The most traditional cancer therapies include chemotherapy,
radiotherapy, and surgery, in which the patients may suffer
from severe side effects and unsatisfied treatment outcomes.
These treatment failures have inspired the development of
more safe and effective treatment strategies for cancer. The
emerging cancer therapies include but are not limited to
photodynamic therapy (PDT), photothermal therapy (PTT),
magnetic hyperthermia, immunotherapy, gene therapy
(Figure 5), which have or may improve treatment outcomes
(Liu et al., 2019a). Particularly, the simultaneous therapy of
tumors by loading therapeutic drugs in Mn-NPs or combining
certain clinical treatments has been widely studied and has been a
hot area of current research.

5.2.1 Chemotherapy
Chemotherapy is a common treatment for cancer whichmakes use
of chemical drugs. Traditional delivery of chemotherapeutic drugs
involves oral or intravenous administration, which results in a
systemic distribution of the drug, with only a small part of it
reaching the tumor site. Consequently, these chemotherapeutic
drugs are inevitably endocytosed by normal cells, causing serious
side effects. Furthermore, chemotherapeutic drug resistance
usually occurs owing to over-expression of drug efflux pumps,
increased drug metabolism, and alteration of drug targets in tumor
cells under constant drug stimulation. These imperfections of
cancer chemotherapy are overcome by targeted drug delivery
approaches, in which specific drugs or bioactive substances are
released at a specific location in a controlled way (Singh et al.,
2018). The fast development of nanomedicine offers great
possibilities for targeted drug delivery. The ligands of tumor
specific biomarkers such as monoclonal antibodies, aptamers,
peptides, and vitamins all can be conjugated on to the surface
of Mn-NPs containing chemotherapeutic drugs to realize targeted
drug delivery. Then, these ligands interact with receptors on tumor
cells, allowing endocytosis and subsequent release of the drug. Due
to the small size ofMn-NPs, they can efficiently cross the capillaries
to approach their target tumor cells. Mn-NPs have great
biocompatibility, non-toxic nature and especially high loading
capacity (Felton et al., 2014). According to these properties of
Mn-NPs, they are considered as a potential drug delivery system
which can be used in chemotherapy of cancer.
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Song et al. reported that high responsiveness of MnO2-NPs
to H2O2, which concurrently generated O2 and regulated pH,
could effectively alleviate tumor hypoxia and contribute to
improve chemotherapy response in solid tumors. Additionally,
hyaluronic acid (HA) modification was helpful to further
enhance this ability of MnO2-NPs. The HA-coated,
mannan-conjugated MnO2-NPs (Man-HA-MnO2-NPs)
treatment notably increased tumor oxygenation and down-
regulated the expression of hypoxia-inducible factor-1α (HIF-
1α) and vascular endothelial growth factor (VEGF) in breast
tumor. Compared with single classical chemotherapeutic drug
doxorubicin (DOX) treatment, Man-HA-MnO2-NPs
combined with DOX treatment of breast tumor observably
increased the diffusion coefficient and inhibited tumor growth
and tumor cell proliferation (Song et al., 2016). Yang et al.
synthesized SF@MnO2-NPs, which were co-loaded with a
photodynamic agent indocyanine green (ICG) and DOX to
produce a SF@MnO2/ICG/DOX nanocomplex (SMID-NC).
They demonstrated that SMID-NC could effectively
accumulate in tumor-specific site via EPR effect using FI
and MRI in vivo, and significantly improved tumor
suppressive efficacy of chemotherapy with minimal systemic
side effects (Yang et al., 2019).

In addition, Hou et al. reported that DOX could be enveloped
in amorphous porous Mn phosphate NPs (PL/APMP-DOX).
These NPs had remarkable antitumor efficacy in prolonging
the lifetime of the tumor-bearing mice (Hou et al., 2020). Ren
et al. described that DOX could be also packeted inside the lumen
of hollow Mn/cobalt oxide NPs (MCO-DOX-NPs) and be fast
released under the condition of increased glutathione (GSH) in
acidic TME. MCO-DOX-NPs showed great inhibition effects in
brain tumor growth both in vitro and in vivo (Ren et al., 2019).

Another anticancer chemotherapeutic drug docetaxel (DTX) was
co-loaded into PTNPs, and PTNPs exhibited high-efficiency drug
loading, continuous and steady drug release, and higher
cytotoxicity to human breast cancer cells than DTX alone
in vitro (Abbasi et al., 2015). Moreover, Tang et al. discovered
that Mn-doped silica NPs containing a special chemotherapeutic
drug for liver cancer sorafenib (FaPEG-MnMSN@SFB-NPs) had
efficient antitumor activity (Tang et al., 2020). These Mn-based
targeted drug delivery systems provide evidence for the potential
applications of Mn-NPs in cancer chemotherapy.

5.2.2 Radiotherapy
Radiotherapy (RT) is another frequently-used treatment for
cancer, which depends on employing high-energy radiation to
kill tumor cells. Radiosensitizers can efficiently increase the
radiation dose at the cellular level, consequently improving the
effect of RT. Mainstream radiosensitizers include alkylating
agents that cause DNA damage, inhibitors that block DNA
repair, and cell cycle synchronization agents that arrest tumor
cells at the more radiosensitive G2/M phase (Liuyun Gong et al.,
2021). However, the efficient and specific delivery of these
radiosensitizers, same as chemotherapeutic drugs, is also a
challenge of RT. In addition, the hypoxic TME induces the
radioresistance of tumors, which brings many troubles to
clinicians.

Several research groups have demonstrated that inorganic
NPs-based radiosensitizers are a promising choice for RT
(Calugaru et al., 2015). Thereinto, Mn oxide NPs showed
excellent potentials for their unique properties. They could
function as not only a good radiosensitizer carrier, but also
both a catalase and an oxidant that promoted decomposition
of H2O2 into O2 to convert the hypoxic TME, thus enhancing

FIGURE 5 | Different approaches of Mn-NPs in cancer treatment.
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RT efficacy (Siyu Wang et al., 2019). Let us cite, Meng et al.
delivered the HIF-1 inhibitor acriflavine toward the tumor site
to surmount hypoxia-induced radioresistance via a ROS
responsive nanoplatform based on MnO2-NPs, thus
enhancing tumor oxidative repair of DNA damage and
initiating O2-dependent HIF-1α degradation at the same
time (Meng et al., 2018). In particular, Cho et al. discovered
that MnO2-NPs treatment had striking cytotoxic effects on
non-small-cell lung cancer (NSCLC) cells and could achieve
extra dose-dependent therapeutic effects (Cho et al., 2017).
Besides, various functional modifications of Mn dioxide NPs
contribute to optimize their aforesaid properties. Liu et al. also
reported that acridine orange (AO), which can cause DNA
damage under X-ray irradiation, was loaded onto MnO2-NPs,
making it a potential approach to enhance the efficacy of RT
(Liu et al., 2020). Yao et al. fabricated a new kind of Bi2Se3-
MnO2 nanocomposites that were templated by bovine serum
albumin (BSA) (Bi2Se3-MnO2@BSA) via biomineralization. In
this, MnO2 as catalase could increase the O2 concentration in
TME via facilitating the decomposition of endogenous H2O2 in
order to improve the hypoxia-induced radiation resistance of
tumors (Yao et al., 2021). Tao et al. designed PEG-modified
reduced nano-graphene oxide-Mn dioxide (rGO-MnO2-PEG)
nanocomposites, and used the radioisotope (131I) to label these
nanocomposites as radiosensitizers for in vivo tumor RT,
ultimately obtaining significant tumor killing effects and
further raising the therapeutic effects of RT (Tao et al.,
2018). Shin et al. suggested that fucoidan-coated MnO₂-NPs
(Fuco-MnO₂-NPs) might enhance the therapeutic effects of
RT by dual targeting of tumor hypoxia and angiogenesis (Shin
et al., 2018).

Meanwhile, numerous Mn-doped NPs also received
elaborative studies. Bao et al. showed the whole process of a
nanoscale metal-organic framework based on hafnium (Hf)
cluster and Mn(III)-porphyrin ligand (fHMNM) development
and production in details, and put them into use as a high-
powered multifunctional theranostic agent of RT sequentially
getting amazing therapeutic effect (Bao et al., 2020). Wang et al.
demonstrated a nanoparticle-loaded block copolymer micellar
system, based on HA-modified Mn-zinc ferrite magnetic NPs
(MZF-HA-NPs), was able to be used for RT of NSCLC and played
good performance in RT efficacy (Haimei Wang et al., 2020). Li
et al. synthesized Au@MnS@ZnSNPs with PEG functionalization
(Au@MnS@ZnS-PEG-NPs) and found that these NPs could
enhance RT induced tumor cells killing efficiency (Li et al.,
2016). These researches indicate that Mn-NPs have broad
application prospect in the field of RT.

5.2.3 Photothermal Therapy
Photothermal therapy (PTT) is a novel cancer treatment
technology that utilizes NPs to convert NIR light energy into
thermal energy to ablate tumors (Zhi et al., 2020). Additionally,
the PA cavitation can excite water to generate abundant ROS such
as superoxide radical (O2

−), which further spontaneously reacts
with the in situ released NO to burst highly cytotoxic
peroxynitrite (ONOO−), resulting in promoting mitochondrial
damage and DNA fragmentation to initiate programmed tumor

cell death to treat cancer (Wang et al., 2021). This treatment
technology has attracted much current attention owe to its
remarkable advantages, such as non-traumatic, a short
treatment time and high special spacetime control. In most
cases, Mn-NPs as PTAs could be used for both PAI and PTT
synchronously because of their powerful oxidizing property to
establish expedient theranostic platform for monitoring and
evaluating therapeutic effects. To illustrate, SMID-NC exerted
a mighty and jarless photothermal effect with NIR irradiation for
PTT owing to the distinct photothermal response of SF@
MnO2(Yang et al., 2019). Liu et al. prepared PEGylated
amorphous MnO₂ coated polydopamine (PDA) core-shell NPs
(PDA@MnO₂-PEG-NPs) with regular morphology and uniform
dimensions for acid-sensitive MRI-guided tumor PTT (Liu et al.,
2019b). Wen et al. showed that MnO2-ICG@BSA had a strong
singlet O2-generation ability as well as high photothermal
conversion efficiency and stability, especially possessed a
significant inhibitory effect on the melanoma in vitro and in
vivo (Wen et al., 2021).

PTT with the combination of other treatments is able to
acquire great outcomes. Besides above, Wang et al. designed a
gold withMnO2 core-shell nanostructure (Au@MnO2) as a GSH-
triggered intelligent theranostic agent for dual-MRI/PAI-guided
chemodynamic therapy (CDT) and PTT, and confirmed their
excellent synergistic treatment effects in CDT/PTT (Yijue Wang
et al., 2020). Soratijahromi et al. synthesized a gold with MnO2

nanocomposite (Au/MnO2-NC) as a new type photo- and sono-
responsive nanomedicine that worked upon laser irradiation or
ultrasound exposure for applications in PTT and sonodynamic
therapy (SDT) of cancer (Soratijahromi et al., 2020). In addition,
some Mn-doped NPs also had broad application prospects in
PTT, such as Wu et al. discovered that magnetic-luminescent
folic acid-conjugated NPs (MnFe2O4-NaYF4 Janus-NPs) had a
high cellular uptake efficiency in human esophageal carcinoma
cells (Eca-109 cells) own to their upconversion luminescence
properties and folate targeting potential. These NPs could
strongly absorb light in the NIR range and fast convert to
thermal energy, in order to remarkedly kill Eca-109 cells upon
808 nm laser irradiation. Furthermore, the growth of Eca-109
cells tumors in mice was availably restrained by the photothermal
effects of MnFe2O4-NaYF4 Janus-NPs(Wu et al., 2017). Zhang
et al. developed a therapeutic nanoplatform based on Mn-doped
iron oxide NPs that were modified denatured BSA (MnIO-dBSA-
NPs). In vitro experiments showed great photothermal effects of
MnIO-dBSA-NPs, and in vivo experiments further proved that
these NPs could effectively ablate the tumor tissue achieved light
irradiation (Zhang et al., 2015). Yang et al. also reported that
graphene oxide (GO)/MnFe2O4-NPs had strong light absorption
capacity and good photothermal stability in NIR region, and
could give rise to the worthy photothermal ablation of cancer cells
(Yang et al., 2016). These studies showed that Mn-NPs possessed
enormous potential and application values in PTT of cancer.

5.2.4 Photodynamic Therapy
Photodynamic therapy (PDT) is a clinically approved cancer
therapy that uses non-toxic dyes and harmless visible light in
combination with O2 to produce high level of ROS to kill tumor
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cells (Castano et al., 2006). As we all known, the hypoxic TME is a
challenge for cancer treatments. The obtained product of Mn
oxide NPs could reactive with endogenous H2O2 in TME
strongly, which was decomposed into O2 to improve PDT of
cancer (Yang et al., 2019). Liu et al. prepared the hybridized
nanoplatform (R-MnO2-FBP) by assembly of Rhodamine B
(RhB)-encapsulated MnO2 as O2 supplier and indicator, and
fluorescein isothiocyanate (FITC)-labelled peptide-
functionalized black phosphorus as the theranostic agent. After
specific delivery towards tumor cells, R-MnO2-FBP decomposed
in the acidic and H2O2-rich TME and produced O2 to confront
hypoxia-induced PDT resistance, in which released Mn2+ and
RhB dye to realize dual-mode MRI/FI monitoring of O2 self-
supply process. Importantly, imaging-guided PDT using
R-MnO2-FBP showed 51.6% of apoptosis in hypoxic cells (Liu
et al., 2019c). Yin et al. developed a H2O2-responsive nanozyme
(AuNCs@mSiO2@MnO2) for off/on modulation and
enhancement of MRI-guided PDT, in which MnO2 nanosheets
were wrapped as switch shielding shell. In a neutral physiological
environment, the stable MnO2 shell could eliminate the
production of singlet O2, thereby turning off MRI and PDT.
Nevertheless, the reaction of MnO2 shell with H2O2 could induce
the degradation of MnO2 to turn on MRI and PDT in the acidic
TME, and the generated O2 further enhanced PDT (Yin et al.,
2021). Liang et al. developed the core-shell gold nanocage with
MnO2 NPs (AuNC@MnO2-NPs) as TME responsive O2

generators and NIR-triggered ROS producers for O2-boosted
immunogenic PDT against metastatic triple-negative breast
cancer (Liang et al., 2018).

Similarly, PDT combined with other treatment methods can
achieve better curative effect. The combination of PDT and
enzyme therapy is a very suitable treatment for tumors
because it exploits the dimensional control of PDT and
efficient enzyme-catalyzed biological reactions. However, co-
encapsulation of hydrophilic enzymes and hydrophobic
photosensitizers is a challenge, because these two agents often
interfere with each other. The development of Mn-doped NPs is
expected to solve this problem. For example, Zhu et al. developed
a protocell-like nanoreactor, in which hydrophilic glucose
oxidase (GOx) was loaded in the pores of mesoporous silica
NPs, and hydrophobic Mn phthalate (MnPc) was loaded in the
membrane layer of liposomes middle, for synergistic starvation
therapy and PDT. The spatial separation of these two payloads
protected GOx and MnPc from the cellular environment and
avoided mutual influence. GOx catalyzed the oxidation of glucose
to generate H2O2 and gluconic acid, causing cancer cells to
undergo starvation therapy by consuming glucose while
disrupting cellular redox balance. MnPc could generate
cytotoxic singlet O2 under 730 nm laser irradiation to conduct
PDT. A single treatment of GOx-MSN@MnPc-LP could
effectively inhibit tumor growth, indicating a strong synergistic
effect of starvation therapy and PDT, which was validated in vitro
and vivo experiments (Zhu et al., 2020). Additionally, Irmania
et al. synthesized Mn-doped green tea-derived carbon quantum
dots (Mn-CQDs) as a targeted dual imaging and PDT
nanoplatform, and in vitro cell viability studies verified Mn-
CQDs upon 671 nm irradiation were able to kill more than

90% of tumor cells in PDT (Irmania et al., 2020). Atif et al.
reported that Mn-doped cerium nanocomposites enhanced the
antibacterial activity and effectiveness of PDT, which might be
related to the maximal ROS generation from targeted toxicity and
maximal antioxidant activity in bacterial growth inhibition (Atif
et al., 2019). As can be seen, Mn-NPs might provide additional
benefits to enhance PDT.

5.2.5 Magnetic Hyperthermia
Magnetic hyperthermia is a treatment technique that raises the
temperature of a specific tissue above 46°C, which is pretty above
the normal physiological temperature (36~37°C), to kill tumor
cells under the controlled magnetic field (Farzin et al., 2020).
Cancerous cells are more sensitized to hyperthermia compared to
normal cells, due to the reducation of the pH at TME causing
decreased thermotolerance. The implement of magnetic
hyperthermia is inseparable from the use of magnetic NPs
(MNPs) (Iacovita et al., 2019). Magnetite (Fe3O4) and
maghemite (γ-F2O3) are the only category of MNPs approved
for clinical use by the US Food and Drug Administration
(Wilczewska et al., 2012). However, iron oxide MNPs have
limited value in magnetic moments, causing the restrictive
heating capacity. To figure out these difficulties, new kinds of
MNPs have been persistently developed, aimed to obtain better
magnetic properties.

Mn becomes a good option for this improvement approach of
MNPs owing to its outstanding biocompatibility. For instances,
Haghniaz et al. firstly reported that the dextran-coated
lanthanum strontium MnO3-NPs (Dex-LSMO-NPs) had
strong ferromagnetism and low Curie temperature and were
suitable for hyperthermia applications in vivo (Haghniaz et al.,
2016). Other than that, CS-coated MnFe2O4 NPs also showed
great magnetic properties, especially used in hyperthermia studies
for biomedical research (Islam et al., 2020). MZF-HA-NPs were
developed for synergistic therapy under alternating magnetic field
and radiation field (Haimei Wang et al., 2020). We believe that
MNPs will obtain better effectiveness and wider applications in
diagnosis and treatment of cancer, with the further research in
Mn coating.

5.2.7 Immunotherapy
Cancer immunotherapy has drawn much attention and achieved
continued advancements especially for its safety and amazing
prognosis (Yang et al., 2021). Yang et al. developed an intelligent
biodegradable hollow Mn dioxide (H-MnO2) nanoplatform that
served for on-demand drug release and modulation of hypoxic
TME to enhance cancer immunotherapy. H-MnO2 nanoshells
post modification with polyethylene glycol (PEG) were co-loaded
with a photodynamic agent chlorine e6 (Ce6) and DOX
(H-MnO2-PEG/C&D-NPs). As a result, an arresting in vivo
synergistic therapeutic effect was gained via the combined
chemo-PDT, which also triggered a series of anti-tumor
immune responses at the same time (Yang et al., 2017). Cyclic
GMP-AMP synthase (cGAS) and stimulator of interferon genes
(STING) are vital components of the innate immune sensors to
cytosolic DNA. Mn was reported to comprehensively induce the
activation of cGAS and STING from heightening cGAMP
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TABLE 1 | Summary of the application of Mn-NPs in cancer diagnosis and therapy.

NPs Size Applications Cell lines Animal model Ref

SMID-NC 60 nm MRI, FI,
chemotherapy,
PTT, PDT

4T1 cells Balb/c 4T1 tumor-bearing mice Yang et al. (2019)

Gd-MnMEIO-NPs 12 nm MRI CT26 cells Balb/c CT26 xenograft liver
tumor mice

Kuo et al. (2016)

MnPB-NPs 33 nm MRI, FI brainstem glioma (BSG) D10 cells Balb/c BSG D10 tumor-bearing
mice

Dumont et al.
(2014)

64Cu-NOTA-Mn3O4@
PEG-TRC105-NPs

7 nm MRI, PET 4T1 cells, HEK-293 cells, HUH-7 cells, MCF-7
human breast cancer cells, human umbilical
vein endothelial cells

Balb/c 4T1 tumor-bearing mice Zhan et al. (2017)

64Cu-NOTA-FA-FI-PEG-
PEI-Ac-Mn3O4-NPs

7.29 nm MRI, PET HeLa cells Nude HeLa tumor-bearing mice Zhu et al. (2018)

64Cu-MnFe2O4-NPs-
dopa-PEG-DOTA/RGD

5 nm MRI, PET U87MG cells Nude U87MG tumor-bearing
mice

Shi and Shen,
(2018)

PBP@MnO2-NPs 93 nm MRI, PAI 4T1 cells Xenograft 4T1 tumor mice Hu et al. (2019)
MnO2@ NaYF4:Nd

3+/
NaGdF4-NPs

4.13 nm MRI, PAI None SCID mice bearing tumor from a
HNSCC patient-derived
xenograft

Rich et al. (2020)

PTNPs 13 nm MRI, FI, chemotherapy MDAMB-231 cells SCID breast tumor-bearing mice Abbasi et al. (2015)
MnOpyrr-NPs 8.1 nm MRI, FI HeLa cells, HepG2 cells None Banerjee et al.

(2019)
Bi@mSiO2@MnO2/
DOX-NPs

30 nm MRI, CT,
chemotherapy,
PTT, CDT

human umbilical vein endothelial cells, HeLa
cells

Nude HeLa tumor-bearing mice Zhao et al. (2021)

MnO2-mSiO2@Au-
HA-NPs

196.9 nm MRI, CT, MSOT,
RT, PTT

4T1 cells Nude 4T1 tumor-bearing mice Siyu Wang et al.
(2019)

MPDA-WS2@
MnO2-NPs

170 nm MRI, CT, MSOT, RT 4T1 cells Nude 4T1 tumor-bearing mice Yidan Wang et al.
(2019)

Man-HA-MnO2-NPs 203 nm Chemotherapy 4T1 cells Balb/c 4T1 tumor-bearing mice Song et al. (2016)
PL/APMP-DOX 3.88 nm Chemotherapy 4T1 cells Balb/c 4T1 tumor-bearing mice Hou et al. (2020)
MCO-DOX-NPs 70 nm MRI, chemotherapy U87MG cells Nude U87MG tumor-bearing

mice
Ren et al. (2019)

FaPEG-MnMSN@
SFB-NPs

101 nm Chemotherapy HepG2 cells Nude HepG2 tumor-bearing
mice

Tang et al. (2020)

MnO2-NPs 30 nm RT CT26 cells, 4T1 cells CT26 tumor-bearing mice,
4T1 tumor-bearing mice

Meng et al. (2018)

MnO2-NPs 49.81 nm RT NSCLC cells None Cho et al. (2017)
MnO2-NPs 155.5 nm RT H1299 cells Nude H1299 xenograft tumor

mice
Liu et al. (2020)

Bi2Se3-MnO2@BSA 38 nm RT 4T1 cells Balb/c 4T1 tumor-bearing mice Yao et al. (2021)
rGO-MnO2-PEG 24 nm RT 4T1 cells Balb/c 4T1 tumor-bearing mice Tao et al. (2018)
Fuco-MnO₂-NPs 17 nm RT human pancreatic cancer cell lines (AsPC-1

and BxPC-3)
Balb/c nude mice bearing
BxPC3 xenograft tumors

Shin et al. (2018)

fHMNM 4 nm MRI, PAI, CT, RT, PTT Hela cells, 4T1 cells, MCF10A cells and S180
cells

Balb/c S180 tumor-bearing
mice

Bao et al. (2020)

MZF-HA-NPs 150 nm RT, magnetic
hyperthermia

A549 cells, Beas-2B cells Balb/c nude A549 tumor-
bearing mice

Haimei Wang et al.
(2020)

Au@MnS@ZnS-
PEG-NPs

110 nm MRI, RT 4T1 cells Balb/c 4T1 tumor-bearing mice Li et al. (2016)

PDA@MnO₂-PEG-NPs 120 nm MRI, PTT 4T1 cells Balb/c 4T1 tumor-bearing mice Liu et al. (2019b)
MnO2-ICG@BSA 44.67 nm PTT, PDT B16F10 cells Nude B16F10 tumor-bearing

mice
Wen et al. (2021)

Au@MnO2 25 nm MRI, PAI, PTT, CDT 4T1 cells Balb/c 4T1 tumor-bearing mice Yijue Wang et al.
(2020)

Au/MnO2-NC 2 μm PTT, sonodynamic
therapy

Mouse threatening melanoma cell line C540
(B16/F10)

Balb/c C540 tumor-bearing
mice

Soratijahromi et al.
(2020)

MnFe2O4-NaYF4
Janus-NPs

13.1 nm PTT QSG-7701 cells, Eca-109 cells Balb/c Eca-109 tumor-bearing
mice

Wu et al. (2017)

MnIO-dBSA-NPs 5 nm MRI, PTT 4T1 cells Balb/c 4T1 tumor-bearing mice Zhang et al. (2015)
GO/MnFe2O4-NPs 170 nm MRI,

chemotherapy, PTT
HeLa cells, L929 cells Nude HeLa tumor-bearing mice Yang et al. (2016)

R-MnO2-FBP 120 nm MRI, FI, PDT HeLa cells Nude HeLa tumor-bearing mice Liu et al. (2019c)
AuNCs@mSiO2@MnO2 140 nm MRI, PDT MDA-MB-435 cells Nude MDA-MB-435 tumor-

bearing mice
Yin et al. (2021)

(Continued on following page)
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production to strengthening cGAMP/STING binding affinity
(Wang et al., 2018). Thus, DOX was enveloped in APMP-NPs
to gain better synergetic antitumor effects through the activation
of cGAS/STING pathway (Hou et al., 2020). A battery of
antibodies targeting cellular immune checkpoints, such as PD-
1/PD-L1 and CTLA-4, have been developed to promote the
activation of T cells and succedent tumor treatment (Van
Allen et al., 2015; McGranahan et al., 2016; Le et al., 2017).
The rapid development of Mn-NPs is helpful for making use of
these antibodies. Geng et al. synthesized Ce6 and DOX coating
Mn-NPs (DCMNs) to increase antitumor responses of PD-1 via
the combination of chemotherapy and PDT (Geng et al., 2021).
The properties of Mn-NPs can greatly improve the efficacy of
immunotherapy.

5.2.6 Gene Therapy
Gene therapy was first used genetic material to treat inherited
diseases, but it was soon used in cancer treatment (Husain et al.,
2015). One of the most important advances in gene therapy of
cancer is the application of small interfering RNA (siRNA), which
is able to regulate the expression of genes by RNA interference
(RNAi). However, despite the potential and powerful functions of
these molecules, several shortcomings make their clinical
application difficult, including delivery problems, off-target
effects, interference with physiological functions of cellular
mechanisms involved in gene silencing, and induction of
innate immune responses. The appearance of NPs systems
provides an ideal opportunity to conquer these troubles (Miele
et al., 2012; Zaimy et al., 2017).

Mn-NPs are an excellent gene delivery system which is able to
efficiently package siRNA, avoiding its degradation along with
serious immune response in the organisms (Bae et al., 2011). Liu
et al. synthesized Mn@CaCO3/ICG-NPs loaded with PD-L1-
targeting siRNA to enhance the effect of PDT while inhibiting
tumor cell resistance/escape with the combination of PDT and
immunotherapy. In vivo experiments showed that Mn@CaCO3/
ICG-NPs could effectively deliver drugs to tumor tissues,

significantly redress tumor hypoxia, and further enhance the
therapeutic effect of PDT. Besides, the synergistic benefit of
siRNA silenced PD-L1 gene that mediated immune resistance/
evasion, bringing an amazing therapeutic effect by rousing the
immune system (Liu et al., 2019d). Rajendrakumar et al. packaged
DOX and antiapoptotic protein B-cell lymphma 2 (Bcl-2) shRNA
encoded plasmid into Mn3O4 and Fe3O4 NPs (HART
nanoassembly) with a green-synthesized method. The
synergistic cytotoxic effect of Bcl-2 silencing and DOX was
acquired by successfully transfecting these NPs into
MCF7 multidrug-resistant breast cancer cells (Rajendrakumar
et al., 2019).

The RNA-cleaving DNA zyme (DZ) has better prospects for
RNAi applications than siRNA because of its higher chemical
stability, biocompatibility, predictable activity, and substrate
versatility. However, its pharmaceutical applications for disease
treatment are confined by the need of metal cofactor for
activation and the lack of reliable co-delivery systems in
combination with other therapeutic manners. Nie et al.
developed metal organic framework coated MnO2 nanosheets
to realize the co-delivery of a survivin inhibiting DZ and DOX for
combined chemo-gene therapy in cancer (Nie et al., 2020).
Thereout, Mn-NPs provide a good model for designing
efficient, customizable nanocarriers for gene therapy of cancer.

Table 1 summarized the application of Mn-NPs in cancer
diagnosis and therapy in details.

6 FUTURE PERSPECTIVE AND
CHALLENGES

As we all known, cancer is a multi-system disease caused by
numerous factors. Therefore, the combination of diagnosis and
therapy modalities is significantly necessary for anti-cancer work.
The use of multifunctional therapeutic agents in multimodal
imaging and therapy is a promising strategy to overcome the
limitations of single modality diagnosis and therapy, which can

TABLE 1 | (Continued) Summary of the application of Mn-NPs in cancer diagnosis and therapy.

NPs Size Applications Cell lines Animal model Ref

AuNC@MnO2-NPs 91 nm MRI, PAI, FI, PDT 4T1 cells Balb/c 4T1 tumor-bearing mice Liang et al. (2018)
GOx-MSN@MnPc-LP 177 nm PDT 4T1 cells Balb/c 4T1 tumor-bearing mice Zhu et al. (2020)
Mn-CQDs 5 nm MRI, FI, PDT HeLa cells Nude HeLa tumor-bearing mice Irmania et al. (2020)
Mn-doped ceria
nanocomposite

27.2 nm PDT MCF-7 cells None Atif et al. (2019)

Dex-LSMO-NPs 25–50 nm magnetic hyperthermia B16F1 cells C57BL/6J B16F1 tumor-
bearing mice

Haghniaz et al.
(2016)

H-MnO2-PEG/C&D-NPs 3.94 nm Chemotherapy, PDT,
immunotherapy

4T1 cells Balb/c 4T1 tumor-bearing mice Yang et al. (2017)

DCMNs 78 nm Chemotherapy, PDT,
immunotherapy

HeLa cells, 4T1 cells Balb/c 4T1 tumor-bearing mice Geng et al. (2021)

Mn@CaCO3/ICG-NPs 107.5 nm PDT, gene therapy Lewis lung tumor cells Balb/c Lewis lung tumor-
bearing mice

Liu et al. (2019d)

HART nanoassembly 314 nm MRI, chemotherapy,
gene therapy

MCF7/ADR cells None Rajendrakumar
et al. (2019)

MnO2 nanosheets 6 nm Chemotherapy, gene
therapy

A549 cells, MDA-MB-231 cells Nude MDA-MB-231 xenograft
tumor mice

Nie et al. (2020)
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effectively improve the accuracy of diagnosis and prognosis after
treatment in affected cancer patients. As mentioned above, many
multifunctional Mn-NPs were developed to realize the early
imaging and dual even more trimodality therapy of cancer
simultaneously (Xi et al., 2017; Siyu Wang et al., 2019; Yang
et al., 2019).

The hypoxic TME as a major mechanism of resistance to
tumor treatment may be the most severe difficulty in cancer
therapy, which results in insignificant therapeutic effects and
poor patient survivals (Siemer et al., 2020), and is urgent for
researchers and clinicians to overcome it. Interestingly, Mn-NPs
can exert anti-tumor effects through not only as a drug delivery
system but also as an oxygenation agent according to past
researches. When Mn-NPs are specifically distributed in tumor
sites, the decomposition reaction of Mn-NPs promotes H2O2 into
oxygen molecules, which can relieve tumor hypoxia (Meng et al.,
2018). Moreover, Mn-NPs induced that disruption of redox
balance would lead to apoptosis and ROS-dependent
ferroptosis of tumor cells (Tang et al., 2020). Ferroptosis is a
newly discovered form of cell death, which is different from
apoptosis, autophagy and pyroptosis, and has unique
morphological and biological metabolic changes in cells. Its
mechanism is mainly characterized by the production of iron-
dependent ROS: When too much ROS is produced and its
antioxidant capacity is insufficient to fight it, ROS production
and clearance are out of balance, leading to ferroptosis. In recent
years, ferroptosis has become a research hotspot in the field of
oncology (Liang et al., 2019). With the continuous attempts and
applications of Mn-NPs in clinical practice, more and more
studies believe that inducing the ferroptosis of tumor cells may
become an effective tumor treatment.

Although the current researches on Mn-NPs for biomedical
applications in cancer diagnosis and therapy have made great
progress, there are still some problems that need to be alerted.
Firstly, the large size of Mn-NPs has difficulty excreting from
the kidney and causes accumulation in the visceral organ.
Secondly, the nerve damage caused by Mn-NPs is not properly
addressed. These two issues are still the biggest barriers to the

inability of Mn-NPs to be used in the clinic. Thirdly, the
diversity of cancer types and progression as well as the
differences between affected cancer patients are hard for
researchers and clinicians to make the right choice for
functional modification of Mn-NPs, which require abundant
efforts to resolve. Fortunately, numerous advanced computer
simulation techniques can now predict the target and affinity
of well-designed NPs, which can greatly reduce our workload
for modifier selection of NPs including Mn-NPs. Considered
the success of Mn-NPs for biological imaging and cancer
treatment, we believe that Mn-NPs offer unique
opportunities to translate the insights of basic research into
clinical applications.
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